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FOREWORD 

These proceedings document the  presenta t ions  g iven a t  t he  Second Environ- 
mental Contro l  Symposium sponsored by t h e  Department o f  Energy (DOE). A1 though 
the  symposium was organized under the  auspices o f  t he  Environmental Contro l  
Technology D i v i s i o n ,  Ass i s tan t  Secretary f o r  Environment, Symposium presenta- 
t i o n s  h i g h l i g h t e d  environmental c o n t r o l  a c t i v i t i e s  which span the  e n t i r e  Depart- 
ment o f  Energy. 

The p lenary  t o p i c ,  "How the Nat iona l  Energy Plan and Environmental Goals 
Dr ive  DOE Environmental Contro l  A c t i v i t i e s  ," r e f l e c t s  the  Department o f  Energy's 
goal and commitment t o  the support and development o f  energy systems t h a t  are 
env i ronmenta l l y  acceptable. This  commitment i s ,  i n  p a r t ,  shown by the  ex tens ive  
support o f  environmental c o n t r o l  a c t i v i t i e s  w i t h i n  the t o t a l  DOE program: about 
$421 m i l l i o n  i n  FY1979*,with a s i m i l a r  amount expected f o r  FY1980. 

The ob jec t i ves  o f  the Environmental Contro l  Symposium were: (a )  t o  em- 
phasize t h a t ,  concur ren t ly  w i t h  development o f  energy technologies, DOE i s  
deeply concerned w i t h  c o r o l l  a r y  w a s u r e s  requ i  red  t o  mi t i g a t e  p o t e n t i a l  impacts 
on the  environment from e x i s t i n g  and new energy systems; and (b)  t o  prov ide 
a forum f o r  d isseminat ion o f  i n fo rma t ion  and achievements o f  DOE a c t i v i t i e s  i n  
environmental c o n t r o l .  For t h i s  reason, t he  Symposium presenta t ions  focused on 
DOE-supported a c t i v i t i e s  r e l a t e d  t o  research, development, and demonstration o f  
processes, procedures, and s t r a t e g i e s  t o  e l i m i n a t e  o r  reduce undesi rSable en- 
vironmental impacts o f  energy technologies.  Rather than s imply i d e n t i f y i n g  
p o t e n t i a l  problem areas, the  presenta t ions  were in tended t o  emphasize r e s u l t s  
of ongoing e f f o r t s .  Symposium t o p i c s  inc luded d iscussions o f  ( a )  simple "add-on" 
c o n t r o l  methods f o r  a p p l i c a t i o n  t o  convent ional  and poss ib l y  emerging power 
systems ; (b)  in-process m o d i f i c a t i o n s  t o  energy product ion  techniques t o  c o n t r o l  
environmental impacts ; ( c )  a1 t e r n a t i  ve energy systems; (d )  environmental c o n t r o l  
aspects o f  energy t ransmiss ion,  t ranspor ta t i on ,  and storage; and (e )  a1 t e r -  
n a t i v e  energy and environmental c o n t r o l  s t ra teg ies .  

Owing t o  the  v a r i e d  t o p i c s  covered i n  t h e  Symposium and the  t o t a l  l eng th  
o f  t he  papers presented, these proceedings have been arranged i n t o  two volumes, 
whose contents correspond t o  se lec ted  areas o f  i n t e r e s t .  The arrangement i s  
as fo l l ows :  

Volume 1 - Foss i l  Energy 

Session 2 -- Conventional Coal U t i l i z a t i o n .  I. -- Coal Prepara t ion  
Session 3 -- O i l  Shale 
Session 5 -- Conventional Coal U t i l i z a t i o n .  11. -- Combustion 
Session 8 -- Advanced Coal U t i l i z a t i o n  (FBC/MHD, OCGT, Fuel C e l l s )  
Sessi'on 11 -- Coal Conversion. I -- G a s i f i c a t i o n  
Session 13 - -  Foss i l  Resource E x t r a c t i o n  
Session 15 -- Coal Conversion. I 1  -- L iqu ids  

* EnvironmentaZ Control Technology Act iv i t ies  of  the Department of Energy i n  
FY197.9, U.S. Department o f  Energy, Ass i s tan t  Secretary f o r  Environment, 
U i v i  s i on  o f  Environmental Contro l  Technology ( I n  press)  
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Volume 2 -- Nuclear Energy, Conservation, and So lar  Energy - 

Session 1 -- Environmental Contro l  Aspects o f  Nuclear Energy Use and 
Devel opmen t 

Session 4 -- Nuclear Waste ~anagement.1 
Session 6 -- Renewable Energy Sources.1 
Session 7 -- Nuclear Waste Management.11 
Session 9 -- Renewable Energy Sources. I 1  
Session 10 -- M a t e r i a l s  Transpor ta t ion  and Contro l  
Session 12 -- Transpor ta t ion  and B u i l  d ing  Conservation (Fuel Economy, 

Gasohol , Bui l d i n g  Standards, I n d u s t r y )  
Session 14 - - .  Geothermal Storage and Power Transmission Systems 

The Department o f  Energy be l i eves  t h a t  t h i s  Symposium and subsequent 
symposia being planned prov ide  forums f o r  enhanced exchange o f  i n fo rma t ion  
between the  Department and the  pub1 i c  on the Department's progress toward the 
goal o f  ensur ing t h a t  ' the  N a t i o n ' s  energy  demands can be met i n  an env i ronmenta l l y  
acceptable manner. 
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KEYNOTE ADDRESS 

Ruth Clusen 
Ass i s t an t  Secretary f o r  Environment 

U.S. Department of Energy 

I am very much please  and honored a s  t o  be appearing before  you today 
a t  t h i s  Second Department of Energy Environmental Control Symposium. I 
bel ieve  the  very f a c t  t h a t  you and I f ind  ourse lve i  a t  a  second symposium 
on t h i s  subjec t  t e l l s  us two things:  F i r s t ,  our  presence here  means t h a t  
we continue to  f ace  an energy cris is--our na t ion ' s  energy problems a r e  not  
y e t  solved,  nor have they gone away by themselves. Second, our ongoing con- 
cern f o r  environmental-control technologies shows t h a t  'we remain committed- 
t o  a  policy of . safeguarding our  people 's  hea l th  and the world we l i v e  i n  from 
harm while developing our energy resources. The energy c r i s i s  i s  r e a l ,  and 
so i s  our determination t o  resolve  t h a t  c r i s i s  without s a c r i f i c i n g  the  
environment. It i s  not j u s t  energy we a r e  seeking; we must have energy w e  
can l i v e  with. 

Events on t h e  i n t e r n a t i o n a l  scene t h i s  p a s t  year--part icularly,  I 
th ink,  events  i n  the  Middle East--have underscored the  dangers of r e ly ing  
on o the r  countr ies  t o  supply our energy needs. I n  h i s  S t a t e  of the  Union 
address,  the  Pres ident  affirmed our determination t o  make ourse lves  s e l f -  
s u f f i c i e n t  i n  energy production, 'independent of' the  s h i f t s ,  the  capr ices ,  and 
the sudden col lapses  of fore ign supp l i e r s .  

We cannot permit our environmental goals  t o  hamper needless ly  our 
e f f o r t s  t o  meet the  energy needs of the  United S t a t e s  and t o  achieve a genuine 
energy independence. Neither ,  however, do w e  dare--operating out  of a 
c r i s i s  mentality--abandon those goals  and despo i l  the  na t ion ' s  resources f o r  
ourse lves  and our descendants. An ancient  l eader ,  quoted by Taci tus ,  made 
t h i s  charge of the  g r e a t  c i v i l i z a t i o n  of h i s  day: "where they make a dese r t ,  
they c a l l  i t  peace." It i s  our  goal  that f u t u r e  generat ions w i l l  no t  be 
able  t o  say of us t h a t  we made the  Ear th  a wasteland and c a l l e d  i t  prosper i ty .  

The United S t a t e s  government faces  the  task  of ensuring an adequate 
and r e l i a b l e  energy supply a s  required f o r  the  good of the  country and f o r  
i t s  secur i ty .  I n  t h i s  t a sk ,  as I am s u r e  you a l l  know, the Department of 
Energy is  responsible f o r  research ,  development, and demonstration i n  the  
realm of e x i s t i n g  and emerging energy technologies. Those of us  i n  DOE 
recognize t h a t  we  a l s o  bear  the  r e s p o n s i b i l i t y  f o r  s t r i k i n g  a balance between 
the  development of technologies and the  meeting of environmental requirements 
e s s e n t i a l  t o  the  p ro tec t ion  and enhancement of the  mation's  hea l th ,  s a f e t y ,  
and genera l  welfare.  

One measure of the  Department's concern f o r  environmental p ro tec t ion  
is the  amount we  spend on t h a t  e f f o r t .  DOE funds a l l o c a t e d  t o  e n v i r o ~ e n t a l -  
con t ro l  a c t i v i t i e s  increased,  i n  f i s c a l  1979, by almost one hundred mi l l ion  
d o l l a r s  over the  previous yea r ' s  funding l e v e l  f o r  these  a c t i v i t i e s ,  t o  a  
t o t a l  exceeding four  hundred m i l l i o n  d o l l a r s .  Foss i l - fue l  and nuclear  energy 
technologies accounted f o r  about 90% of t h a t  t o t a l .  



F o s s i l  f u e l s  a r e  a  v i t a l l y  important  energy source.  Here i n  t h e  Unit:?d 
S t a t e s  we have enormous r e s e r v e s  of  coa l  and o i l  shale-  -enough, i f  we w e r e  
i n d i f f e r e n t  t o  t he  environmental degrada t ion  t h a t  would s u r e l y  r e s u l t ,  t o  
meet our  energy needs f o r  c e n t u r i e s  without  the  development of any new tech- 
nologies .  But we a r e  not  i n d i f f e r e n t  t o  the d e s t r u c t i o n  of t h e  environment,  
and we w i l l  no t  adopt any such bankrupt  p o l i c y  f o r  the  u t i l i z a t i o n  of o u r  
f o s s i l - f u e l  r e se rves .  

I n  our  e f f o r t s  t o  develop these  abundant n a t u r a l  r e sou rces ,  w e  are 
fac ing  two major d i f f i c u l t i e s .  The f i r s t  one i s  an economic problem, and the 
second i s  t i e d  t o  t he  need t o  safeguard  t h e  environment. 

Le t  us  cons ider  the  economic problem i n  connect ion w i t h  o i l  sha l e .  One 
of t h e  major reasons  t h a t  we do n o t  have a massive o i l - s h a l e  i n d u s t r y  i n  t h i s  
country i s  t h a t  i t  has  not  become economically a t t r a c t i v e ,  d e s p i t e  p a s t  pre- 
d i c t i o n s  t h a t  i t  would do so .  W e  have what you might c a l l  a receding  break- 
even p o i n t ,  where by "break-even ~ o i n t "  I mean t h a t  po in t  i n  the  e f f o r t  a t  
which your c o s t s  equa l  your e x ~ e c t e d ' g a i n s .  Here at DOE we: have found t h a t  
t h i s  break-even p o i n t  behaves much l i k e  t h e  p rove rb ia l  d e s e r t  mirage--we keep 
reaching  t h e  p l ace  where w e  l a s t  saw i t ,  only  t o  f i n d  t h a t  i t  has  gone glimnzr-. 
i n g  o f f  t o  t he  ho r i zon  aga in .  Seve ra l  y e a r s  ago, we had an  a n a l y s i s  of the +; 

o i l - s h a l e  market performed t h a t  showed i t  would be economical t o  b u i l d  sha le-  : 
o i l  p roduct ion  p l a n t s  when t h e  p r i c e  of imported o i l  reached $20.00 p e r  4 

b a r r e l .  More r e c e n t l y ,  a  s i m i l a r  a n a l y s i s  i n d i c a t e d  t h a t  t h e  p r i c e  of i m -  
por ted  o i l  must h i t  $40.00 p e r  b a r r e l  be fo re  we can a f f o r d  t o  b u i l d  those  
p l a n t s .  I n  o t h e r  a r e a s ,  t o o ,  as we approach the  p o i n t s  where s t u d i e s  have 
shown t h a t  the  development of new energy technologies  would be economically , 
a t t r a c t i v e ,  we f i n d  t h a t  t h e s e  p o i n t s  have s l i pped  ahead of u s  and t h a t  we b y  

must w a i t  f o r  energy p r i c e s  t o  s p i r a l  even h ighe r .  Y 

Under Sec re t a ry  Deutch h a s  developed a  formalized procedure t h a t  should 
h e l p  e l i m i n a t e  some of  t h i s  running t o  s t a y  i n  p lace .  A smal l  group i n  t h e  
compt ro l l e r ' s  o f f  i c e  w i l l  have t h e  r e s p o n s i b i l i t y  f o r  provid ing  the  Department 
w i t h  much b e t t e r  economic f o r e c a s t s  than  h a s  been t h e  case  i n  the  p a s t .  The 
accu ra t e  p r e d i c t i o n  of what w i l l  o r  w i l l  no t  be f e a s i b l e  economically has  
become e s s e n t i a l ,  because i n  t h e  near  f u t u r e  we must proceed wi th  the construc-  
t i o n  of t h e  major o i l - s h a l e ,  coa l - l i que fac t ion ,  and c o a l - g a s i f i c a t i o n  p l a n t s  
t h a t  t he  United S t a t e s  despe ra t e ly  needs. This  t a s k  has  been mandated t o  DOE 
by the  P res iden t  and the  Congress, and we w i l l  do every th ing  i n  ou r  power t o  
c a r r y  o u t  t h a t  mandate. 

I s a i d  e a r l f e r  t h a t  we f a c e  a twofold problem i n  p u t t i n g  our  f o s s i l -  
f u e l  r e s e r v e s  t o  the  b e s t  use.  While i t  i s  not  DOE'S i n t e n t  t o  spend the  
taxpayers '  money on technologies  t h a t  a r e  economically unsound, n e i t h e r  do we 
propose t o  spend time and money on developing a n  energy technology only  t o  
f i n d  t h a t  w e  have, i n  terms of t h e  environment,  c r ea t ed  a  b igge r  problem 
than t h e  one we solved.  We need t o  l e a r n  a  g r e a t  d e a l  more than we know now 
about  t he  environmental impacts a s s o c i a t e d  w i t h  the  major cons t ruc t ion  p r o j e c t s  
I have mentioned. .  For example, we f i n d  t h a t  t he  p o s s i b i l i t y  of carcinogens 
being produced i n  processes  f o r  t h e  gene ra t lon  of s y n t h e t i c  f u e l s  i s  very iJ  , 

r e a l  and, indeed,  h ighly  probable.  We a r e  e v a l u a t i n g  t h e  byproducts o f ' 7 T  ' 
processes  now under development, and we a r e  working on t h e  c o n t r o l  technologies  

v i i i  



necessary  f o r  dea l ing  wi th  such byproducts a s  may prove hazardous. 

Nuclear energy i s  another  important  energy resource .  But t h e  succes- 
f u l  development of nuc lea r  power poses some very cha l lenging  problems, and 
a t  t h i s  time i t s  f u t u r e  as an energy opt ion  i s  unce r t a in .  What i s  c e r t a i n  i s  
t h a t  t h e  s o l u t i o n s  t o  these  problems are not  l i k e l y  t o  come t o  u s  from a 
handful  of e x p e r t s  meeting behind c losed  doors.  Nei ther  s h a l l  we f i n d  t h e  
answers we need by forming i n t o  h o s t i l e  camps of "pro-nuclear" and "ant i -  
nuclear"  b e l i e v e r s  and waving our  p l aca rds  a t  each o t h e r  i n  t h e  s t r e e t s .  

I n  t h e  main, both thc  proponents and the  c r i t i c s  nf nuc lea r  power 
agree  t h a t  t h i s  technology f aces  t h ree  major d i f f i c u l t i e s :  (1) the problem 
of ensur ing  r e a c t o r  s a f e t y ,  (2 )  t h e  need f o r  s a f e  d i s p o s a l  of r a d i o a c t i v e  
was tes ,  and (3)  t he  succes s fu l  prevent ion  of p r o l i f e r a t i o n  of  r a d i o a c t i v e  
m a t e r i a l s .  Our government has been concerned about  nuclear-plant  r e l i a b i l i t y  
and s a f e t y  s i n c e  the  e a r l y  days of the  Atomic Energy Commission; the  Nuclear 
Regulatory Commission now b e a r s  primary r e s p o n s i b i l i t y  i n  t h i s  a r e a ,  b u t  
some of us  here  i n  DOE have a l s o  had a hand i n  r eac to r - sa fe ty  e f f o r t s .  

/'* 
A s  f o r  the radioact ive-waste  problem, DOE i s  committed t o  t he  development I 

* 
of s a f e ,  long-term methods f o r  t h e  s t o r a g e  of nuc lea r  waste m a t e r i a l s .  The 
ques t ion  of waste d i s p o s a l ,  a s  you know, i s  i n t i m a t e l y  connected w i t h  t h e  
debate  over  reprocess ing  of nuc lea r  f u e l  and t h e  n o n p r o l i f e r a t i o n  of nuc lea r  - A 
mate r i a l s .  Much time and e f f o r t  a r e  going t o  be r equ i r ed  t o  adequate ly  
r e so lve  these  tangled  problems, and the  p u b l i c  must t ake  p a r t  i n  making 
the  dec i s ions .  Those of u s  i n  government and i n  t h e  energy i n d u s t r y  sha re  a . i 
r e s p o n s i b i l i t y  t o  i n t e r a c t  c l o s e l y  wi th  the American people t o  he lp  them i r  1, 
decide wi se ly  how we can b e s t  t ake  advantage of t he  nuclear-energy op t ion .  . ~ + 

, : i' 
A s  you know, DOE'S environmental-control  a c t f v i t i e s  i nc lude  many more ; f" 

.z . approaches than  j u s t  t h e  f o s s i l - f u e l  and nuc lea r  energy technologies .  For 
t he  n e a r  term, conserva t ion  i s  probably the  most important  of t hese  o t h e r  
energy e f f o r t s .  The p o t e n t i a l  ga ins  i n  usable  energy achievable  i n  t h e  
United S t a t e s  throilgh conserva t ion  a lone  a r e  equal  t o  t h e  energy we g e t  
from a l l  of our  imported o i l .  

A t  f i r s t  g lance ,  i t  may n o t  be  obvious t h a t  any technologies--especial ly  
environmental-control  technologies--are  of importance i n  conserva t ion  
e f f o r t s .  That 2 s  because, f o r  many of u s ,  "conservation" means something 
negattve--not us ing  what you have used i n  t he  p a s t .  But t he re  is  a p o s i t i v e  
s i d e  t o  conserva t fon ,  and t h a t  i s  the  us ing  of what you never  have used 
be fo re .  For example, t he  typi 'cal  American c i t i z e n  gene ra t e s  approximately 
fou r  pounds of urban, o r  munf c i p a l ,  waste  each day. On t h e  one hand, t h i s  
waste  2 s  an enyironmental contaminant t o  be disposed o f .  But i t  i s  a l s o ,  
on the  o t h e r  hand, a p o t e n t i a l  source of energy. The technology f o r  con- 
v e r t i n g  ,munfcipal was te ,  a s  w e l l  as sewage s ludge ,  t o  usable  energy has long 
been p r a c t i c e d  i n  Europe. Both t echno log ica l  and i n s t i t u t 2 o n a l  b a r r i e r s  
have s tood  i n  t h e  way of our  implementing t h i s  technology i n  t h e  United 
S t a t e s ,  b u t  DOE i s  .making every e f f o r t  t o  develop t h i s  p o t e n t i a l  energy 
source.  Using t h e  garbage w e  produce every day f o r  f u e l  would not  only 
f u r n i s h  needed energy--it  would a l s o  g e t  r i d  of t h e  garbage. 

- 1- c. 



Energy conservation is advantageous in helping us to maintain a clean 
and healthy environment as well as in lessening our country's dependence 
upon foreign oil. Clearly, if we can use energy in our homes and in factories 
more efficiently, then less energy consumption--say, in the form of combustion 
of fossil fuels--is required, and over-all reductions in pollutant levels 
will result. The Department is promoting conservation and the technologies 
associated with it, not only through research and development efforts, but 
also through positive regulatory actions that will make impl.ementation more 
attractive. A prime example of this regulatory encouragement is the avail- 
ability of energy credits, in the form of income-tax deductions, to encourage 
the American public to conserve energy in their homes, an area in which 
immediate and noticeable gains are possible. 

Another technology that is significant for the near term is solar- 
energy utilization. In many parts of the country, solar hot-water and 
passive-energy systems are economically competitive, on a life-cycle basis, 
with conventional energy systems right now. The main problem the Department - 

faces in connection with these technologies, which are under DOE environ- 
mental review, is to encourage their rapid, widespread use in today's 
society. Much of the DOE Conservation and Solar Applications program is 
focused upon the timely commercialization of these technologies and 
applications, so that we can substitute renewable resources for fossil 
fuels where this is economically feasible. 

Farther down line are such promising technologies as nuclear 
fusion. We have reason to believe that our investment in fusion power will 
pay large dividends in the future. The reaping of those dividends is con- 
fidently expected, but it is not imminent. With this technology, as with many 
of the other alternative energy sources, we may find ourselves in the 21st 
century before its benefits are fully realized. 

If we are to ensure that the energy systems we deploy in the United 
States will give us energy we can live with, we must make sure that environ- 
mental soundness is built into every technology we develop right from the 
start. Our Office of the Environment in the Department of Energy is an 
integral part of DOE'S energy-technology development processes. This office 
will be brought into every energy research, development, and demonstration 
project as active partners from the beginning. We will provide environmental 
expertise, identify potential environmental problems in new energy- 
technology efforts, and serve as an internal environmental guardian. In 
this way, we can ensure that environmental-control considerations will be 
taken into account from the very first day and will be inherent parts of 
the processes we develop. 

Finally, I would like to say that the energy problems we face and 
the tasks that we share are important ones. The pkoblems must be solved, the 
work must be done. The energy needs of the nation will drive our research 
and development efforts, and we will produce efficient, affordable, and 
environmentally acceptable energy technologies. The Department of Energy 



is a c t i v e l y  engaged i n  the  development of those technologies,  and we a r e  
a l e r t  t o  t h e i r  environmental impacts. I bel ieve  you w i l l  f i n d  t h a t  t h i s  
conference.,confirpls the  Department's dedicat ion t o  t h e  p r i n c i p l e  t h a t  any 
energy technologies we deve.10~ must be environmentally s a f e .  

.Thank you. ' I  hope you w i l l  a l l  f ind  your. p a r t i c i p a t i o n  i n  t h i s  
conference both p leasant  and prof i t a b l e .  



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



TABLE OF CONTENTS 

Page 

FOREWORD .................................................................... iii . 
- 

PLENARY SESSION ............................................................ V 

CHAIRMAN AND CO-CHAIRMEN OF TECHNICAL SESSIONS ............................. ' v i  

SESSION 2  

Conventional Coal Utilization. I -- Coal Pmpma&ion 

1. Ef fec t  of Coal Cleaning on Fugit ive Elements: 
Second Progress Report, C..Ford, Rituminous .................................................. Coal Research, Inc. 1 

2. , Environmental Control Technology Research i n  
High Su l fu r  Coal Preparat ion Waste Drainages, 
Paul Wagner e t  a l . ,  Los Alamos S c i e n t i f i c  ........................................................... Laboratory 24 

3. Reconnaisance and Processing of Impounded Coal .  
Wastes i n  Alabama, J.S. Browning, Universi ty of 
Alabama .............................................................. 40 

4 .  Coal Desulfurizat ion:  Application of Basic 
Research i n  Su l fu r  Chemistry t o  Process Research 
and Deve'lopment, T.Q. Squires  e t  a l . ,  U.S. 
Department of Energy, Ames Laboratory ................................ 55 

2. Chemical Coal Cleaning, Sidney Friedman, U.S. 
Department of Energy, P i t t sburgh Energy Tech- 
nology Center ...................................................'..... 66 

6 .  Sul fu r  and Ash Reduction i n  Coal by Magnetic 
Separat ion,  E.C. Hise, Oak Ridge National  Laboratory ................. 67 

SESSION 3 

O i l  Shale 

1. The Department of Energy O i l  Shale Program, A. H a r t s t e i n  ........................... and R.  Franklin,  U.S. Department of Energy 80 

2 .  The O i l  Shale Task Force: P a s t ,  Present  and Future, ................................ W.R. Chappell, Universi ty of Colorado 81  

3. O i l  Shale Health and Environmental Research, L.M. Holland 
and M . I .  T i l l e r y ,  Los Alamos S c i e n t i f i c  Laboratory ................... 91 

4 .  Spent Shale Grouting of Abandoned i n  S i t u  O i l  Shale 
Retor ts ,  J.P. Fox and P. Pe r so f f ,  Lawrence Berkeley 
Laboratory ......................................................... 102 

x i i i  



Page 

5. Control  Technology Research Developments f o r  i n  
S i t u  O i l  Shale Process Waters, J . T .  Lotwala e t  a l . ,  
U.S. Department of Energy, Laramie Energy Technology 
e n t e r  ............................................................... 114 

6. Retorted O i l  Shale Management, C.W. Cook e t  a l . ,  
Colorado S t a t e  Universi ty ............................................ 130 

SESSION 5 

ConventionaZ CoaZ UtiZization. II -- Combustion 

1. The Goals of t h e  F o s s i l  Energy Advanced Environmental 
Control Technology Program, W. McCurdy, U.S. Department 
of Energy, Office of Coal U t i l i z a t i o n  ................................ 141 

2. Coal Combustion Cleanup Technology Development, , 

J.S. Halow, U.S. Department of Energy, Morgantown 
Energy Technology Center .............................................. 147 

3. Envi.ronmenta1 c o n t r o l  Developments i n  the  Direct  
Combustion of Low Kank Coals, R.U. Tal ty  and H.M. 
Ness, U.S. Department of Energy, Grand Forks Energy' 
Technology Center ................................................... 155 

. . .  

4. Flue Gas Clean-up Research a t  t h e  Pi t t sburgh . v 

Energy Technology Center, J.P. Strakey e t  al., 
U.S. Departmens o f . ' ~ n e r g y ,  Pi t t sburgh Energy ...................................................... Technology Center , 1 7 5  

5. Technical Evaluation ,of RCRA on Selected F o s s i l  Energy 
Programs, L.P. Jackson, U.S. Department of .Energy, 
Laramie Energy' Technology Center; and V. Weaver, , " 
U.S. Department of Energy, Office of Coal U t i l i z a t i o n  ........'........, 187 

6. , Environmentai Control Implicat ions o f  Coal Use, K.E. 
Wilzbach, C.D. Livengood, and P.S. Farber,  Argonne .................................................. National Laboratory 188 

SESSION 8 

Advanced Coal U t i  Zization (FBC, MHD, OCGT, Fue Z Ce Z Zs ) 

I... Fluidized-Bed Combustion Development -- An Overview, . . 
W.L. Buck, H.S. Huang, and B.R. Hubble, Argonne 
National Laboratory; and Charles B l i s s ,  Mitre Corpora- 
t i o n  .............................................................. 207 

2. Character iza t ion of Ef f luen t s  from an Experimental 
Atmospheric Fluidized Bed Unit, C.H. Hobbs e t  a l . ,  
Inha la t ion  Toxicology Research I n s t i t u t e ,  Lovelace 
Biomedical and Environmental Research I n s t i t u t e ;  and 
J.J. Kovach and J . Y .  Shang, U.S. Department sf Energy, Morgan- 
town Energy Technology Center ......................................*. 2'29 

xiv  



Page 

3. Pre l iminary  Operation and Environmental Cha rac t e r i za t ion  
of t h e  Georgetown Univers i ty  F lu id i zed  Bed Combustor, 
P.A. Treado and D.P. Sha f f ,  Georgetown Unive r s i t y  .................... 245 

4 . a  A S t a t u s  Report on t h e  Environmental Accep tab i l i t y  
of Spent FBC Sorbent f o r  A g r i c u l t u r a l  Uses, O.L. Bennett  
e t  a l . ,  U.S. Department of Agr i cu l tu re ,  West V i r g i n i a  
Univers i ty  ........................................................... 269 

4 . b  S t a t u s  Report on I n v e s t i g a t i o n s  Dealing wi th  Commercial 
Uses f o r  Atmospheric F lu id ized  Bed Combustion Re- 
s i d u e s ,  L.J.  Minnick, I n d u s t r i a l  Research Consul tant  ................. 280 

5 .  The Environmental Cont ro l  Requirements of  t h e  DOE 
Cen t r a l  Power Systems which U t i l i z e  Coal Derived 
Fuels ,  W.M. C r i m  and G.B. Manning, U.S. Department 
of Energy, Of f i ce  of  t h e  A s s i s t a n t  Sec re t a ry  f o r  

................................. F o s s i l  Energy ..................... 313 

6 .  Emiss ionsCon t ro l  f o r  Coal-FiredMHDSystems, J.H. 
Lan ie r ,  R.C. A t t i g ,  and P.R. Kulesza, Un ive r s i t y  
of .Tennessee  Space I n s t i t u t e  ......................................... 335 

SESSION 11 1 
/ 

Coal Conversion. I -- Gasification 
1. Measurement and Control  of Fug i t i ve  Hydrocarbon Emissions, 

F.G. Mesich and P.S. Dzier lenga,  Radian Corporat ion ................. 353 

2. Imp l i ca t ions  of Environmental Compliance on DOE 
Gasif icat ion.ECT Development, P.D. Junkin ,  L.M. Tip ton ,  
and W.C. Yu, TRW Energy Systems ...................................... 375 

3. Zero Liquid Discharge f o r  t h e  I l l i n o l s  Coal 
Gas.i .f ication Group Demonstratfon P l a n t ,  K.C-  Baczewski, 

.................................................... Dravo Corporatfon 387 

4 .  Leaching S t u d i e s  of Coal Gasificat-i-un S o l i d  Waste t o  
Meet RCRA Requirements f o r  Land Disposa l ,  T. Tamura 

.................. and W . J .  Boegly, Jr. ,  Oak Ridge Nat iona l  Laboratory 397 

5.  S t r a t e g i e s  f o r  Charac ter iz ing  t h e  Fa te  of Bioac t ive  
Mate r i a l s  dur ing  Coal Liquefac t ion  Product Upgrading, 
B.W. Wilson e t  a l . ,  B a t t e l l e  P a c i f i c  Northwest Labora to r i e s ;  
and J . C .  Craun, Environmental Research and Technology, Inc .  .......... 415 

6 .  Treatment of  Phenolic  Coal G a s i f i c a t i o n  E f f l u e n t s ,  ............. R.G. Luthy and J . R .  Campbell, Carnegie-Mellon Un ive r s i t y  440 

7 . '  P o t e n t i a l  f o r  Control  of P o l l u t a n t  Product ion through 
Process  Optimizat ion,  J.P. F i l l o  and M . J .  Massey, En- 
vironmental  Research and Technology, Inc .  ............................ 455 

0 



Page 

8. Process ing  Needs and Methodology f o r  Condensate Waters 
from Coal Conversion, C . J .  King, Univers i ty  of C a l i f o r n i a ,  
Berkeley ............................................................ 471 

SESSION 13 

Fossil Resource Extraction 

1. An Overview of  t h e  S t a t u s  of Advanced O i l  Recovery 
i n  t h e  U.S., and Related Environmental Concerns, C.W. 
Pe r ry ,  U.S. Department of Energy, Of f i ce  of  the  
Deputy Ass i s t an t  Sec re t a ry  f o r  O i l ,  Gas and Shale  
Technology; and E. C. Donaldson, U.S. Department of  
Energy, B a r t l e s v i l l e  Energy Technology Center ........................ 481 

2. Coping With Environmental Problems of Heavy O i l  
P roduct ion ,  G.D. Pe te r son ,  U.S. Department of Energy, 
San Francisco Operat ions Office ...................................... 495 

3. Environmental E f f e c t s  and Controls  Associated w i t h  Ex- 
t r a c t i o n  of Unconventional G a s ,  K. R. Krickenberger and 

. .................................. P.N. Trudeau, The Mi t re  Corporat ion 503 

4.  Mechanisms of Mine Acid Drainage Formation and 
F e a s i b i l i t y  of Abatement Methods, K.L. Paciorek 
e t  a l . ,  Ultrasystems,  Inc.  ........................................... 520 .. 

5.  Environmental Cont ro ls  f o r  Underground Coal Gas i f i -  
ca t ion .  P a r t  1. Environmental Control  Technology 
And Research f o r  Underground Coal G a s i f i c a t i o n ,  D.C. 
Sheesley and R.E.  P o u l s u ~ ~ ,  U.S. Department of Energy, 
Laramie Energy Technology Center.  P a r t  11. Ground- 
Water E f f e c t s  and Control  Technologies,  Warren Mead 

....................... and E l l e n  Raber, Lawrence Livermore Laboratory 552 

6 .  An th rac i t e  Mining: Environmental Cons idera t ions ,  P a s t ,  
P r e s e n t ,  and Fu tu re ,  N.E .  Mutchler and R.M. Mi l le r , ,  

.............................................. Berger Assoc ia tes ,  Inc .  570 

SESSION 15 

Coal Conversion. II -- Liquids  

1. Environmental Control  Systems of  t h e  SRC-I Demonstration P l a n t ,  
J . C .  Tao and A.F. Yen, A i r  Products/Wheelabrator-Frye 

........................................................ J o i n t  Venture 591 

2. Environmental Cont ro l  Systems f o r  t he  SRC-I1 Demon- 
s t r a t i o n  P l a n t ,  D.K. Schmalzer and C.R. Moxley, The 

.............................. P i t t s b u r g  & Midway Coal Mining Company 616 

x v i  



Page 

3 .  Toxicologic  S tud ie s  o f  SRC Mate r i a l s ,  D.D. Mahlum e t  a l . ,  
B a t t e l l e  P a c i f i c  Northwest Labora to r i e s ;  M. J. Massey, En- 
vironmental Research & Technology, Inc . ;  and D.K. Schmalzer, 
Gulf Mineral Resources Company ........................................ 634 

4. Screening of Hydrotreated Coal Liquids  f o r  Muta- 
genic  A c t i v i t y ,  Dexter S u t t e r f i e l d  and W.C. Lanning, 
U.S. Department of Energy, B a r t l e s v i l l e  Energy 
Technology Center ;  and R.E. Royer, I n h a l a t i o n  
Toxicology Research I n s t i t u t e ,  Lovelace Biomedical 
and Environmental Research I n s t i t u t e ,  Inc. ........................... 649 

5. H-Coal P i l o t  P l an t  Environmental Cont ro ls ,  J.H. 
Gray, Ashland Syn the t i c  Fuels ,  Inc .  .................................. 658 

6 .  Environmental Cont ro ls  f o r  the  Exxon Donor Solvent 
Coal Liquef ac~ioa Piocess ,  R. C. G i e r ~ ~ ,  Exxu11 Research ............................................. and Engineering Company. 673  



SESSION 2 
CONVENTIONAL COAL UTILIZATION 

I -COAL PREPARATION 

Chairman: A. Dietz 
Co-Chairman: Charles Grua 



EFFECT OF COAL CLEANING ON FUGITIVE ELEMENTS: 
SECOND PROGRESS REPORT 

C h a r l e s  T. Ford 
Bituminous Coal Research,  I n c .  

INTRODUCTION 

With in  t h e  p a s t  few y e a r s ,  s e v e r a l  t r a c e  e l e m e n t s - - s p e c i f i c a l l y  a r s e n i c ,  
cadmium, l e a d ,  mercury,  and selenium--have been p o i n t e d  t o  w i t h  i n c r e a s i n g  
f requency  a s  p o t e n t i a l  env i ronmenta l  problems. The c o a l  i n d u s t r y  h a s  been 
i n d i c a t e d  a s  a  major  c o n t r i b u t o r  t o  t h e  l e v e l s  found i n  t h e  environment ,  and 
responded by e s t a b l i s h i n g  i n  1971 a  r e s e a r c h  program a t  Bitumipous Coal 
Research,  I n c . ,  f o r  o b t a i n i n g  v a l i d  i n f o r m a t i o n  concern ing  p o t e n t i a l  t r a c e  
e lement  problems a s  t h e y  r e l a t e  t o  c o a l .  T h i s  program i s  des igned  t o  d e f i n e  
t h e  n a t u r e  of t h e  t r a c e  e lement  problem a s  i t  r e l a t e s  t o  c o a l  mining,  prep- 
a r a t i o n ,  and u t i l i z a t i o n .  

One means of c o n t r o l l i n g  t r a c e  e lement  e m i s s i o n s  i s  t o  remove t h e s e  ,! 
t r a c e  c o n s t i t u e n t s  p r i o r  t o  combustion.  It w a s  sugges ted  t h a t  t h o s e  t r a c e  
e lements  a s s o c i a t e d  w i t h  t h e  a s h  cou ld  be  removed d u r i n g  t h e  c o a l  p r e p a r a t i o n  
p r o c e s s .  

I n  a  p r e v i o u s  l i m i t e d  s t u d y  (Ford,  Care ,  and B o s s h a r t ,  1976) ,  BCR demon- 
s t r a t e d  c o a l  c l e a n i n g  t o  b e  a p o s s i b l e  t echnology  f o r  c o n t r o l l i n g  many o f  t h e  
p o t e n t i a l l y  harmful  c o n s t i t u e n t s  o f  c o a l .  Based on t h o s e  promising r e s u l c s ,  
a more e x t e n s i v e  c o a l  c l e a n i n g  scheme w a s  des igned  s p e c i f i c a l l y  t o  e v a l u a t e  
t h e  e f f e c t  of such c l e a n i n g  on t r a c e  o r  f u g i t i v e  e l e m e n t s ,  t h o s e  c o n s t i t u e n t s  
of c o a l  which have t h e  p o t e n t i a l  t o  be r e l e a s e d  and c a u s e  env i ronmenta l  
problems. T h i s  paper  d e s c r i b e s  p r o g r e s s  i n  c l e a n i n g ,  a n a l y z i n g  t h e  samples 
r e s u l t i n g  from t h e  c l e a n i n g ,  and e v a l u a t i n g  t h e  d a t a  from 20 c o a l s  s t u d i e d  
d u r i n g  t h e  p r o j e c t .  A  p r e l i m i n a r y  p r o g r e s s  r e p o r t  on t h i s  p r o j e c t  was 
p r e s e n t e d  a t  t h e  l a s t  DOE Environmental  C o n t r o l  Symposium. (Ford,  Boyer,  
1978)  

The work was o r i g i n a l l y  funded j o i n t l y  by t h e  U.S. Bureau o f  Mines, t h e  
U.S. Energy Research and Development A d m i n i s t r a t i o n  (ERDA), and BCR. The 
p r o j e c t  i s  c u r r e n t l y  funded by t h e  U.S. Department o f  Energy (DOE) and BCR. 

The o v e r a l l  o b j e c t i v e s  o f  t h e  p r o j e c t  / a re :  ( a )  t o  p r e p a r e  a  comprehen- 
s i v e  s t a t e - o f - t h e - a r t  r e p o r t  on t h e  e f f e c t , o f  c o a l  mining,  p r e p a r a t i o n ,  
t r a n s p o r t a t i o n ,  and u t i l i z a t i o n  on t h e  t r a c e  e lements  found i n  c o a l ;  (b)  t o  
de te rmine  t h e  e f f e c t  of c o a l  c l e a n i n g  on f u g i t i v e  e lements ;  and ( c )  t o  
p r o v i d e  a d e s c r i p t i o n  o f  a c c u r a t e  a n a l y t i c a l  methods t h a t  can  be used by c o a l  
i n d u s t r y  and commercial l a b o r a t o r i e s  f o r  d e t e r m i n i n g  t h e  c o n c e n t r a t i o n  of 
s e l e c t e d  t r a c e  e l e m e n t s  i n  a  v a r i e t y  of c o a l s .  The p o r t i o n  of t h e  s t u d y  
d e s c r i b e d  h e r e  i n v o l v e s  o n l y  t h e  e f f e c t  of c o a l  c l e a n i n g  on f u g i t i v e  e lements .  

The o b j e c t i v e s  of t h i s  p o r t i o n  of t h e  s t u d y  were  approached a s  f o l l o w s :  



The e f f e c t  o f  c o a l  c l e a n i n g  on f u g i t i v e  e lements  w a s  e v a l u a t e d  by 
e x h a u s t i v e l y  s t u d y i n g  samples  of run-of-mine (ROM) c o a l  o b t a i n e d  from 
-v.arious g e o g r a p h i c a l  l o c a t i o n s  throughout  t h e  Uni ted S t a t e s .  A l l  ROM samples  
were s u b j e c t e d  t o  c o n t r o l l e d  c o a l  c l e a n i n g  a t  t h e  BCR l a b o r a t o r i e s .  Each 
c o a l  was c rushed ;  t h e  c o a r s e r  f r a c t i o n s  were s u b j e c t e d  t o  heavy media separa -  
t i o n s ,  and t h e  f i n e  f r a c t i o n  was h y d r a u l i c a l l y  c l a s s i f i e d .  Th is  c l e a n i n g  i s  
r e p r e s e n t a t i v e  of t h a t  which p r e s e n t l y  e x i s t s  i n  t h e  i n d u s t r y .  

Some of t h e  c o a l s  were  s u b j e c t e d  t o  a d d i t i o n a l ,  more e x t e n s i v e ,  
p r o c e s s i n g  and e v a l u a t i o n .  R e p r e s e n t a t i v e  samples of t h e s e  were c r u s h e d ,  
s c r e e n e d ,  and t h e  r e s u l t i n g  narrow p a r t i c l e  s i z e  f r a c t i o n s  were h y d r a u l i c a l l y  
c l a s s i f i e d .  

Each sample produced by t h e  c o a l - c l e a n i n g  t a s k  was c h a r a c t e r i z e d  by 
g e n e r a l  chemica l  and t r a c e  and major e lement  a n a l y s i s ,  a s  w e l l  a s  p e t r o g r a p h i c  
a n a l y s i s  where a p p r o p r i a t e .  Those e lements  chosen f o r  s t u d y  i n c l u d e  t h e  t r a c e  
e lements  antimony, a r s e n i c ,  b e r y l l i u m ,  cadmium, chromium, c o b a l t ,  copper ,  
f l u o r i n e ,  l e a d ,  manganese, mercury,  n i c k e l ,  se lenium,  vanadium, and z i n c ,  t h e  
major  e l e m e n t s  i n  c o a l  a s h  i n c l i ~ d i n g  s i l i c o n ,  aluminum, i r o n ,  ca lc ium,  mag- 
nes ium,  t i t a n i u m ,  sodium, potassil lm, a n d  phosphorus,  and t h e  more p r e v a l e n t  
c o n s t i t u e n t s  such a s  s u l f u r .  

EXPERI?IENTAL PROCEDURE 

Approximately 450 kg (1 ,000  l b )  of run-of-mine (ROM) c o a l  w a s  c o l l e c t e d  
a t  each o f  20 mine s i t e s .  The c o a l s  were r e p r e s e n t a t i v e  of t h e  seam o r  seams 
b e i n g  mined a t  t h a t  s i t e  and were  s e l e c t e d  on t h e  b a s i s  of p r e s e n t  and near -  
f u t u r e  u t i l i z a t i o n .  They were numbered 1 R  through 20R (R f o r  run-of-mine) 
and a r e  l i s t e d  by seam i n  T a b l e  1. F i g u r e  1 is  a  map showing t h e  l o c a t i o n s  
of t h e  20 mines sampled d u r i n g  t h i s  p r o j e c t .  From T a b l e  2 ,  showing t h e  geo- 
l o g i c  age  r e l a t i o n s h i p s  of t h e  c o a l s ,  i t  can  be  s e e o ' t h a t  t h e  20 c o a l s  
r e p r e s e n t  v e r y  young (Pa leocene)  t o  v e r y  o l d  ( lower  P o t t s v i l l e )  c o a l s .  

Two b a s i c  c o n t r o l l e d  c l e a n i n g  p rocedures  were  u t i l i z e d  a t  BCR f o r  t h e  
20 c o a l s .  One of t h e s e ,  d e s i g n a t e d  Procedure  A and diagrammed i n  F i g u r e  2 ,  
s i m u l a t e s  c o a l  c l e a n i n g  t e c h n i q u e s  c u r r e n t l y  b e i n g  u t i l i z e d  by t h e  c o a l  
i n d u s t r y .  T h i s  p r o ~ e d u r e  i n v o l v e s  b a s i c  c r u s h i n g  and s c r e e n i n g  t o  reduce  
t h e  c o a l  t o  t h r e e  f r a c t i o n s :  ( a )  31.8  x 5 .35 mm (1-114 x  114 i n c h ) ,  
(b) 6 .35 mm (114 i n c h )  x 30  mesh, and ( c )  30 mesh x  0. The 31.8 x  6.35-mm 
(1-114 x 114-inch) f r a c t i o n s  and t h e  6.35-mm (114-inch) x 30-mesh f r a c t i o n s  
were  t h e n  c l e a n e d  by heavy media g r a v i t y  s e p a r a t i o n s  u t i l i z i n g  m a g n e t i t e  and 
t h e  BCR double-cone heavy-media d e v i c e .  Three  s e p a r a t i n g  g r a v i t i e s  ( u s u a l l y  
1 . 3 5 ,  1 . 5 5 ,  and 1 . 8 0 )  were used,  producing f o u r  g r a v i t y  f r a c t i o n s  f o r  each  
of t h e  c o a r s e - s i z e  f r a c t i o n s .  

The minus 30-mesh f r a c t i o n  was c l e a n e d  by u t i l i z i n g  a  h y d r a u l i c  
c l a s s i f i e r  a f t e r  removal o f  t h e  minus 270-mesh f i n e s .  Four f r a c t i o n s  were  
produced from t h i s  c l e a n i n g :  a low-ve loc i ty  over f low,  a  medium-velocity 
over f low,  a  h i g h - v e l o c i t y  over f low,  and a s i n k  f r a c t i o n .  A s  w i t h  t h e  heavy 
media s e p a r a t i o n s ,  e f f o r t s  were made t o  m a i n t a i n  c o n s i s t e n t  f l o w s  f o r  each  



TABLE 1. 

Sample 
. . -" ' Number 

. . 

. , 

1R 
2R 

. . 
3R 
4R 

. . 
5R 

Location 
County, State seam 

Indiana, PA Upper/Lower Freeport 
Franklin, IL Illinois No. .6 
Rosebud, MT Rosebud. 
Mercer, . ND Beulah-Zap 
carbon, WY Hannah ' No. 6 0 .  

Lincoln, WY Adaville No. 1 
Carbon, UT .Castle Gate D 

Lower Kit taning Nicholas, WV 
Harrison, WV Pittsburgh 
Noble, OH Meigs Creek 

McDowell, & 
Logan, WV ' 

Raleigh, WV 
walker, AL 
Muhlenburg, KY 

Fulton, IL 
Wise, VA 
Knott, KY 
Washington, PA 
Cambria, PA 

Pocahontas .No. 3 
'_ 

S tockton 
Sewell 
Mary Lee 
Kentucky No. 9 

Illinois No. 5 
Imboden 
Upper Elkhorn No. 3 
Pittsburgh. 
Lower Kit taning 



Coal Seams 

U p p e r / ~ o w e r  F r e e p o r t  

I l l i n o i s  No. 6 

Rosebud 

Beulah-Zap 

Hannah no. 60 

A d a v i l l e  No. 1 

C a s t l e  Gate  D 

J,or~er K i  t:tanninp, 

P i t t s b u r g h  %n Ranch, 

Ffeigs Creek 

Pocahon tas  No. 3 

S t o c k t o n  

Sewel l  

14.  Mary Lee 

15.  Kentucky No. 9 

16.  I l l i n o i s  No. 5 

17.  Imboden 

18.  Elkhorn No. 3 

1 9 . .  P i t t s b u r g h  

20. Lower K i t  t a n n i n g  

r23 
Subblumm*ls coal 

rn 

BCR 6 0 8 2 6 5 0  

Figure 1. Coal  Fields of the  Conterminous United Sltates 

Showing Cool Sample  Locations 



TABLE 2 .  STRATIGRAPHIC OCCURRENCE OF COALS 



Figure  2. Prepara t ion  F l o w  Schematic, Procedure A .  
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of t h e  f r a c t i o n s ,  b u t  t h e s e  f lows  sometimes had t o  b e  a l t e r e d  t o  o b t a i n  
s u f f i c i e n t  amounts i n  each f r a c t i o n  f o r  a n a l y s i s  and e v a l u a t i o n .  

The second b a s i c  p rocedure ,  d e s i g n a t e d  Procedure  B and diagrammed i n  
F i g u r e  3 ,  was u t i l i z e d  t o  s i m u l a t e  an  "optimum" c o a l  c l e a n i n g  p r o c e s s .  T h i s  
p rocedure  was des igned  t o  y i e l d  r e l a t i v e l y  pure  f r a c t i o n s  of each t y p e  of 
m a t e r i a l - - c o a l ,  s h a l e ,  and p y r i t e - - i n  o r d e r  t o  make b e t t e r  judgments on t r a c e -  
element a s s o c i a t i o n s  t h a n  could  be  made w i t h  Procedure  A.  B a s i c a l l y ,  t h e  
31.8-mm (1-114-inch) x 0  ROM c o a l  was reduced by s c r e e n i n g  t o  a  s e r i e s  of 
n i n e  f i n e  c o a l  f r a c t i o n s  s i z e d  from 30 mesh t o  minus 270 mesh. A l l  b u t  t h e  
minus 270-mesh f r a c t i o n s  were s u b j e c t e d  t o  h y d r a u l i c  c l a s s i f i c a t i o n  t o  produce 
an  u l t r a - c l e a n  c o a l  f r a c t i o n ,  a  c l e a n  c o a l  f r a c t i o n ,  a s h a l e  f r a c t i o n ,  and a  
p y r i t e  f r a c t i o n  f o r  each of t h e  s i z e  f r a c t i o n s .  

The e f f e c t  of c l e a n i n g  on each of t h e  c o a l s  was determined by a n a l y z i n g  
t h e  c o a l s  and e v a l u a t i n g  t h e  r e s u l t s .  General  chemical  d e t e r m i n a t i o n s  were  
made as w e l l  a s  p e t r o g r a p h i c  and t r a c e  d e t e r m i n a t i o n s .  The t e c h n i q u e s  and 
a p p a r a t u s  f o r  t h e  a n a l y s e s  a r e  d e s c r i b e d  i n  a  s e p a r a t e  f i n a l  r e p o r t  f o r  t h i s  
p r o j e c t .  

M a t e r i a l  b a l a n c e s  were c a l c u l a t e d  f o r  each of t h e  i n d i v i d u a l  c l e a n i n g  
o p e r a t i o n s  and t h e  p e r c e n t  of each c o n s t i t u e n t  removed was summarized by 
group and by c o n s t i t u e n t .  The m a t e r i a l  b a l a n c e s  a l s o  inc luded  a  d i f f e r e n t i a l  
v a l u e  between composi te  and feed  by which judgments cou ld  be made on t h e  
c l e a n i n g  and a n a l y s e s .  L i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  and F - t e s t  r a t i o s  
were a l s o  c a l c u l a t e d  t o  demons t ra te  t h e  r e l a t i o n s h i p s  between each  c o n s t i t u -  
ent and e v e r y  o t h e r  c o n a t i t u c n t .  

RESULTS AND DISCUSSION 

Twenty c o a l s  were  c leaned  by c l e a n i n g  Procedure  A t o  e v a l u a t e  t h e  
e f f e c t  o f  t h e  c l e a n i n g  on both  t h e  major  and t r a c e  c o n s t i t u e n t s  o f  c o a l .  
E igh t  of t h e  20 c o a l s  were s u b j e c t e d  t o  a d d i t i o n a l  c l e a n i n g  u s i n g  c l e a n i n g  
Procedure  B. The o b j e c t i v e  was t o  o b t a i n  r e l a t i v e l y  p u r e  f r a c t i o n s  of c o a l ,  
s h a l e ,  and p y r i t e  w i t h  which t o  e v a l u a t e  t h e  e l e m e n t a l  a s s o c i a t i o n s .  Gener- 
a l l y ,  t h e  r e s u l t s  of t h e  a n a l y s e s  and t h e  agreement o b t a i n e d  i n  t h e  g r e a t  
m a j o r i t y  o f  m a t e r i a l  b a l a n c e s  i n d i c a t e d  t h a t  t h e  c l e a n i n g  s t r a t e g i e s  employed 
were p a r t i c u l a r l y  e f f e c t i v e  and t h e  s e p a r a t i o n s  needed t o  a t t a i n  t h e  
o b j e c t i v e s  o f  t h e  p r o j e c t  were  ach ieved .  I n  abou t  95 p e r c e n t  ?f t h e  more 
t h a n  5 ,000 i n d i v i d u a l  m a t e r i a l  b a l a n c e s  f o r  t h i s  s t u d y ,  t h e  c a l c u l a t e d  
d i f f e r e n c e  between composi te  and f e e d  v a l u e s  was less t h a n  25 p e r c e n t .  T h i s  
f i g u r e  was q u i t e  s a t i s f a c t o r y ,  p a r t i c u l a r l y  f o r  t r a c e  e lement  a n a l y s i s .  

The c o n c e n t r a t i o n s  of each c o n s t i t u e n t  were c a l c u l a t e d  i n  t h e  c leaned  
c o a l  o b t a i n e d  by each  of t h e  i n d i v i d u a l  c l e a n i n g  o p e r a t i o n s .  For Frocedure  A,  
t h i s  invo lved  heavy media c l e a n i n g  of t h e  c o a r s e r  f r a c t i c n s  and h y d r a u l i c  
c l a s s i f i c a t i o n  of t h e  f i n e s .  The c l e a n i n g  l e v e l  s e l e c t e d  f o r  a l i  o f  t h e  
e v a l u a t i o n s  r e p o r t e d  assumed t h e  f i r s t  two f r a c t i o n s - - - t h e  l i g h t e r  g r a v i t y  





m a t e r i a l s  from t h e  heavy media s e p a r a t i o n s  and t h e  two lower v e l o c i t y  mater- 
i a l s  f rom. the  hyd rau l i c  c l a s s i f i e r - - a s  t h e  cleaned c o a l .  ?:her l e v e l s  of 
c l ean ing  could have been eva lua t ed ,  but t h i s  was no t  done f o r  t h i s  p r e s e n t a t i o n .  

I n  a d d i t i o n ,  concen t r a t i ons  were c a l c u l a t e d  i n  t h e  combined c l e a n  c o a l  
f r a c t i o n s  ob ta ined  from Procedure A. From t h e s e ,  t h e  corresponding percent  
removed of  each c o n s t i t u e n t  was a l s o  ob ta ined  and presen ted  i n  Table  3 f o r  
each of t h e  20 c o a l s .  The pe t rographic  c o n s t i t u e n t s  a r e  no t  included s i n c e  
t h e i r  removal was obviously no t  t h e  o b j e c t i v e  of t h i s  s tudy .  

The nega t ive  percentages  i n  t h i s  t a b l e  i n d i c a t e  an i n c r e a s e  i n  t h e  l e v e l  
of t h a t  p a r t i c u l a r  c o n s t i t u e n t ,  a s  was a n t i c i p a t e d ,  f o r  example, f o r  o rgan ic  
s u l f u r .  The a c t u a l  product y i e l d  and Btu r e c o v e r i e s  f o r  t h e s e  20 c o a l s  a r e  
presen ted  i n  Table  4. 

From t h e  d a t a  i n  Tables  3  and 4 ,  an eva lua t ion  can be made of t h e  e f f ec -  
t i v e n e s s  of c l ean ing  t h e s e  c o a l s  and t h e  d i f f e r e n c e s  by c o a l  and by c o n s t i t u e n t .  
From a  convent iona l  c o a l  c l ean ing  viewpoint ,  t h e  Btu recovery was q u i t e  good 
f o r  most of t he  c o a l s  wi th  an average  recovery of 94 .pe rcen t .  The lowest  
recovery ,  82 pe rcen t ,  was experienced wi th  c o a l  13R which had t h e  h ighes t  ,.ash 

. con ten t  (50.6 pe rcen t )  of a l l  of t h e  20 run-of-mine coa l s .  

..., The product y i e l d  was a l s o  qu-i te  good f o r  t h e  m a j o r i t y  of t h e  c o a l s .  . 
The except ions  were c o a l s  8R, 12R, 13R, 19R, and 20R, which a l s o  had t h e  
h ighes t  a s h  con ten t s  of t h e  20 run-of-mine c o a l s .  

The averages of t h c  pcrcent  removed of a l l  of the  c o n s t i t u e n t s  l i s t e d  
i n  Table  3  a r e  d i sp layed  i n  Table  5. Add i t i ona l ly ,  t h e  averages  of twelve 
coals--1R, 8R, 9R, 10R, 1 1 R ,  12R, 13R, 14R, 17R, 18R, 19R, and 20R--from t h e  

. Eas t e rn  United S t a t e s ,  t h e  averages  of t h r e e  coals--2R, 15R, and 16R--from 
.1 t h e  Midwestern United S t a t e s ,  and t h e  averages  of f i v e  coals--3R, 4R, 5R, 6R 

and 7R--from t h e  Western United S t a t e s  a r e  a l s o  d i sp layed  i n  t h i s  t a b l e .  The 
same d a t a  a r e  presen ted  i n  a  d i f f e r e n t  manner i n  Table  6. The c o n s t i t u e n t s  
a r e  grouped by t h e  l e v e l  of each removed f o r  a l l  20 c o a l s  and f o r  each 
reg ion .  

Some t r e n d s  a r e  ev iden t  by t h e  groupings i n  Table  6.  Ash, a r s e n i c ,  
cadmium, chromium, f l u o r i n e ,  l e a d ,  manganese, z inc ,  s i l i c o n ,  aluminum, i r o n ,  . 

calcium, magnesium, t i t an ium,  sodium, potassium, and phosphorus were removed 
e f f e c t i v e l y ;  p y r i t i c  s u l f u r ,  c o b a l t ,  copper ,  mercury, and selenium were 
removed l e s s  e f f e c t i v e l y .  The more e f f e c t i v e  c l ean ing  of t h e  Eas t e rn  and . 

Midwestern c o a l s  can be  seen  a s  w e l l  a s  t h e  d i f f e r e n t  responses  t o  c l e a n i n g  
of t h e  c o a l s  from t h e s e  two r eg ions .  The d i f f e r e n c e s  a r e  s u b t l e  except  f o r  
c o b a l t  and vanadium. Cobalt  removal was ve ry  e f f e c t i v e  w i t h  t h e  Midwestern 
c o a l s ,  even though t h e  l e v e l s  were r e l a t i v e l y  low compared t o  t h e  Eas t e rn  
c o a l s .  

Perhaps more s u r p r i s i n g  was t h e  e f f e c t i v e  removal of vanadium from t h e  
Eas t e rn  c o a l s  i n  view of t h e  r epo r t ed  a s s o c i a t i o n  of vanadium wi th  t h e  
o rgan ic  p o r t i o n  of t h e  c o a l .  This  o rgan ic  a s s o c i a t i o n  could s t i l l  be 



TABLE 3. COMPARISON OF EFFECT OF CLEANING BY ?ROCEDLaRE A 
(Percent Removed) 

Coal Number 

Ash 64 48 38 30 12 7 46 75 58 26 77 74 83 :~7 61 57 73 84 76 78 
Total Sulfur 47 39 48 40 8 6 -1 -22 32 8 -21 -33 15 -13 21 21 -6 0 -9 55 
Chlorine -38* -5 0 86 -29 71 -10 -13 -13 -20 - - -73 - -6 - - 49 - - 
Pyritic Sulfur 62 45 54 42 -18 15 15 1 45 14 28 -5 47 4 35 27 17 11 4 69 
Organic Sulfur -18 -7 3 6 24 -24 -16 -42 -13 -11 -32 -57 -101 -37 -34 -18 -15 -22 -40 -25 

Antimony 17 -33 52 23 32 20 48 -10 64 20 -3 -9 - - - - - - - -  
Arsenic 76 44 73 57 23 40 44 40 63 42 45 71 5J 65 45 65 63 49 60 84 
Beryllium 25 17 4 0 1 3  -37 14 23 36 11 27 17 39 26 27 5 29 -2 37 25 
Cadmium 23 61'30 20 -32 50 57 25 27 14 44 50 a 36 6.2 84 19 37 42 44 
Chromium 44 27 35 19 -38 33 37 55 47 15 69 62 82 40 55 45 59 76 58 62 . 

Cobalt - - - -  - - - - - -  13 -17 68 15 60 59 28 34 58 67 
Copper 47 35 19 20 -2 7 14 25 47 11 35 32 44 36 59 41 42 23 67 77 
Fluorine 44 51 25 13 1 -1 27 74 59 28 82 68 80 38 59 53 70 73 64 69 
Lead 71 53 35 33 14 48 37 43 66 19 57 54 78 45 60 62 54 62 66 85 
Manganese 80 62 8 37 17 -1 59 79 53 34 78 88 93 51 81 64 89 76 80 79 

Mercury 61 1 43 14 20 2 34 29 32 27 24 33 47 50 26 -1 15 39 13 41 
Nickel 37 18 -8 -4 -14 29 27 33 53 17 28 23 30 23 65 48 35 28 38 24 
Selenium 55 16 48 32 13 30 0 17 37 28 13 4 32 34 20 29 24 17 43 67 
Vanadium 42 10 14 -1 -8 -11 24 48 42 12 63 54 63 51 29 41 58 67 47 '60 
Zinc 59 42 57 26 -126 41 54 50 59 22 76 66 58 51 6 1  83 77 77 62 58 

Silicon 67 43 42 51 7 -5 50 76 64 26 81 ?5 90 58 61 56 76 88 80 82 
Aluminum 59 40 28 29 -1 8 35 69 50 24 73 68 87 53 60 52 66 84 77 73 
Iron 69 60 76 54 6 46 27 58 52 26 56 75 74 49 56 58 75 68 41 73 
Calcium 37 63 -5 11 28 -10 23 45 56 25 48 72 67 41 58 57 52 41 75 30 
Magnes ium 72 48 4 8 3 -2 27 78 53 35 78 82 92 59 82 70 83 88 82 85 

*Negative values indicate enrichment rather than removal. 



TABLE 3. COMPARISON OF EFFECT OF'CLEANING BY PROCEDURE A 
. . (Percent Removed) 

(Continued) 

Coal Number 

1R 2R 3R ' 4 ~  5R 6R 7R 8R 9R 10R 11R 12R 13R 14R 15R 16R 17R 18R 19R 20R - - - - - - - - - - - - - - - - - - - - 
Titanium 53 40 39 32 -6* -5 35 69 54 27 72 70 .'88 51 54 48 62 82 76 73 
Sodium 52 35 12 4 10 0 27 61 33 26 70 78 77 60 75 63 78 79 80 76 
Potassium 73 49 60 48 22 9 86 87' 75 32 92 83 92 63 76 61 84 93 81 88 
Phosphorus 13 84 7 22 5 . 18 1 48 69 48 76 68 69 4 91 88 64 76 59 77 

*Negative values indicate enrichment rather thzn removal. 



TABLE 4 .  PRODUCT Y I E L D  AND C A L O R I F I C  VALUE RECOVERY 
FOR EACH OF THE TWENTY COALS CLEANED BY 
PROCEDURE A 

Proddct Yield, 'Bcu Recovery, 
C u d  pcrccnt percent 

Average , 78 94 



TABLE- 5. COMPARISON BY REGION OF EFFECT OF CLEANING BY PROCEDURE A. 
(Percent Removed of Each Constituent) . 

Average, Average, Average,, Average, 
20 Coals East* Midwest*" ~ e s  t+ 

Product Re j ec t 2 2 31 
Calorific Value -26 -37 
Ash 5 6 6 9 
Total Sulfur 12 4 
Chlorine - 7 - 34 
Pyritic Sulfur 2 6  2 5 
Organic Sulfur -24 -34 

0 

Antimony 
Arsenic 
Beryllium 
Cadmium 
Chromium 
Cobalt 
Copper 
Fluorine 
Lead 
Manganese 
Mercury 
Nickel 
Selenium 
Vanadium 
Zinc 

Silicon 
Aluminum 
Iron 
Calcium 
Magnesium 
Titanium 
'Sodium 
Potassium 
Phosphorus 

18 
55 
17 
38 
4 4 
3 9 

Trace 
3 4 

Elements 
4 9 
5 2 
61 
2 7 
2 9 
28 
35 
4 9 

5 8 7 2 5 3 2 9 
5 2 65 5 1 2 0 
55 60 5 8 4 2 

Ma j or 
41 4 9 5 9 9 

Elements 
5 6 7 4 67 8 
5 1 65 4 7 19 
5 0 6 4 58 11 
6 8 7 9 6 2 4 5 
4 9 5 6 88 11 

*East: Coals lR, 8R-; 9R, 10R, 11R, 12R, 13R, 14R, 17R, 18R, 19R, 20R 
**Midwest: Coals 2R, 15R, 16R 
%Jest: Coals 3R, 4R, 5R, 6R, 7R 



TABLE 6. EFFECTIVENESS OF CLEANING BY PROCEDURE A 

Level of Each Constituent Removei 
>50 percent 35-49 percent 20-34 percent 

Average 20 Coals Ash, As,. Pb, Mn, Si, Cd, Cr, Co, F, V, Zn, Ca, P S Cu, Hg, Ni, Se 
Al,.Fe, Mg, Ti, Na, K P Y ~ "  

Average ~ast* Ash, As, Cr, F, Pb, . Cd, Cu, Ca :S , Be, Co, Hg, 
Mn, V, Zn, Si, Al, Fe, PYr 

.. . Yi, Se 
Mg, Ti, Na, K, P 

~verage Midwest** Ash, As, Cd, Co, F, S As, Cr, Cu, Ni, Ti ST* Se, V 
Pb, Mn, Zn, Si, Al, P Y ~  ' . . . , * I  

Fe, Ca, Mg, Na, K,.P 

Average Wese Sb, Fe, K . Ash, ST, S ,. C1, Cd, 
PYr 

Pb, Mn, Hg, Se, Si, A 1  

*East: Coals lR, 8R, 9R; 10R, 11R, 12R, 13R, 14R, 17R, 18R, 19R, 20R 
**Midwest: . coals 2R, 15R, 16R * .  . 

West: Coals 3R, 4R, 5R, 6R, 7R 



possible with vanadium and the Midwestern cokls, where its removal was less 
effective. 

With few exceptions, the Eastern and Midwestern coals were cleaned much 
more effectively than the Western coals. No constituents were removed from 
the Western coals at the 50 percent or greater level and only three, antimony, 
iron, and potassium, at the 35 percent or greater level. Chlorine appeared 
to be removed from the Western coals but was concentrated in the Eastern and 
Midwestern coals. 

As expected, trace and major element control was more effective in some 
coals than in others. The magnitude of the difference was, perhaps, not 
expected. The averages by coal of the 15 trace elements removed by cleaning 
Procedure A are presented in Table 7. The 15 are those which appear in 
Table 5 and elsewhere from "antimony" up to and including "zinc." The aver- 
age of these same 15 grouped by region is presented in Table 8. Similarly, 
the data for nine major elements in coal ash are presented by coal in Table 9 
and by region in Table 10. From these data, it is obvious that the effective- 
ness of removal of most of these elements from the Eastern and Midwestern 
coals is significantly greater than from the Western coals. However, it must 
be pointed out that there were also greater concentrations of impurities in 
the Eastern and Midwestern coals than in the Western coals, as can be seen 
from the data in Table 11. 

Great differences in response to cleaning were exhibited by each coal. 
To compare each coal on some common basis, what was needed was a calculated 
expression relating the trace element concentrations to calorific value of 
each coal, similar to the familiar "pounds of sulfur per million ~tu's." 
This expression has been calculated for sulfur in pounds per million Btu's 
and for each of the trace and major elements, and expressed as grams of each 
element per million Btu's. These values are presented in Table 12 for the 
feed coals and in Table 13 for the cleaned coals. The data, as expressed in 
this manner, provide a very real basis for comparing the trace element con- 
centrations in each coal on a common ground, the heating value. 

These studies with 20 coals, as well as previous limited rough cleaning 
studies at BCR with eight coals, have confirmed that removal of some poten- 
tially harmful trace elements can be effected by coal cleaning. The studies 
thus far revealed differing responses to the various cleaning processes., 
Generalizations and specific conclusions concerning the effect of cleaning 
on fugitive elements will be explored further in the final report which was 
in progress when this paper was prepared. Extensive evaluations of elemental 
associations are also included in the final report. 

One portion of the final report will contain a description of the 
analytical procedures used in the study. These procedures could be used by 
coal industry and other laboratories for .determining the concentrations of 
selected trace elements in a variety of coals. 



TABLE 7.  AVERAGE, BY COAL, OF PERCENT OF FIFTEEN TRACE 
ELEMENTS REMOVED BY CLEANING PROCEDURE A 

C o a l  - P e r c e n t  Removed 

TABLE 8. AVERAGE, BY GEOGRAPHICAL REGION, OF PERCENT OF FIFTEEN 
TRACE ELEMENTS REMOVED BY CLEANING.PROCEDURE A 

. . R e g i o n  percent Removed 

E a s t *  4 4  

West 
+ 

* E a s t :  C o a l s  l R ,  8R, 9R, 1 0 R ,  1 1 R ,  1 2 R ,  1 3 R ,  1 4 R ,  1 7 R ,  1 8 R ,  1 9 R ,  20R 
**Midwest:  C o a l s  2R, 15R,  1 6 R  

+West :  C o a l s  3R, 4R,  5R, 6R, 7R 



TABLE 9. AVERAGE, BY COAL, OF PERCENT OF NINE MAJOR* ELEMENTS . . 

IN ASH REMOVED BY CLEANING PROCEDURE A 

Coal - Percent Removed 

TABLE 10. AVERAGE, BY GEOGRAPHICAL REGION, OF PERCENT OF NINE MAJOR 
ELEMENTS IN ASH REMOVED BY CLEANING PROCEDURE A 

Region Percent Removed 

East* 6 5 

Midwest ** 6 0 

West + 
22 

*East: Coals lR, 8R, 9R, TOR, 11R, 12R,;13R, 14R, 17R, 18R, 19R, 20R 
**Midwest: Coals 2R, 15R, 16R 
+West: Coals 3R, 4R, 5R, 6R, 7R 



. .  . 

: . . ' TABLE 11. COYPARISON OF INITIAL CONCENTRATIONS OF IMPURITIES 
. . . . 

' I N  COALS BY GEOGUPHICAL REGION 
. . 

. . Average,. . Average, Average, Average, 
20 Coals East* Midwest** West+ 

Ash, pe rcen t  : 23.0 29.1 20.3 10.2 
~ o t a l  S u l f u r ,  percent  ' ' 1.79  1.77 3.54 0.78 

. .Chlor ine,  pe rcen t ,  ., 0.07 0.07 0.14 . 0.04 
p y r i t i c  S u l f u r ,  percent  . , 1.28 1 .23  2.72 0.56 
Organic S u l f u r ,  p e r c e n t ,  0.46 .O. 52 0.68 0.18 

A n e  irnony., . ppm 1 .01  0.91 1.73 0.83 
: ~ r s e n i c . ,  ppm 12 .1  ! 15 .7  9.95 4.70 
.Beryl l ium, ppm . . , .  1.90 2.49 1.7.5 0.54 

.. C a d m i u m ,  ppm 0.57 0.19 3.31 0.06 
Chromium, ppm . . 29.6 39 .8  . 25.4  7.61 

. . c o b a l t ;  pprn 
. : . copper ,  ppm 

' Fluo r ine , ,  pprn 
' . . . i ead ,  pprn 

. . Manganese, ppm 
. . .  

Mercury, ppb 
. , . ' ,  Nickel ,  pprn 

Selenium, pprn 
Uranium, pprn 
Vanadium , pprn 

. , Zinc, ppm 57.8 33.2 238 9.20 
~ . i l i c o n ,  ppm 61,300 80,200 51,000 22,200 
Aluminum, ppm 29,300 40,400 19,100 8,680 
I r o n ,  ppm 14,400 15,800 , 24,.600 4,930 
.Calcium, ppm . . . . . 5,750 2,690 8,240 11,600 

. . 

Magnesium, ppm 2,300 
Titanium, ppm 1,520 
Sodium, ppm 97 6 
Potassium, ppm 5,340 
Phosphorus,  ppm 200 

: . ' .  

*East:  Coals l ~ ,  8R, 9R, 10R, 1 1 R ,  
**Midwest: Coals 2R, 15R, 16R 

: West: Coals 3R, '4Ryi5R,  6R, 7R 



TABLE 12. GRAFlS OF TRACE AND MAJOR CONSTITUENTS PER MILLION BTU'S IN CLEANED COAL 

Coal Number 
1R 2 R 3 R 4 X 5 R 6 R 7 R 8R 9R 10R ---------- Constituent - 

Total Sulfur* 

Antimony . 
Arsenic 

. Beryllium 
Cadmium 

Chromitlm 
Cobalt 
copper 

, Fluorine 

Lead 
Manganese 
Mercury 
Nickel . 

Selenium 
. Vanadium 

Zinc 

Silicon 
Aluminum 
Iron 

. Calcium 
Magnesium 
Titanium 

Sodium 
Potassium 
Phosphorus 

*Pounds per million Btu's 



TABLE 12. GRAMS OF TRACE AND MAJOR CONSTITUENTS PER MILLION BTU'S IK CLEANED COAL 
(Continued) 

Coal Number 
Constituent 11R 12R 13R 14R 15R 16R 17R 18R 19R, 20R ---------- 
Total Sulfur* 0.37 0.71 0.65 0.76 2.35 2.43 0.52 0.80 1.16 0.84 

Antimony 
Arsenic 
Beryllium 
Cadmium 

Chromium 
Cobalt 
Copper 
Fluorine 

Lead " 0.181 0.324 0.130 0.246 0.121 0.'-584 0.144 0.133 0.168 0.115 
Manganese 0.376 0.160 0.361 0.755 1.03 2.78 0.236 .0.652 0.347 0.270 
Mercury 0.002 0.004 0.002 0.005 0.006 0.004 0.003 0.003 0.005 0.007 
Nickel 0.432 0.748 0.383 0.720 0.277 0.271) 0.367 0.359 0.524 0.798 

Selenium 0.072 0.196 0.035 0.056 0.109 0.038 0.097- 0.091 0.056 0.036 
Vanadium 0.506 1.38 0.983 1.41 2.15 0.624 0.645 0.479 1.08 0.891 
Zinc 0.199 0.570 0.417 0.492 1.14 3.23 0.201 0.182 0.426 0.514 

Silicon 463 1000 435 1080 702 965 449 2 38 583 545 
Aluminum 302 669 299 7 34 288 316 373 152 323 330 
Iron 124 64.5 188 196 450 362 76.8 146 238 168 

Calcium 38.5 15.4 20.5 58.9 112 209 16.6 34.0 36.7 30.4 
Magnesium 14.2 18.5 12.7 35.3 12.3 21.5 13.5 10.6 10.9 5.76 
Titanium 18.4 32.0 12.2 40.2 17.3 20.1. 18.6 6.96 15.7 18.5 

Sodium 7.40 5.50 9.11 14.4 5.42 14.5 5.03 4.57 6.06 3.27 
Potassium 20.0 77.2 34.2 86.5 40.2 57.1 43.0 17.8 35.7 24.3 
Phosphorus 0.672 1.48 1.78 10.3 0.716 1.05 1.57 9.539 5.93 1.22 

*Pounds per million Btu's 



TABLE 13. GRAMS OF TRACE AND MAJOR CONSTITUENTS PER MILLION BTU'S IN FEED COAL 

Coal Number 
Constituent 1 R 2 R 3R 4R 5R 6R 7 R 8 R 9R 1 OR ---------- 
Totalsulfur* 1.98 2.29 1.07 0.84 0.52 0.49 0.49 0.83 3.33 4.19 

Antimony 
Arsenic 
Beryllium 
Cadmium 

Chromium 
Cobalt 
Copper 
Fluorine 

Lead 0.600 0.831 0.528 0.080 0.071 0.022 0.114 0.735 0.297 0.249 
Manganese 1.95 1.40 2.69 1.44 1.73 0.866 0.584 3.20 1.52 1.20 
Mercury 0.026 0.006 0.006 0.005 0.002 0.002 0.002 0.010 0.009 0.009 
Nickel 0.814 0.701 0.206 0.198 0.119 0.157 0.266 1.17 0.569 0.665 

Selenium 0.242 0.070 0.066 0.051 0.021 0.023 0.049 0.255 0.041 0.184 
Vanadium 1.73 0.999 0.578 0.464 0.296 0.086 0.561 3.17 0.791 1.40 
Zinc 1.38 3.50 0.528 0.150 0.173 0.673 0.241 1.76 0.649 0.673 

Silicon 2250 1440 1640 623 436 219 1450 4800 1260 1710 
Aluminum 1200 675 834 2 78 159 94.1 371 2320 580 911 
Iron 822 728 353 337 164 25.8 124 503 1040 899 

Calcium 81.4 119 280 692 872 165 316 2 04 237 11.3 
Magnes ium 53.0 33.2 130 174 80.1 44.0 94.3 155 41.6 50.7 
Titanium 65.1 38.5 45.0 15.9 12.3 5.01 27.5 140 36.1 .49.9 

Sodium 17.5 46.9 10.2 285 14.7 2.78 12.3 34.1 24.9 17.7 
Potassium 213 114 45.8 24.7 6.82 1.32 48.1 453 97.7 112 
Phosphorus 10.1 6.10 3.51 6.02 14.4 1.04 11.3 7.35 14.5 3.53 

*Pounds per million Btu's 



TABLE 13. GRAMS OF TRACE AND MAJOR CONSTITUENTS PER NILLION BTU'S IN FEED COAL 
(Continued) 

, Coal Number .- 
11R 12R 13R 14R 15R 16R 17R 18R 19R - - - - - - - -  Constituents 

Total Sulfur* 

Antimony 
Arsenic 
Beryl1 ium 
Cadmium 

Chromium 
Cobalt 
Copper 
Fluorine 

Lead 
Manganese 
Mercury 
Nickel 

Selenium 
Vanadium 
Zinc 

Silicon 
Aluminum 
Iron 

Calcium 
Magnesium 
Titanium 

Sodium 
Potassium 
Phosphorl~s 

*Pounds per million Btu's 



A proposal for continuation of this work was submitted to the U.S. 
Department of Energy. The continuation will involve field evaluations of 
operating cleaning plants to compare the response of trace and major elements 
to coal cleaning, as actually practiced, to the controlled cleaning proced- 
ures used in the labpratory. These field evaluations have already been 
initiated through a modification of the present 'c.ontract. . 
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ENVIRONMENTAL CONTROL TECHNOLOGY RESEARCH 

I N  HIGH SULFUR COAL PREPARATION WASTE DRAINAGES 
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J. P. Rer t ino ,  E.. M. Wewerka, P. L. Wanek, M. Me Jones 

Los Alamos S c i e n t i f i c  Laboratory 
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ABSTRACT 

W e  have performed l abora to ry  experiiiients tu l l rves t iga tc  t h e  e f f i c x y  of 
seve ra l  c o n t r o l  opt ions  f o r  t r e a t i n g  c o a l  wastes a t  t h e  prepara t ion  p l a n t ,  
during o r  afLer d isposal .  Our r e sea rch  revealed  t h a t  ca lc in ing  i s  one of t h e  
more e f f e c t i v e  and permanent means of t r e a t i n g  high-sulfur c o a l  wastes Before 
d i sposa l  t o  decrease,  q u i t e  d ramat ica l ly ,  t h e  r e l e a s e  of environmentally un- 
d e s i r a b l e  p o l l u t a n t s  i n t o  t h e  dra inages  from d i s p o s a l  sites. Pretreatment of 
t h e  waste by s lu r ry ing  wi th  lime/!imestone mixtures,  al though s t i l l  i n  t h e  re- 
search s tage ,  promises e f f e c t i v e  c o n t r o l  of t r a c e  element r e l e a s e s  and good 
economy. Another p o t e n t i a l  c o n t r o l  method i s  cod i sposa l  of coa l  wastes wi th  
lime o r  limestone t o  n e u t r a l i z e  t h e  a c i d  dra inage  and r e t a i n  s o l u b l e  aqueous 
contaminants wi th in  t h e  waste s i t e .  Other experiments have examined t h e  feas-  
i b i l i t y  of using n a t u r a l  materials, such a s  c l a y s ,  s o i l s ,  and a l k a l i n e  combustion 
products  t o  a t t e n u a t e  through a l k a l i n e  n e u t r a l i z a t i o n ,  sorbent ,  o r  ion exchange 
ac t ion ,  concentra t ions  of t r a c e  elements of environmental concern ion t h e  waste 
p i l e  e f f luen t s .  We have a l s o  inves t iga ted  t h e  p o t e n t i a l  of contaminated e f f l u e n t  
treatment using a l k a l i n e  n e u t r a l i z a t i o n ,  ion  exchange, and r e v e r s e  osmosis. 
These r e s u l t s  a r e  discussed b r i e f l y .  Thc va r ious  txadeoffs  f o r  t h e s e  c o n t r o l  
opt ions  a r e  considered i n  terms of contaminant reduct ion ,  complexity, permanency, 
and r e l a t i v e  economics. 

INTRODUCTION 

The mineral wastes from c o a l  p repara t ion  and c o a l  mine development con- 

s t i t u t e  a major environmental problem i n  t h e  United S ta tes .  More than 3 

b i l l i o n  tons  of these  m a t e r i a l s  have accumulated thus  f a r  and a r e  inc reas ing  

year ly  a t  t h e  r a t e  of more than 100 m i l l i o n  tons. I n  an  e f f o r t  t o  produce 

c leaner  c o a l s  and a l s o  t o  upgrade t h e i r  environmental a c c e p t a b i l i t y ,  t h e  l e v e l  

of waste production is  expected t o  inc rease  markedly wi th  increased u s e  of c o a l ,  

i n  t h e  near  fu ture .  I n  a d d i t i o n  t o  being l a r g e  volume wastes, t h e s e  c o a l  prep- 

a r a t  ion  d i sca rds  present  problems .of s e r i o u s  environmental concern. Of t h e  



n e a r l y  5000 c o a l  waste  dumps, ha l f  pose some type  of h e a l t h ,  environmental ,  o r  

s a f e t y  problem. One of t h e  growing environmental  concerns  i s  t h e  e f f e c t  t h a t  

t r a c e  meta ls  i n  t h e  waste  dump d r a i n a g e s  w i l l  have as they  c o l l e c t  i n  t h e  

surrounding streams and s o i l s .  I n  acknowledging t h i s  l a t t e r  concern, t h e  

Department of Energy (DOE) and t h e  Environmental P r o t e c t i o n  Agency (EPA) have 

j o i n t l y  sponsored, s i n c e  1975, r e s e a r c h  a t  t h e  Los Alamos S c i e n t i f i c  Labora tory  

(LASL) t o  e v a l u a t e  t h e  t r a c e  element problem and t o  de te rmine  and recommend 

c o r r e c t i v e  measures. 

The o v e r a l l  o b j e c t i v e s  of t h e  LASL r e s e a r c h  program a r e  t o  a s s e s s  t h e  

problem of t r a c e  element contaminat ion i n  c o a l  waste  d r a i n a g e s  and t o  i d e n t i f y  

s u i t a b l e  c o n t r o l  technologies .  More s p e c i f i c a l l y  t h e s e  a r e  t o  

. @  a s s e s s  t h e  n a t u r e  and magnitude of  t r a c e  elements  i n  t h e  e f f l u e n t s  from 

c o a l  p r e p a r a t i o n  wastes ,  

Q i d e n t i f y  t h e  chemis t ry  of t h e  t r a c e  c o n s t i t u e n t s  of environmental concern,  

o i d e n t i f y  and exper imenta l ly  v e r i f y  e f f e c t i v e  environmental  s t r a t e g i e s  t o  

c o n t r o l  t h e  r e l e a s e  of hazardous c o n s t i t u e n t s ,  and 

@ analyze  t h e  t r a d e o f f s  a s s o c i a t e d  w i t h  t h e  d i f f e r e n t  c o n t r o l  t echno log ie s  

and recommend c o n t r o l  measures o r  necessary r ccco rch  devclopu~ent and 

demonstrat i o n  (RD&D) programs. 

We have, i n  p a s t  publ icat ions,1-5 desc r ibed  t h e  r e s u l t s  of our assessment  

of t h e  n a t u r e  and t h e  magnitude of t h e  w a t e r  contaminat ion  r e s u l t i n g  from t h e  

leaching  of t h e s e  c o a l  wastes .  We have a l s o  i d e n t i f i e d  n i n e  elements  (aluminum, 

cadmium, c o b a l t ,  copper,  f l u o r i n e ,  i r o n  manganese, n i c k e l  and z jnc )  a s  e x i s t i n g  

i n  t h e  r e f u s e  l eac l l a t e s  i n  c o n c e n t r a t i o n s  s u f f i c i e n t l y  h igh  t o  be of concern.  

The s e v e r i t y  of t h e  environmental  hazard a s s o c i a t e d  w i t h  t h e s e  t r a c e  elements  

was quan t i f i ed  us ing  EPA's Multimedia Environmental Goals/Minimum Acute Tox ic i ty  

E f f luen t  (MEGIMATE) system. 6 

I n  t h i s  paper  we w i l l  c o n c e n t r a t e  on  t h e  d e s c r i p t i o n  of t h e  r e s e a r c h  per- 

formed t o  i d e n t i f y  and t o  v e r i f y  expe r imen ta l ly  e f f e c t i v e  environmental  c o n t r o l  

technologies  t o  c o n t r o l  t h e  r e l e a s e  of t h e s e  envi ronmenta l ly  u n d e s i r a b l e  t r a c e  

elements  and t o  ana lyze  t h e  technologic  and economic t r ade -o f f s  t h a t  must be 

considered i n  recommending f u r t h e r  r e s e a r c h  and/or  RD and D programs. 

Control s t r a t e g i e s  f o r  e f f e c t i v e  and enviromnental ly  accep tab le  d i s p o s a l  of 

c o a l  e r e p a r a t  ion  was tes  f a l l  i n t o  t h r e e  l o g i c a l  c a t e g o r i e s .  

X i : .  A l t e r  t h e  waste  s t r u c t u r e  t o  produce an  envir,onmentally a c c e p t a b l e  

waste. 



,. . 11. Dispose t h e  was te  i n  a manner t h a t  w i l l  produce a n  environmental ly  

a c c e p t a b l e  dra inage .  

111. Col l ec t  and treat t h e  contaminated d r a i n a g e  from disposed ,  but  un- 

t r e a t e d  waste.  

. . Category I e l i m i n a t e s  t h e  sou rce  of t h e  problem by immobil iz ing o r  removing t h e  
. . 

p o t e n t i a l  p o l l u t a n t s  from t h e  waste. The second c a t e g o r y  could  be implemented 

by r e t a i n i n g  t h e  p o l l u t a n t s  i n  t h e  dump, provid ing  back-up sa fegua rds  ( i f  

neces sa ry ) ,  and moni tor ing  t h e  dump t o  i n s u r e  envi ronmenta l ly  a c c e p t a b l e  con- 

ta inment .  A prope r ly  dev i sed  and monitored d i s p o s a l  scheme i n  Category I1 could 

p rov ide  f o r  a n  o r d e r l y  release of envi ronmenta l ly  a c c e p t a b l e  l e v e l s  of p o l l u t -  

' a n t s .  This  ca t egory  a l s o  r ecogn izes  t h a t  an  a c c e p t a b l e ,  environmental  c o n ~ r u l  

:can be found wi thout  t h e  need t o  d e s t r o y  or  a l t e r  t h e  wasre I ~ s e l L .  In 

~ a t e ~ b r ~  111, one could  i s o l a t e  t h e  dump, l e t  i t  g e n e r a t e  p"1lu tan ts  a o  i t  

.would, col . lect  t h e  contaminated d ra inage ,  and remove t h e  p o l l u t a n t s  from t h e  

d r a i n a g e  before  r e l e a s i n g  t h e  water i n t o  t h e  l o c a l  waterways. Th i s  s t r a t e g y  i s  

t h e  l e a s t  d e s i r a b l e  from a n  environmental  viewpoint  because i t  is  n e a r l y  

imposs ib le ,  w i t h  such  l a r g e  volumes of was tes  and e x t e n s i v e  d ra inage  areas, t o  

i n s u r e  t h a t  t h e  p o l l u t a n t s  w i l l  n o t  i n a d v e r t e n t l y  escape  i n t o  t h e  environment i n  

unacceptable  q u a n t i t i e s .  A l l  t h r e e  c o n t r o l  s t r a t e g i e s ,  when viewed i n  terms of 

t h e  t radeof  f s among t h e i r  economic impact , t e c h n i c a l  complexi ty,  and o v e r a l l  

e f f e c t i v e n e s s ,  have good and bad f e a t u r e s  and no s i n g l e  s t r a t e g y  is obvious ly  

more promising than  t h e  o t h e r  two. 

ENVIRONMENTAL CONTROL TECHNOLOGY: 

EXPERIMENTAL DESCRIPTION AND DISCUSSION 

I. Producing a n  Environmental ly  Acceptable  Waste 

The D o s s i b i l i t y  t h a t  t h e  r e l e a s e  of t o x i c  t r a c e  e lements  i n t o  t h e  environ- 

ment can  be c o n t r o l l e d  by p re t r ea tmen t  of c o a l  p r e p a r a t i o n  was tes  has  been in- 

v e s t i g a t e d  exper imenta l ly .  One approach t h a t  w e  have cons idered  is  c a l c i n i n g  

(high-temperature h e a t  t r ea tmen t  of t h e s e  m a t e r i a l s  t o  remove v o l a t i l e ,  a c id -  

forming c o n s t i t u e n t s  and t o  chemical ly immobilize p o t e n t i a l l y  t o x i c  t r a c e  elements  

i n  t h e  r e f u s e  ma t r ix .  I n  t h e s e  r e sea rches ,  we have s t u d i e d  t h e  changes i n  both  

t h e  chemical  and p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  r e f u s e  and t r a c e  element mobil- 

i t i e s  t h a t  r e s u l t  from t h e  hea t  t rea tment .  Our r e s e a r c h  has revea led  t h a t  re-  

f u s e  c a l c i n i n g  i s  t e c h n i c a l l y  one of t h e  more e f f e c t i v e  and probably permanent 

, * ,- . . 



means of t r e a t i n g  high-sulfur c o a l  wastes t o  completely e l imina te  r e l e a s e s , o f  

a c i d i c  or  contaminated dra inage  from r e f u s e  d i s p o s a l  s i t e s .  

Our i n i t i a l  s e t  of c a l c i n i n g  exper i m e i t s  was performed using high-sulfur 

coal '  preparat.ion wastes from an I l l i n o i s  Basin coa l  c leaning . t o  de te rp ine  

t h e  e f f e c t s  of heat  t reatment on t h e  elemental  composition of t h i s  type of re- 

f u s e  mater ia l .  The sample was prepared by crushing t h e  r e f u s e  t o  -3/8 in.  and 

ca lc in ing  i t  i n  a  quar tz  tube a t  800 t o  850°C i n  a i r  f o r  6 h. The ca lc ined 

mater ia l ,  which had p a r t i a l l y  agglomerated, was ground t o  -20 mesh f o r  subsequent 
. . 

s tudies .  The a n a l y s i s  of t h e  chemical and t r a c e  element composition of t h e  

calcined r e f u s e  sample showed a marked decrease  i n  t h e  concentra t ion  of t h e  

v o l a t i l e  components i n  t h e  refuse .  Of p a r t i c u l a r  i n t e r e s t  was t h e  l o s s  of 

s u l f u r  t h a t  occurred a s  a  r e s u l t  of t h e  ca lc in ing.  From an  o r i g i n a l  concentra- 

t i o n  of 13.4 w t %  s u l f u r  i n  t h e  noncalcined sample, t h e  descr ibed s a m p l e , t r e a t -  - .  
ment yielded a product t h a t  contained only 0.7 w t %  su l fu r .  Other v o l a t i l e  com- ,. . 

, ponents whose concentra t ions  were decreased by t h e  c a l c i n i n g  were bromine, lead ,  

and cadmium. The complete elemental analyses  f o r  t h e  ca lc ined r e f u s e  samples 

and t h e  percent  r e t e n t i o n  upon c a l c i n a t i o n  appear i n  Table I. 

Calcining and leaching experiments were conducted t o  determine optimal  

heat-treatment cond i t ions  necessary t o  immobilize t h e  p o t e n t i a l l y  t o x i c  t r a c e  

elements i n  t h e  r e f u s e  matrix.  These experiments were performed us ing high- 

. s u l f u r  c o a l  prepara t ion  waste from I l l i n o i s  Basin P lan t  C. The waste  w a s  

:'! ground t o  -20 mesh and ca lc ined  i n  a i r  a t  600, 800, 1000, and 1200°C f o r  2 h. 

The e f f e c t  of r e f u s e  ca lc in ing  t rea tments  on t h e  mineral  composition of t h e  

r e fuse  is  i l l u s t r a t e d  i n  Table I T ,  where t h e  changes i n  r e f u s e  mineralogy t h a t  

occurred a t  va r ious  temperatures a r e  del ineated. .  The two most environmentally 

a c t i v e  species,  p y r i t e  (marcasi te)  and c a l c i t e ,  have been transformed t o  high- 

temperature phases by 600°C. By 1000°C, even t h e  c l a y  minera l s ' have  been con- 

v e r t e d t o ,  s t r u c t u r a l l y  indef inab le  ~ l u m i n o s i l i c a t e s ,  and t h e  samples have be- 

come fused o r  s i n t e r e d  a t  p a r t i c l e  surfaces .  The x-ray d i f f r a c t i o n  analyses  

reported i n  Table I1 support  t h e  concept t h a t  t h e  minera logica l  t ransformat ions  

thought t o  occur i n  t h e  c o a l  wastes have been e f fec ted  .by heat  t rea tment  in t h e  

range oE 800 t o  1000°C. 

Studies of t h e  t r a c e  element l e a c h a b i l i t i e s  of t h e  ca lc ined r e f u s e  samples 

have bi3e'n conducted in t h e  labora tory .  The e f f e c t s  of c a l c i n i n g  temperature . 

on 1edStiate pH and t o t a l  d issolved s o l i d s  (TDS) content  a r e  seen i n  Table I11 

Calcining t o  600°C and higher r e s u l t s  i n  l e a c h a t e s  with higher pH values.  



TABLE I 

EFFECT OF CALCININC ON TRACE ELEMENT RETENTION 
FROM PLANT B COAL REFUSE .+, 

Element Level' Retention (90)~.  -- - - Element . 'Level' Retention ' (%)b 

a. Experimentally determined concentration before calcining,  in  parts per mill ion.  
b~rror approximately - + 30% df value. 

TABLE I1 

PRESENCE OF COAL REFUSE MINERALS AT VARIOUS 
CALCININC TEhlPERATURES 



TABLE I11 

EPPEC"I' OF CALCINING TEMPERATURE 
O N  '1'11E LEACHABILITY O F  A HIGH-SIJLFUR 

COAL REFUSE MATERIAL' 

Calcining Sample Leachate Leachate 
Temp (OC) Wt Loss (90) PH T D S  (Wt 90) 

Uncalcined 2.9 1.4 
600 23 5.9 0.2 
800 23 6.2 0.3 

1000 23 8.0 0.2 
1200 23 8.0 . . 

a 
20-g -samples of crushed refuse/100 mR H20/48 h. 

This i s  a consequence of t h e  conversion-of t h e  acid-forming mineral  species ,  

p y r i t e  and marcasi te ,  t o  more s t a b l e  oxide forms and t h e  d r iv ing  off of t h e  

su l fu r .  Calcining of t h e  r e f u s e  a l s o  s i g n i f i c a n t l y  reduced t h e  general  leach- 

a b i l i t y  of t h e  m a t e r i a l  a s  evidenced by t h e  reduced TDS values  of t h e  leachates .  

The success of c a l c i n i n g  a t  reducing t r a c e  element r e l e a s e s  dur ing r e f u s e  

leaching i s  i l l u s t r a t e d  by Table I V  which lists t r a c e  element d a t a  from a com- 

parison leaching test of ca lc ined and uncalcined r e f u s e  samples. The r e f u s e  

samples re fe r red  t o  i n  t h e  t a b l e  had been subjected t o  s t a t i c  leaching f o r  48 h. 

It is seen t h a t  t h e  concentra t ions  of t h e  group of tox ic  elements l i s t e d  a r e  

reduced i n  the  l e a c h a t e s  from t h e  ca lc ined r e f u s e  by a s  much a s  two o rders  of 

magnitude over t h e  concentra t ion i n  t h e  uncalcined r e f u s e  l eacha tes  and none of 

t h e  t r a c e  elements of environmental concern a r e  e x t a n t  in  t h e  l eacha tes  i n  con- 

c e n t r a t i o n s  in excess of t h e  MEG/MATE values.  Calcining appears t o  produce an 

innocuous waste. 

Our current  r e sea rch  has revealed another most promising c o n t r o l  f o r  t h e  

high-sulfur coal  prepara t ion wastes. W e  have found t h a t  pretreatment by grind- 

ing t h e  waste, s l u r r y i n g  i t  with 0.35% lime and 1% ground l imestone produces a 

n e u t r a l  and durable  waste t h a t ,  when exposed t o  simulated weathering and leach- 

ing condit ions,  is environmentally acceptable  i n  terms of low t r a c e  element 

concentrat ions and prevention of a c i d  formation i n  t h e  leachates .  The experi-  

ments t o  test t h i s  concept of producing a non-contaminating waste by treatment 

p r i o r  t o  d i sposa l  have been scaled up t o  simulate environmental leaching,  under 



TABLE I V  

TRACE ELEMENT LEACHARI1,ITI' 01: A 
HIGH-SULFUR COAL REFUSE SAMPIX 

CALCINED AT 10(#I°Ca 

Uncalcined Hefuse Calcined Hefusc 
Element ( P P ~ )  ippm) 

PH 2.9 
TDS i%) 1.4 

a 50-g samples of crushed refuse/200 mll H20/48 h. 

bln  p a r t s  per b i l l ion .  

r a i n f a l l  conditions s imi la r  t o  those i n  the  I l l i n o i s  Basin, and a r e  being 
-. 
i! 

car r ied  out a s  t h i s  is be'& writ ten.  The preliminary r e s u l t s  that a r e  avai l -  .", 
,r, 

able  show the  change (or l ack  thereof) of pH and of i ron  content in t h e  waste 

p i l e  e f f luen ts  as a funct ion of time (i.e. t h io  is rela ted t o  leachate  volume 

since there  is a "rain" of 314 inch every week on the  =xPeriment!. These r e s u l t s  

' a r e  presented i n  Tables V and V I  where it can be seen tha t  the  e f f luen t  from the  

lime/limestone s lu r r i ed  waste i s  e f f ec t ive ly  neut ra l  and contains '  l i t t l e  iron,  

and so f a r ,  has remained constant with time. Results of waste s lu r r i ed  with 

lime a r e  included f ~ r ' c o m ~ a r i s o n .  One of the  most i n t e r e s t i ng  aspects  of the  
7 

lime/limestone s l u r r y  cont ro l  technology is tha t  our economic ana lys i s  shows 

t h i s  treatment t o  be competitive with a lka l ine  neut ra l iza t ion  - one of t he  
7 

l e a s t  expensive ECT options f o r  treatment of high su l fu r  coal  waste drainages. 

I .  Waste Disposal t o  Produce an Environmentally Acceptable Effluent 

Several methods have been considered a s  treatments during the  waste dis-  

posal t o  prevent t h e  release of t r ace  contaminants a s  t h e  waste dump is leached 

by r.ainf a l l , .  surf ace  o r  ground wat.er, Codisposing t h e  waste with neut ra l iz ing  



TABLE V 

A C I D I T Y  OF WASTE PILE EFFLUENT 

(pH) 

TIHE LIME (%) LIME + LIPlESTONE (%) 

(WEEKS) 0.33 1.1 - 3.3 - 0.3'5 + 1 

0 6.5 11.0 12.1 7.6 

3  2 ~ 5  2.5 11.7 7.4 

6 2.2 4.2 1-1.5 7.3 

3 2.0 3.0 9.6 7.5 

a g e n t s  o r  s o r b e n t s  and s e a l i n g  t h e  s u r f a c e s  of  t h e  waste  p a r t i c l e s  have been 

inves t i ga t ed  exper imenta l ly .  Small  p a r t i c l e  l imes tone ,  l ime ,  c e r t a i n  t ypes  of 

c l a y s  and . s o i l s ,  and i n d u s t r i a l  was tes ,  such  a s  f l y  a s h  and a l k a l i n e  s ludges ,  

have a l l  shown promise a s  n e u t r a l i z i n g  a g e n t s  when codisposed w i t h  h i g h l y  a c i d i c  

c o a l  wastes  i n  our  l a b o r a t o r y  t e s t i n g .  The most i n t e r e s t i n g  r e s u l t s  from t h e s e  

experiments  included t h e  l i m e  c o d i s p o s a l  and t h e  u s e  of s o r b e n t s  o r  a t t e n u a t i n g  

agents .  This  d i s c u s s i o n  w i l l  c o n c e n t r a t e  on t h e s e  two groups of  experiments .  

0 u r . e f f o r t s  i nvo lv ing  t h e  a d d i t i o n s  of  powdered lime t o  h igh - su l fu r  r e f u s e  

m a t e r i a l s  t o  c o n t r o l  l e a c h a t e  pH and t r a c e  element c o n t e n t  -proved t o  be  v e r y  

f r u i t f u l .  For t h e s e  experiments ,  powdered lime in vary ing  amounts (3  t o  50  g) 

was s l u r r i e d  i n  150  m!L of d i s t i l l e d  water  w i t h  530 g  of -3/8-in., h igh-su l fur  

c o a l  r e f u s e  from I l l i n o i s  Bas in  P l a n t  B. The r e s u l t a n t  mix ture  was subsequent ly  

d r i e d  i n  a i r  a t  50°C and recrushed  t o  -318-in. p a r t i c l g s .  Four d i f f e r e n t  l ime  

concen t r a t i ons  w e r e  used,  0.5, 1.5,  3,  and 1 0  weight pe rcen t .  Column l e a c h i n g  

experiments were conducted w i t h  about  500 g of each 'of t h e  samples t o  de te rmine  

TABLE V I  

TOTAL I R O N  I N  WASTE PILE EFFLUENT 
(PPM) 

TIME LIME (%) LIME + LIMESTONE (%) 

(WEEKS) 



t h e  e f f e c t s  of t h e  l e e  a d d i t i o n s .  The r e f u s e  mix tu re s  were packed i n t o  pyrex 

columns 40 cm long by 5 cm i n  d iameter  and subsequent ly  leached w i t h  d i s -  

t i l l e d  water a t  a f low rate of 0.5 mRlmin u n t i l  more than  4 2 of water  had been 

passed through t h e  r e f u s e  beds. Leachate  f low was i n t e r r u p t e d  once d u r i n g  t h e  

experiment a t  t h e  4,.2-R p o i n t ,  and d r y  a i r  was passed through t h e  column f o r  

2 wk t o  t e s t  t h e  ac id - r egene ra t ion  ' p o t e n t i a l  of t h e  r e f u s e l l i m e  mixtures .  

The mixture c o n t a i n i n g  3 wt% l ime w a s  e s p e c i a l l y  i n t e r e s t i n g  because a 

l e a c h a t e  pH of 7 was m a k t a i n e d  f o r  n e a r l y  t h e  e n t i r e  d u r a t i o n  of t h e  cont inuous  

p a r t  o f  t h e  l each ing  experiment ( u n t i l  4.2 R had been passed through t h e  column). 

The TDS va lues  f o r  . t .his r e f u s e / l i m e  combination were a l s o  ve ry  r e s p e c t a b l e  

( r ang ing  downward fGom about  0.6 wt%) , e s p e c i a l l y  cons ide r ing  t h a t  t h e  d i s -  

s o l u t i o n  of t h e  l ime  i t s e l f  adds  s u b s t a n t i a l l y  t o  t h e  d i s so lved  s o l i d s  con ten t  

of t h e  so lu t ion .  By t h e  end of  t h e  cont inuous  p a r t  of t h e  l each ing  experinient,  

concen t r a t ions  of  troublesome t r a c e  e l t? luents ,espec ia l ly  i r o n  and manganese, had 

been reduced t o  envi ronmenta l ly  a c c e p t a b l e  l e v e l s .  Regenerat ion of t h i s  r e f u s e /  . 

l i m e  mixture wi th  a i r  d i d  tend t o  lower t h e  l e a c h a t e  pH and t o  e l e v a t e  t h e  t r a c e  . 
element concent ra t ions .  However, we d i d  n o t  con t inue  t h e  s tudy long  enough I' 

8 

a f t e r  t h e  r egene ra t ion  p o i n t  t o  de te rmine  subsequent  behavior.  These d a t a  a r e  

shown i n  Table V I I .  

TABLE V T I  

ANALYSES FOR DYNAMIC LEACHING STUDIES OF 
LIMX/REFUSE MIXTURES 

( 3  w t X  Lima) 

a Concentrat  i o n s  i n  pglmR u n l e s s  noted o therwise .  
b ~ a t e r  f low was stopped a t  t h i s  p o i n t ,  a i r  was passed through the 

column f o r  2 wk, then  water  f l o w  w a s  resumed. 



The cod i sposa l  of a l k a l i n e  a g e n t s ,  such a s  l ime,  w i th  a c i d i c  c o a l  r e f u s e  

m a t e r i a l s  does appear  t o  be an  a t t r a c t i v e  opt ion  f o r  c o n t r o l l i n g  t r a c e  element 

contaminat ion of d i s p o s a l  a r e a  d ra inages .  The technique  i s  o n l y  modera te ly  

c o s t l y  and appears  t o  be a  h ighly  e f f e c t i v e  means of prevent ing  t h e  r e l e a s e  of 

a contaminated d ra inage  from c o a l  r e f u s e  dumps. The technology f o r  mixing 

a l k a l i n e  agen t s  w i t h  c o a l  r e f u s e  m a t e r i a l s  should be r e l a t i v e l y  s imple  and i s  

irmnediately e f f e c t i v e .  

The cod i sposa l  of a t t e n u a t i n g  a g e n t s  o r  so rben t s ,  o t h e r  t han  l i m e  o r  lime- 

s tone ,  wi th  a c i d i c  c o a l  r e f u s e  m a t e r i a l s  a l s o  has  g r e a t  p o t e n t i a l  f o r  reducing  

o r  aba t ing  t r a c e  element contaminat ion of d i s p o s a l  s i t e  dra inage .  Many n a t u r a l  

m a t e r i a l s ,  such a s  c e r t a i n  t ypes  of c l a y s  and s o i l s ,  and many i n d u s t r i a l  was tes ,  

such a s  f l y  a s h  o r  a l k a l i n e  s ludges ,  may have cons ide rab le  c a p a c i t y  t o  a t t e n -  

u a t e  contaminated r e f u s e  dra inage ,  and o f t e n  t h e s e  m a t e r i a l s  are a v a i l a b l e  i n  
rr ' 

l a r g e  and a c c e s s i b l e  q u a n t i t i e s  nea r  r e f u s e  d i s p o s a l  sites. Our r e s e a r c h  was 

t .. d i r e c t e d  a t  a s s e s s i n g  t h e  p o t e n t i a l  of v a r i o u s  a t t e n u a t i n g  a g e n t s  f o r  reducing  

t h e  t r a c e  element and a c i d  composi t ions of c o a l  r e f u s e  l e a c h a t e s  and t h u s  a t  

r evea l ing  t h e  p o s s i b l e  e f f e c t i v e n e s s  of t h i s  c l a s s  of  a g e n t s  a s  r e f u s e  dump 

a d d i t i v e s .  

Our i n i t i a l  i nvesL iga t ion  i n t o  t h i s  a r e a  included a  s e r i e s  of n a t u r a l  and 

a man-made m a t e r i a l s  c o l l e c t e d  from v a r i o u s  p a r t s  o f  t h e  country.  I n  one s e t  o f  
r. ' 

'-, . experiments,  a c i d i c  c o a l  r e f u s e  l e a c h a t e s  were e q u i l i b r a t e d  w i t h  e l even  s o l i d  
'>,A . ,.,.. sorbent  m a t e r i a l s  t o  e v a l u a t e  t h e i r  t r a c e  element a t t e n u a t i o n  c a p a c i t i e s .  The 

s o l i d s  used were 

o CaC03 ( s t anda rd )  

e Acid mine d r a i n a g e  t r ea tmen t  s ludge  

e Bottom a s h  from a  western power p l a n t  

o P r e c i p i t a t o r  a s h  ( f l y  a sh )  

a Bottom s l a g  from a  midwestern p l a n t  

e SO sc rubbe r  s ludge  from a  midwestern p l a n t  2 
e Alabama s o i l  

I l l i t e  c l a y  

a Montmori l loni t  e  c l a y  

a Kaol- ini te  c l a y  

e Sea sand (two r e p l i c a t e s ) .  



The experimental procedure consis ted  of shaking t h e  s o l i d  wi th  t h e  c o a l  

r e f u s e  l eacha te  f o r  1 5  h, measuring t h e  pH, and analyzing t h e  f i l t r a t e  f o r  t r a c e  

elements.. Companion experiments i n  which t h e  s o l i d s  w e r e  shaken with d i s t i l l e d  

water w e r e  c a r r i e d  out  t o  eva lua te  t h e  a l k a l i n i t y  of t h e  sorbent  and t o  de te r -  

mine i ts  water so lub le  components. The pH va lues  of t h e  f i l t r a t e s  from t h e  

s o l i d  a t t e n u a t i n g  materials previously mixed wi th  d i s t i l l e d  water ranged from 

5.8 (sea sand) t o  11.2 ( p r e c i p i t a t o r  ash).  The pH va lues  o f ' t h e  f i l t r a t e s  from 

t h e  r e f u s e  l eacha te / so l id  mixture ranged from 2.8 (sea  sand) t o  9.6 ( p r e c i p i t a t o r  

ash).  As a general  r u l e ,  t h e  higher t h e  pH, t h e  lower t h e  t r a c e  element con- 

cen t ra t ions .  Tota l  d issolved s o l i d s  a r c  not  i n c l u d ~ r l  i n  t h e s e  d i scuss ions  be- 

cause  a f t e r  e q u i l i b r a t i o n ,  t h e  so lub le  "latter of come s o r h ~ n t  m a t e r i a l s  

a r t  i f  i c a l l y  elevared Llle TDS valuco i n  t h e  1 ~ a c h a t e s .  

The r e s u l t s  of Lllese experiments a r e  dtscussed wi th  re fe rence  t o  Tables V I I I  

and IX. Table V I I I  has e s s e n t i a l l y  a l l  t h e  d a t a  p e r t i n e n t  t o  t h e  experiments, 

inc luding t h e  l i q u i d / s o l i d  r a t i o s ,  t h e  measured pH values ,  and t h e  t r a c e  element - 
concentrat ions.  I n  genera l ,  Table V I I I  i s  s e l f  explanatory and p o i n t s  out  t h e  , 

p o t e n t i a l  b e n e f i t s  of us ing some of t h e  c o a l  combustion by-products and n a t u r a l l y  

occurr ing c lays  as a treatment f o r  c o a l  r e f u s e  drainages,  even where t h e  ac id  

content  of t h e  dra inage is q u i t e  high. Table I X  l ists in a more q u a l i t a t i v e  

manner, t h e  performance of t h e  va r ious  so rben t s  wi th  regard t o  l e a c h a t e  pH i 

e leva t ion  and a t t e n u a t i o n  of t h e  1 3  t r a c e  elements t h a t  w e  have i d e n t i f i e d  a s  

being of g r e a t e s t  environmental concern i n  t h e  I l l i n o i s  Basin c o a l  r e f u s e  

e f f l u e n t s .  We have i s o l a t e d  d f f f e r e ~ r l  scct iono i n  Table LX t o  draw a t t e n t i o n  

t o  some of t h e  s a l i e n t  f ea tu res .  For examole, beacause t h e  s o l u b i l i t i e s  of 
43 

Fe and ~ 1 ' ~  are highly dependent on pH in  a c i d h  nolucioas, those  so rhen t s  

t h a t  a r e  most e f f e c t i v e  i n  e leva t ing  t h e  pH are a l s o  most e f f e c t i v e  i n  decreas- 

ing t h e  concentra t ions  of ~ e + ~  and ~1 '~ .  The r e s u l t s  l i s t e d  i n  Table I X  a r e  

q u i t e  s t r i k i n g  and demonstrate c l e a r l y  that 7 of t h e  11 sorbents  t e s t e d  a r e  

e f f e c t i v e  i n  c o n t r o l l i n g  t h e  key l e a c h a t e  parameters. Cost ana lyses  of va r ious  

codisposal  opt ions ,  inc luding lime and f l y .  a s h  with and without liuiestone mod- 

if i c a t i o n  a r e  favorab le  f o r  severa l  op t  ions.  

Many a l k a l i n e  s o i l s  do have a s i g n i f i c a n t  capac i ty  t o  reduce t h e  trace 

element and acid con ten t s  of r e f u s e  drainages.  This  a t t e n u a t i n g  capac i ty  

appears  t o  funct ion mainly on t h e  s t r e n g t h s  of t h e s e  s o i l s  i n  c o n t r o l l i n g  

l e a c h a t e  a c i d i t y .  The a d d i t i o n a l  ques t ion concerning whether t h e  cation-exchange 

capac i ty  of each s o i l  type  has any major bearing on t h e  capaci ty  of t h e  s o i l  t o  
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TABLE VIII 

RESULTS OF EXPERIMENTS USING ELEVEN SORBENTS FOR pH 
CONTROL AND TRACE ELEMENT ATTENUATION FOR AN 
ILLINOIS BASIN HIGH-SULFUR COAL REFUSE LEACHATE 
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TABLE IX 

COMPARISON OF CAPABILITIES OF ELEVEN SORBENTS TO 
ELEVATE pH AND TO ATTENUATE THIRTEEN TRACE ELEMENTS IN 

ILLINOIS BASIN COAL REFUSE LEACHATESa 

P P P  

P P O  

P  0 0 

P  P  0 .  

0 P  FF' 

P  FP GG GO 

CO Cd: CC P  

CO CC P  CC 

o FF P  GC 

CC FF CG FF 
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Sludge 

n l i k  EEE EEE GQ 

Precipitator Ash EEE EEE CC 
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P P O  

GC EEE EEE CG 

EEE CO GC CG 

GC CC FF CG 

CC EEE CC CG 

CC CC CC CG 
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SO, Scrubber EEE EEE EEL 
Sludge 

. Bottom Slag F F P F F P P P P G C P P o P P P  

Kaolinits F F G C P  P  o  o  P F F o P  o ' P  P  P  

Sea Sand P  P P P P P P P o P P . P P P  

FF P  CG FF CC P  P FF 

FF P  P  P  FP FF o o  

a EEE = > lOOx Reductian 
GG = 1 0  t o  lOOx Reduct ion 
FF = 3 t o  lox Reduction 
P = 0.5 t o  3x Reduction 
o = > 2x Increase 

k 



a t t e n u a t e  l eacha te  contamination is somewhat more d i f f i c u l t  t o  answer based on 

t h e  da ta  t h a t  we have obtained thus  f a r .  It is  s i g n i f i c a n t ,  however, t h a t  even 

those  s o i l s  wi th  e s s e n t i a l l y  no ac id -neu t ra l i z ing  capac i ty  do a t t e n u a t e  many of 

t h e  l e a c h a t e  contaminants somewhat. This observat ion  l ends  credence t o  t h e  post- 

u l a t e  t h a t  both t h e  a l k a l i n i t y  and ion-exchange capac i ty  a r e  important i n  

determining t h e  contaminant-attenuating p r o p e r t i e s  of s o i l s .  

111. Treatment of t h e  Contaminated Drainage 

Our a t t e n t i o n  in th i s  a r e a  has been given t o  p o l l u t i o n  abatement techniques 

t h a t  have proved e f f e c t i v e  i n  t r e a t i n g  a c i d i c  waste waters wi th  compositions 

s i m i l a r  t o  c o a l  r e f u s e  drainag'e. These techniques inc lude  a l k a l i n e  neu t ra l -  

i z a t i o n ,  ion exchange and r e v e r s e  osmosis. We a l s o  s tud ied  t h e  e f f e c t i v e n e s s  of 

us ing a v a r i e t y  of so rben t s ,  such a s  c l ays ,  s o i l s ,  and s o l i d  c o a l  combustion by- 

products,  on high-sulfur  c o a l  r e f u s e  l eacha tes .  I n  t h e s e  s t u d i e s  w e  continued 

t o  g ive  g r e a t e s t  emphasis t o  t h e  c o n t r o l  of t h e  t r a c e  elements t h a t  we have' 

i d e n t i f f e d  in our previous  s t u d i e s  a s  being of g r e a t e s t  concern i n  t h e  dra inages  

: from I l l i n o i s  Basin c o a l  r e fuse .  

A l l  t h e  dra inage  t rea tments  were e f f e c t i v e  in reducing t h e  concentra t ions '  

. of t r a c e  elements of environmental concern t o  accep tab le  l e v e l s .  The r e s u l t s  of 

- t h e s e  experiments and t h e i r  ECT p o t e n t i a l s  a r e  compared i n  Table X. 

TABLE X 

MATRIX G R I D  SUMMARY OF ENVIRONMENTAL CONTROL 
OPTIONS FOR CONTAMINATED COAL REFUSE DRAINAGE 

Alkal ine  Reverse Ion 
Parameter ~ e u t r a l i z a t  ion Osmosis Exchange 

Cost low 

Effec t iveness  good 

moderate moderate 

good . good 

Process complexity . moderate . high h igh 

Treatment d u r a t i o n  very long very long ve ry  long 

Permanency poor poor poor 

Likely RCRA hazardous hazardous hazardous 
C l a s s i f i c a t i o n  



SUMMARY 

Making a s e l e c t i o n  from among t h e  v a r i o u s  c o n t r o l  op t ions  i s  by no means a 

s t r a i g h  forwardmatter .  The a p p l i c a b i l i t y  of any of t h e  c o n t r o l  s t r a t e g i e s  must 

be evaluated in terms of t h e  p e r t i n e n t  t r a d e o f f s .  For example, c o a l  r e f u s e  

c a l c i n i n g  has e x c e l l e n t  p o t e n t i a 1 , f o r  preventing t h e  r e l e a s e  of t r a c e  elements 

from coa l  r e f u s e  p i l e s  and is a one-time t rea tment ,  but it is expensive. The 

s l u r r y  l ime/l imestone pre t rea tment  appears t o  have g r e a t  p o t e n t i a l ,  and i ts  

economics a r e  very a t t r a c t i v e ;  however, t h e  d a t a  proving t h e  v i a b i l i t y  of t h e  

method over long t ime pe r iods  a r e  j u s t  now bieng generated.  Alka l ine  n e u t r a l -  

i z a t i o n ,  is a l s o  low i n  c o s t .  However, a l l  t h e  e f f l u e n t  from a given dump w i l l  

have t o  be t r e a t e d ,  and when t h e  acid-regenerat ion c a p a b i l i t y  of t h e  high-sulfur  

waste i s  considered,  t h e  a c i d  e f f l u e n t  from a given r e f u s e  p i l e  might have t o  

be t r e a t e d  f o r  upwards of .a hundred years .  Taking s e v e r a l  of t h e  more important 

f a c t o r s  i n t o  cons ide ra t ion ,  w e  have generated a comparison of s e v e r a l  of t h e  

c o n t r o l  opt ions  i n  t h e  form of t h e  following gr id .  The op t ions  seem t o  be 

choices  based p r imar i ly  on economics and commitment t o  r e s p o n s i b i l i t y .  

COMPARISON OF ENVIRONMENTAL CONTROL OPTIONS 
Alkal. i n e  

Parameter Calc in ing ~ i m e / ~ i m e s t o n e  Codisposal n e u t r a l i z a t i o n  

Cost High Low Moderate Low 

Effec t iveness  Good Good Good Good 

Complexity High Moderate Moderate Moderate 

Treatment dura t ion  Short  Short  Shor t  Long 

Permanency Good Unc er t a i n  Uncertain Poor 

I n  summary, our p a s t  l a b o r a t o r y  s t u d i e s  t h a t  have examined i n  d e t a i l  t h e  

sources  of t r a c e  elements i n  c o a l  waste dra inages ,  t h e  mechanisms of t h e i r  re- 

lease, and t h e i r  f a t e  upon weathering and leaching have allowed u s  t o  understand 

t h e  problem s u f f i c i e n t l y  w e l l  t o  address  t h e  key environmental c o n t r o l  technology 

i s s u  e f f e c t i v e l y .  A s u b s t a n t i a l  p o r t i o n o f  our e f f o r t s  a r e n o w d i r e c t e d  a t  

iden t i fy ing  t h e  most promising c o n t r o l  opt ions ,  demonstrat ing more c l e a r l y  t h e i r  

u t i l i t y ,  and analyzing t h e i r  advantages and disadvantages.  
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RECONNAISSANCE AND PROCESSING OF IMPOUNDED 

COAL WASTES I N  ALABAMA 

James S. Browning 

The Un ive r s i t y  of Alabama 

The MIneraP Resuurces I n s t i t u t e  of The Un ive r s i t y  of .Alabama 
i s . c o n d u c t i n g  a  s tudy  under a g r a n t  from t h e  Department of Energy t o  
sample, test and ana lyze  f i n e  c o a l  impoundments i n  Alabama t o  d e ~ e ~ m i n e  
t h e  q u a n t i t y  of c o a l  i n  p l ace ,  and t h e  q u a n t i t y ,  and q u a l i t y  of recover- 
a b l e  c o a l  i n  each impoundment. 

The c u r r e n t  washer waste  from twenty-three c o a l  p repa ra t ion  
p l a n t s  have been sampled t o  determine t h e  q u a n t i t y  of waste  and t h e  
amount of recoverable  c o a l  based on washab i l i t y  t e s t s .  The d a t a  
i n d i c a t e  t h a t  about  1,725,000 tons  of f i n e - s i z e  waste  i s  being d i s -  
carded. each yea r ,  of which about  575,000 tons  a r e  recoverable  a s  a  c l ean  
c o a l  product con ta in ing  6.4 percent  a sh ,  13,850 BTU/lb., and 0.79 per- 
c e n t  t o t a l  s u l f u r .  - 

I n v e s t i g a t i o n s  a r e  underway t o  survey t h e  s u r f a c e  a r e a  and 
p r o f i l e  of t h e  d i f f e r e n t  waste  impoundments. Twenty-four impoundments 
ranging  i n  s i z e '  from 1 t o  34 a c r e s  i n  s u r f a c e  a r e a  have been surveyed. 
The l a r g e s t  impoundment is  es t imated  t o  con ta in  2 m i l l i o n  tons  of f i n e s ,  
accord ing  t o  company records.  

A d r i l l  sampling technique has  been developed f o r  ob ta in ing  
r e p r e s e n t a t i v e  samples from impoundments t o  i n s u r e  t r u e  samp1.e~ of 
waste  f i n e  c o a l  a t  a l l  depths  t o  t h e  bottom of t h e  impoundments. A 
test t ank  w a s  b u i l t  t h a t  contained s e v e r a l  l a y e r s  of known amounts of 
c o a l ,  s h a l e ,  and c l a y .  Holes were d r i l l e d  i n  t h e  t e s t  tank,  and d r i l l  
samples taken f o r  each f o u r  f e e t  of depth  i n  t h e  tank.  The d r i l l  h o l e  
samples checked w i t h i n  + 10 percent  of t h e  a n a l y s i s  of t h e  known mate- 
r i a l  placed i n  t h e  tank, 

D r i l l i n g  and sampling a p e r a t j n n s  have been completed on waste  
f i n e  impoundments i n  t h r e e  a r e a s .  The impoundments were i n  t h e  tonnage 
range of 200,000 t o  500,000. 
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RECONNAISSANCE AND PROCESSING OF IMPOUNDED 
COAL WASTES IN ALABAMA ' 

James S. Browning 
. ' The university of Alabama 

. INTRODUCTION 

Coal mining is the largest mining industry in Alabama. Pro- 
duction from Alabama mines in 1978 was about 18.5 million tons.(down 
from 22.5. million tons in 1977) .I Present projections forecast = steady 
increase in production, with tdnnages almost doubling by 1985. Approxi- 
mately 13 million tons of coal were produced by strip mining mefhods 
in 19 78., and about 5.5 million tons .were produced by ufidettground mfnPng 
during the same period. Surface mining is expected to continue at about 
14 million tons per year, but by 1985 underground coal mining is expected 
to increase to about 25 million tons. 2 

About 14 million tons per year of surface and underground mined 
coal are subjected to. some means of washing and cleaning. ..The methods 
used are screening accompanied by heavy media separation,.j$gging, 
tabling, spiralling, and flotation. Some of the simpler approaches 
employ screening and jigging, or tabling. Except where flotation is 
used, the screen undersize fraction (finer than 0.25 inch in many in- 
stances) is rejected, with the resu1.t that 10 to 15 percent of the coal _I  

is lost. Thus, in the State of Alabama about 2 million tons of fine- 
size material are'wasted annually in the fines which are impounded from 
treatment of coal. 

The fine-si~e wastc, currcntly bcing impounded, creates a number 
of environmental problems, including stream pollution by acid water 
drainage from the ponds. Reclamation of the fine-size waste would elimi- 
nate many of the environmental problems, and result in the conservation 

\ 
and development of additional natural resources in Alabama. 

This investigation is part of a coal research program conducted 
by the Mineral Resources Institute and State M ~ . E x p e - r - 1 : m e n + - S ~  

__c__. 

of The ~ n ~ v e ~ ~ i ~ t ~ y ~ c t f ~  ~labama-t-o, investigate the feasibility of recovering 
' fine-size-coal from impounded coal wastes in Alabama. . ' 



PROGRAM PLAN 

T h i s  i n v e s t i g a t i o n  i s  b e i n g  funded by t h e  Department of Energy. 
The purpose  of t h e  s t u d y  i s  t o  sample ,  test  and a n a l y z e  c o a l  impound- 
ments i n  Alabama t o  de te rmine  t h e  q u a n t i t y  of c o a l  i n  p l a c e ,  and t h e  
q u a n t i t y ,  and q u a l i t y  of r e c o v e r a b l e  c o a l  i n  each  impoundment. The 
sampling and t e s t i n g  p rocedures  b e i n g  developed a r e  expec ted  t o  be  
a p p l i c a b l e  t o  t h e  impoundments l o c a t e d  i n  o t h e r  c o a l  producing s t a t e s .  

, A second o b j e c t i v e  of t h e  work i s  t o  sample t h e  washery w a s t e s  c u r r e n t l y  
d i s c h a r g i n g  i n t o  t h e  impoundments, and t o  de te rmine  t h e  q u a n t i t y  and 

' 

q u a l i t y  of c o a l  r e c o v e r a b l e .  

The program f o r  d r i l l i n g  and sampling t h e  was te  c o a l  impound- 
ments i n v o l v e s  t h e  f o l l o w i n g  phases :  

1. Survey t o  d e t e r m i n e  t h e  s u r f a c e  a r e a  and p r o f i l e  of 
each w a s t e  impoundment. 

2 .  The impounded a r e a  is  d r i l l e d  on nominal 150 f o o t  
c e n t e r s  t o  t h e  bottom of t h e  pond. 

3 .  D r i l l  samples a r e  taken i n  i n c r e m e n t s  of each  10 f e e t  
of d e p t h .  

4 .  Bulk d e n s i t y  samples a r e  t a k e n  on e a c h  d r i l l  h o l e .  
5 .  The i n d i v i d u a l  d r i l l  samples a r e  s e p a r a t e d  by heavy 

l i q u i d s  a t  1 . 4 0  and 1 .60 s p e c i f i c  g r a v i t y .  The v a r i o u s  
heavy , l i q u i d  f r a c t i o n s  a r e  ana lyzed  f o r  a s h ,  BTU/lb., and 
t o t a l  s u l f u r .  

6 .  Upon comple t ion  of t h e  d r i l l i n g  of e a c h  impounded a r e a ,  a  
.composi te  sample is  made of a l l  t h e  d r i l l  h o l e s .  T h i s  
sample i s  w e t  sc reened  a t  20,  40,  60 ,  100,  and 200 mesh. 
Each s c r e e n  f r a c t i o n  i s  s e p a r a t e d  i n  heavy l i q u i d s  a t  
1 .40 and 1 .60  s p e c i f i c  g r a v i t i e s .  The minus 200 mesh 
f r a c t i o n  i s  a l s o  s e p a r a t e d  a t  2.0 s p e c i f i c  g r a v i t y .  
Each s p e c i f i c  g r a v i t y  f r a c t i o n  is  analyzed f o r  a s h ,  
BTU/lb., p y r i t i c  s u l f u r ,  and t o t a l  s u l f u r .  

7 .  A composi te  sample of a l l  t h e  d r i l l  h o l e s  i s  ana lyzed  
f o r  p rox imate  a n a l y s i s ,  ulti111aLe a n a l y s i s ,  BTU/lb., 
p y r i t i c  s u l f u r  and t o t a l  s u l f e r ,  f r e e  s w e l l i n g  i n d e x ,  
f u s i b i l i t y  o f  a s h ,  hardgrove g r i n d a b i l i t y  i n d e x , . m a j n r  
e lements  i n  a s h ,  and t r a c e  e lements  i n  a s h .  

8.  The t o t a l  tonnage and q u a l i t y  of r e c o v e r a b l e  c o a l  i s  
de te rmined .  

The f i n a l  r e p o r t  on t h e  p r o j e c t  w i l l  c o n t a i n  t h e  f o l l o w i n g  d a t a  
f o r  each w a s t e  c o a l  impoundment a r e a :  

1. P l a n  view of impoundment areas w i t h  d r i l l  h o l e  l o c a t i o n s .  
2 .  Cross  s e c t i o n s  of impoundment a r e a s .  
3 .  D r i l l  h o l e  l o g .  
4 .  S i n k - f l o a t  and chemica l  a n a l y s i s  of d r i l l  h o l e s  i n  

inc rements  of each 1 0  f e e t  of d e p t h .  



5 .  Screen  a n a l y s i s  and heavy l i q u i d  s e p a r a t i o n  a t  v a r i o u s  
s p e c i f i c  g r a v i t i e s  of composi te  sample of each  w a s t e  
impoundment area. Chemical a n a l y s i s  of each  s p e c i f i c  
g r a v i t y  f r a c t i o n .  

6 .  A d e t a i l e d  a n a l y s i s  of each  composi te  sample g i v i n g  t h e  
complete  p h y s i c a l  and chemica l  p r o p e r t i e s .  

7 .  A c a l c u l a t i o n  of t o t a l  tonnage and r e c o v e r a b l e  c o a l  from 
e a c h  w a s t e  impoundment a r e a .  

SAMPLING AND EVALUATION OF CURRENT FINE-SIZE 
WASTE FROM PREPARATION PLANTS 

Samples of f l n e - S i z e  w a s t e  c u r r e n t l y  be ing  d i s c h a r g e d  were  
c o l l e c t e d  from twenty- th ree  c o a l  p r e p a r a t i o n  p l a n t s  i n  Alabama. T h i s  
program h a s  developed d a t a  t o  e v a l u a t e  t h e  q u a n t i t y  and q u a l i t y  of c o a l  
c u r r e n t l y  b c i n g  was ted .  

The d a t a  on t h e  c u r r e n t  f i n e - s i z e  w a s t e  c o a l  were  o b t a i n e d  by 
t a k i n g  timed samples  of t h e  w a s t e  a t  e a c h  p r e p a r a t i o n  p l a n t .  A d d i t i o n a l  
sampl ing .and  o p e r a t i o n a l  d a t a  were s u p p l i e d  by t h e  v a r i o u s  mining 
companies.  The d a t a  assembled from sampl ing  of t h e  t w e n t y - t h r e e  p l a n t s  
i n d i c a t e d  t h a t  1 ,714,000 t o n s  of f i n e - s i z e  w a s t e  c o n t a i n i n g  568,180 t o n s  
of r e c o v e r a b l e  c o a l  of h i g h  q u a l i t y ,  a r e  b e i n g  d i s c a r d e d  e a c h  y e a r .  

A n a l y s i s  of t h e  c u r r e n t  f i n e - s i z e  w a s t e s  i n d i c a t e d  20 t o  64 
, p e r c e n t  a s h ,  3,900 t o  11,320 BTU/lb., and 0 .79 p e r c e n t  t o t a l  s u l f u r .  
R e s u l t s  of t h e  composi te  samples  a r e  shown a t  t h e  bottom of T a b l e  1. 

TEST TANK TO DETERMINE DEVIATIONS 
IN U K L L L I N G  

The f u n c t i o n  of t h e  test  t ank  was t o  deve lop  and v e r i f y  a  
sampl ing t e c h n i q u e  f o r  o b t a i n i n g  r e p r e s e n t a t i v e  s a m p l e s ' f r o m  impoundments 
u s i n g  power d r i l l i n g  equipment t o  e n s u r e  t r u e  samples  of m a t e r i a l  a t  
a l l  d e p t h s  down t o  t h e  bottom of t h e  impoundments. 

An 8 '  x . 8 '  x  20' t e s t  t a n k  was b u i l t  a t  one of t h e  c o a l  mining 
o p e r a t i o n s .  The t e s t  t a n k  was f i l l e d  w i t h  f i v e  l a y e r s  of known amounts 
of c o a l ,  s h a l e ,  and - c l a y .  The d r i l l  shou ld  r e c o v e r  samples  from t h e  
t e s t  t a n k  w i t h  d e v i a t i o n s  o f  no more t h a n  + 1 0  p e r c e n t  of t h e  c o a l  
p l a c e d  i n  t h e  t a n k .  Four h o l e s  were  d r i l l e d  i n  t h e  test t a n k ,  and d r i l l  
samples  were t a k e n  f o r  e a c h  f o u r  f e e t  i n  d e p t h  i n  t h e  t a n k .  The d r i l l  
samples  were  wet s c r e e n e d  on 200 mesh and t h e  s c r e e n  f r a c t i o n s  s i n k -  
f l o a t e d  a t  1 .40 and 1 . 6 0  s p e c i f i c  g r a v i t i e s .  The d r i l l  h o l e  samples  
w e r e  composited and a n a l y z e d .  A comparison of t h e  m a t e r i a l  p l a c e d  i n  
t h e  t a n k  and t h e  composi te  a n a l y s i s  of t h e  d r i l l  h o l e  samples  i s  shown 
i n  T a b l e  2 .  The d r i l l . h o l e  samples  checked v e r y  c l .osely  w i t h  t h e  



Table 1 - Analysis  of Current Fine-Size Waste from Alabama Coal 
P repa ra t ion  P l a n t s  

Coal Seam 

American (1) 
American (2) 
American, Pratt and Nickel Plant 
Blue Creek (1) 
Blue Creek (2) 
Blue Creek (3) 
Blue Creek (4) 
Black Creek (1) 
Black Creek (2) 
Black Creek (3) 
Black Creek (4) 
Black Creek (5) 
Carter, Brookwood 
Mary Lee (1) 

- Mary Lee (2) 
Nary Lee (3) 
Mary Lee (4) 
Nary Lee (5) 
Mary Lee (6) 
Pratt (1) 
Pratt (2) 
Rosa 
Woodstock 

Composite Analysis 

l~loat at 1.60 specific gravity. 
 umbers in parenthesis indicate samples from the same coal seam taken at different preparation plants. 

Annual 

Tonnage 

88,000 
115,000 
84,000 
29,000 
32,000 
98,000 
97.000 
24,000 
68,OGO 
47,000 
90,000 
21,OCO 
192 ,000 
51,000 
125,000 
87.000 
155 ,OCO 
27,000 
29,000 
105,000 
98,000 
32,000 
20,000 

1,714,000 

Annual 

Tonnage 

8.480 
56,200 
37,300 
10,600 
18,500 
38,500 
22,700 
14.200 
29,200 
10,100 
33,700 
10,300 
85,000 
8,100 
7,400 
26.000 
33,900 
15.700 
21,500 
13,300 
45,500 
10,700 
11,300 

Total Fine-Size Waste 

528,180 1 6.4 1 13,850 1 0.79 

Ash 

59.7 
27.9 
37.8 
40.5 
28.7 
42.5 
56.7 
25.9 
41.7 
59.5 
31.8 
24.1 
26.2 
59.1 
62.3 
42.3 
52.3 
38.6 
20.3 
64.1 
40.0 
40.8 
55.2 

43.9 

Recoverable Coal 

Analysis. Percent1 

Ash 

6.6 
7.4 
7.4 
5.1 
7.2 
9.2 
11.4 
5.1 
3.6 
4.3 
3.8 
2.8 
4.2 
8.9 
7.1 
8.2 
7.1 

10.5 
8.5 
5.8 
5.5 
4.2 
9.7 

Analysis. Percent 

~tullb. 

4,963 
10,182 
8,743 
7,975 
9.6211 
6,563 
5,261 
10.485 
7,523 
4,645 
7,502 
9,525 
10,835 
4,725 
4,375 
7,605 
5,883 
7,988 
11,321 
3.895 
8.251 
8,232 
.5.593 

Total 

Sulfur 

0.59 
0.87 
1.11 
0.94 
1.01 
0.73 
0.45 
0.52 
0.67 
0.90 
0.87 
0.66 
0.78 
0.47 
0.34 
0.53 
0.60 
0.71 
0.88 
0.72 
0.92 
0.85 
1.32 

Btullb. 

13.820 
13,780 
13.720 
13,980 
13,720 
13,520 
13,694 
13,920 
14,350 . 
13.950 
13,936 
14,620 
14,210 
13,367 
13,795 
13.450 
13,760 
12,556 
13.432 
13,407 
14,490 
14,310 
13,100 

7,050 1 0.72 

Total 

Sulfur 

1.10 
1.22 
1.50 
0.86 
0.74 
0.80 
0.63 
0.49 
0.68 
1.00 
0.61 
0.72 
0.77 
0.65 
0.60 
0.72 
1.06 
0.80 
0.91 
1.20 
0.90 
0.75 
0.91 



Table 2 - Analysis of Fine-Size Waste Coal in Test Tank 

Samples ' 

First Layer 0-4 ft. 

Plus 200 mesh 
Float 1.40 sp. gr. 
Float 1.60 s y .  gr. 
Sink 1.60 op. gr. 
Composite plus 2UU mesh 

Minus 200 mesh* 
Float 1.40 sp. gr. 
Float 1.60 sp. gr. 
Olilk liCO 3p; ~ r ,  
Composite minus 200 mesh 
C o m ~ o s i t e  Feed 

Second Layer 4-8 ft. 

Plus 200 mesh 
Float 1.4U sp. gr. 
Float 1.60 sp. gr. 
Sink 1.60 sp. gr. 
Composite plus 200 mesh 

Minus 200 aesh 
Float 1.40 sp. gr. 
Float 1.60 sp. gr. 
Sink 1.60 sp. gr. 
Composite minus 200 mesh 
Composite Feed 

Third Layer 8-12 ft. 

Plus 200 mesh 
Floac 1.40 sp.  gr. 
Ploat 1.60 sp. gr. 
Sink 1.60 sp. gr. 
Composite plus 200 mesh 

Minus 200 mesh 
Float 1.40 sp. gr. , 0.0 -- 0.0 -- -- -- 
Floac 1.60 sp.  gr. 8.6 21.4 8.6 21.4 
Sink 1.60 sp. gr. 
Composite minus 200 mesh 
Composite Fccd 

Fourth Layer 12-16 ft. 

Plus 200 mesh 
Float 1.40 sp. gr. 
Ploat 1.60 sp. gr. 
Sink 1.60 sp. gr. 
Composite plus 200 mesh 

Wnus 200 mcsh 
Float 1.40 sp. gr. 
Float 1.60 sp. gr. 
Sink 1.60 np. p,r. 
Composite minus 200 mesh 
Composite Feed 

Fifth Layer 16-20 ft . 
Plus 200 mesh 

Float 1.40 sp. gr. 
Float 1.60 sp. gr. 
Sink 1.60 sp. gr. 
Composite plus 200 mesh 

Minus 200 mesh . 
Float 1.40 sp. gr. 
Float 1.60 sp. gr. 
Sink 1.60 s p .  gr. 
Composite minus 200 mesh 
Composite Feed 

ina:ysisofsamplrs placed in 
test tank 

Analysis of composite drill 
samples in test tank 

Cumulative 
Percent 

Wright Ash 

Direct Percent 

Weight Ash 

DlrrcL P$rce~rc 

17.8 4.8 17.8 4.8 
4.4 23.7 22.2 6.4 

. 20.9 70.9 43.1 37.8 
4J.l 31.8 

0.0 -- -- -- 
0.0 -- -- -- 

5 6 . 9  5 5 . 8  5 6 . 9  '# /I .#  
56.9 44.8 

---- 1qO.n 41.8. 

25.3 4.6 - 25.3 4.6 
4.4 20.7 29.7 7.0 
5.2 74.6 34.9 17.1 

Cumul.et$.ve 
Percent 

Weight Ash Weight 

18.3 5.1 18.3 5.1 
4.2 24.4 22.5 8.0 
21.2 77.9 43.7 39.8 

3 . 7  39.8 

0.0 -- -- -- 
I .  I , -- -- -- 

5 6 . 3  41.9 5 6 . 3  A 1 . R  
56.3 41.8 

. - - 100.0 41.0 

24.3 4.7 24.3 4.7 
4.3 22.1 28.6 7.3 
5.5 75.3 34.1 18.3 

Ash 



@ analysis  of the  known mater ia l  placed i n  the  tank. With very few 
exceptions the anhlyses checked within + 10 percent. 

FIELD DRILLING OPERATIONS 

The d r i l l  r i g  used i n  the  exploratory program is a Simco 
Model 4000 TR-1 hydraulically operated, ca t  mounted r i g  with 1 1/2 
pounds per square inch ground pressure. It i s  equipped with a wire 
l i n e  ho is t  assembly f o r  handling d r i l l  rod and sampling too ls  clnd a 
cat  head used f o r  operation of 140 pound hammer t o  advance the AW 
d r i l l  rod and sampler assembly. The d r i l l  r i g  is shown i n  f igures  la  
and lb .  Hollow adgers are used t o  advance the d r i l l  hole a s  sampling 
proceeds. The augers a r e  i n  5 foot lengths and have ari ins ide  diameter 
of 2 1/4 inches which accommodates sampling too ls  and d r i l l  rod and has 
an outside diameter of 5 inches, The cu t t ing  head has an-outs ide 
diameter o f  6 inches. The hole is s ta r ted  by advancing the  appropriate 
sampler approximately 2 f ee t  using the AW rod and 140 pound hammer, 
One sect ion of the  hollow auger is then advanced 2 f e e t  i n  the  hole 
and the sampler i s  again dr iven 2 f ee t  i n  advance of the auger. A s  
the hole advances addit ional sect ions  of auger a r e  added and sampling 
continues u n t i l  the  o r ig ina l  ground surface is encountered a t  the  
bottom of the  hole. 

Two types of sampling too ls  ar?  used. The s p l i t  tube sampler 
is  used i n  firmly packed mater ia l  while the plunger type sampling tube 
is used i n  s o f t  slushy material .  The s p l i t  tube sampler is designed 
f o r  taking samples a t  the  bottom of a cleaned bore hole by t k  dr ive  
weight method. The s p l i t  sect ion 24 inches long, i k  held together 
with a b a l l  check head sect ion and a hardened steel dr ive  shoe. The 
b a l l  check fea ture  i n  the  head prevents samples frbm being washed out 
of sampler upon withdrawal from the hole and the head has a standard 

@ thread f o r  attachment t o  t h e  AW d r i l l  rod, Detai ls  of the  s p l i t  tube 
sampler a r e  shown i n  Figure 2. The plunger type sampler feathres  a 
s ta t ionary piston,  t ha t  is, the piston remains s ta t ionary  a s  tbe outer  4 tube of the sampler is pushed ahead i n t o  the  f i ne  wet silt. The pis ton 
crea_tes a suction oh the  sample a s s i s t i ng  i t  i n t o  t he  sample tube. The 33 sampler features  a vacuum release and cone clamp assembly tha t  prevents 

f.;: t he  pis ton from pushing out the  sample upon recovery. After extract ion 

#$ from the hole the  cone clamp assembly is then released by loosening 
the piston rod and the  sample is extruded i n t o  an a i r  t i g h t  sample 

$$ bag by advancing the  pis ton rod. Detai ls  of the  plunger type sampler 
&& a r e  shown i n  Figure 3. 

Investigations now a r e  underway t o  survey the surface area and 
p r o f i l e  of the  d i f f e r en t  waste impoundments. Twenty-four impoundments 
ranging i n  s i z e  from 1 t o  34 acres i n  surface area have been surveyed. 
The la rges t  impoundment is estimated t o  contain over 2 mil l ion tons of 
f ines ,  according t o  company records. 
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Figure la - Nydraulically operated drill rig in operation at 
waste fine coal impoundment area. 
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Figure 2 - Split Tube Sampler 
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Figure 3 - Plunger Type Sampler 



During the  p a s t  t h r e e  months t h e  d r i l l  r i g  was i n  ope ra t ion  
d r i l l i n g  t h e  waste  f i n e s  a t  t h r e e  d i f f e r e n t  mining ope ra t ions .  The 
a r e a s  t h a t  were d r i l l e d . i n c l u d e d  the  fo l lowing  c o a l  seams: Mary, . 
Lee, Woodstock and Thompson, and American, P r a t t  and Nickel  P l a t e .  
The waste  f i n e  c o a l  impoundments were i n  t h e  tonnage range of 200,000 
t o  500,000. 

Heavy l i q u i d  a n a l y s i s  of t h e  composite d r i l l  sample of t h e  
Woodstock-Thompson seams waste impoundment i n d i c a t e s  t h a t  over  40 per- 
c e n t  of t h e  t o t a l  weight i s  recoverable  i n  a  c l ean  c o a l  product 
ana lyz ing  6.4 percent  a sh ,  0.65 percent  t o t a l  s u l f u r ,  and 13,705 BTU/lb. 
a t  1.60 s p e c i f i c  g r a v i t y .  Deta i led  r e s u l t s  of a n a l y s i s  of t h e  composite 
sample are shown i n  t a b l e s  3 and 4 .  The raw tonnage, es t imated  a t  
235,000 tons ,  was der ived  from d r i l l  h o l e  l o c a t i o n s  and bulk  d e n s i t y  
samples of each d r i l l  ho le .  The tonnage of recoverable  c l e a n  c o a l  
from t h e  impoundment i s  about  95,000 tons .  

The d a t a  assembled from sampling of t h e  v a r i o u s  c o a l  p repa ra t ion  
p l a n t s  i n  Alabama i n d i c a t e  t h a t  about 1,714,000 tons  of f i n e - s i z e  waste  
a r e  be ing  d iscarded  each year  i n  Alabama, conta in ing  over  528,000 tons  
of recoverable  coa l .  Clean c o a l  products  con ta in ing  a s  l i t t l e  a s  3 per- 
c e n t  t o  a s  much a s  11 percent  a s h  can be obtained by heavy l i q u i d  separa- 
t i o n .  F ine  c o a l  which had been wasted i n  t h e  p a s t  can r e a d i l y  be recover- 
ed a s  a  c l e a n  commercial grade product  by t h e  u s e  of g r a v i t y  s epa ra t ion .  

A d r i l l i n g  technique has  been developed f o r  ob ta in ing  representa-  
t i v e  samples from impoundments t o  i n s u r e  t r u e  samples of waste  f i n e  c o a l  
a t  a l l  depths  t o  t h e  bottom of t h e  impoundments. D r i l l i n g  and sampling 
have been completed on waste  f i n e  impoundments i n  t h r e e  a r e a s .  
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Table 3 - Analysis of Composite Drill Sample from the Woodstock, 
Thompson Seams Waste Coal ~mpoundment 

Composite 
p lus  20 mesh I 19.7 ( / I I 1 19.7 121.7 I11.221 I 0.22 ' ( 0.86 

S c r e e n s i z e  
lks h 

Plus  20 mesh 
F loa t  1.40 sp. g r .  
Float 1.60 op. gr .  
Sink 1.60 sp.  gr. 

Plus  40 mesh 
F loa t  1.40 sp.  ~ r ,  3.4 14,339 0.09 0.58 25.6 17.5 11,940 0.19 0.80 
F loa t  1.56 sp. g r .  / ili 1 ;::: / 10.992 1 ::;: 1 :::: 1 i!:: ti7.. 1 ll.gll 1 :::: 1 0 - 8 0  
Sink 1.60 sp.' g r .  1.992 25.1 10.634 0.90 

Composite 
p lus  60 mesh 

P lus  60 mesh 
f l o a t  1.40 sp. g r .  5.7 
F loa t  1-60 sp. g;. 1 Sink 1.60 sp. gr. 4.9 

Composite 
p lus  60 mesh 

P lus  100 mesh 
F loa t  1.40 sp.  g r .  
F loa t  1.60 sp. gr .  0.6 
Sink 1.60 sp.  g r .  

Direct .  Percent 

Composite 
p lus  100 mesh 

Cmula t ive .  Percent  

P lus  200 mesh 
F loa t  1.40 sp. g r .  4.5 13.742 0.10 0.57 56.2 24.8 10,694 0.37 0.78 

F loa t  1 -60  sp. gr. 1 ili 1:::; I g.868 I :::: 1 :::: 1 2;:: /25.0 / / :::; / 0.78 Sink 1.60 sp. gr .  5.637 27.1 10.307 0.83 

Weight 

14.1 
1.1 
4.5 

Composite 
p lus  200 mesh 

Minus 200 mesh 
F loa t  1.40 sp. gr .  

Total 
S ~ l f u ,  

-. 

6-63 
0.71 
0.86 

P y r i t i c  
S u l f u r  

0.00 
0.30 
0.95 

Wcight 

11.1 
15.2 
19.7 

Composite 
minus 200 mesh I 37.7 I I I I I 37.7 156.5 ! 5.608 1 0.74 1 0.89 

dsh 

3.4 
2 5 . 1  
78.8 

To ta l  
Su l fu r  

0.67 
1.54 
1.38 

Composite Feed 1 100.0 1 I h I '1 100.0 138.2 1 8.535 1 0.54 1 0 . 9 ~  

B T U / ~ ~ .  

14.383 
10.935 

1.386 

P y r i t i c  
Su l fu r  

O.UU 
0.01 
0.22 

As11 

3 , 2  
4.8 

21.7 

B T U / ~ ~ .  

14.389 
14,134 
11.221 



Table 4 - Analysis of Composite D r i l l  Sample from Woodstock- 
Thompson Seams a t  Various Specif ic  Gravities 

Composicc 
Float 1 .40 sp.  gr; 
Composi c:e 
Float 1 .60  s p .  gr. 
Composi !.e 

' Float 2 . 0  sp. gr .  
Composi ce 
Sink 2 . 0  sp. g r .  

.Pruduct 

-.- I I I I I I I I I 

Conposi t e Feed 100.0 100.0 38.2 8,530 0.54 0 .90 I -- 

Diroot, P e r r ~ n t  Cumulative, percent 

Weight Ash Weight Ash 

- 

~ t u l l b .  Btuflb. 
Pyr i t i c  
Sulfur 

Pyr i t i c  
Sulfur 

Total 
su l fur  

Tntel 
Sulfur 



COAL DESULFURIZATION: APPLICATION OF BASIC RESZARCH I N  -- -- 
SULFUR CHEMISTRY --.- TO PROCESS RESEARCH -- AND DEVELOPMENT' --- 

T. G. S q u i r e s ,  L .  W. Chang, C .  G .  
Venie r ,  and T. J. Bar ton 

Ames L a b o r a t o r y ,  U. S. DOE and 
Department o f  Chemistry 

Iowa S t a t e  U n i v e r s i t y  
Ames, Iowa 50011 

One o f . t h e  main problems a r i s i n g  from t h e  more e x t e n s i v e  u t i l i z a t i o n  o f  
c o a l  i s  t h a t  i t  t o n t a i n s  s u l f u r  i n  c o n c e n t r a t i o n s  r a n g i n g  from 0 .2  t o  10 
weight  p e r  c e n t .  Bccause o f  t h e  impact of SO2 on t h e  environment ,  a l a r g e  
p e r c e n t a g e  o f  c o a l s  w i l l  r e q u i r e  pre-  o r  post-combustion d e s u l f u r i z a t i o n  
t r e a t m e n t s ,  and a s u b s t a n t i a l  p o r t i o n  o f  t h e  c o a l  p r e p a r a t i o n  e f f o r t  a t  t h e  
Ames Labora to ry  i s  i n  t h e  development o f  d e s u l f u r i z a t i o n  technology.  The u l -  
t i m a t e  o b j e c t i v e  of t h i s  e f f o r t  i s  t o  d i sco-ver  a  h i g h l y  e f f i c i e n t ,  low c o s t  
p r o c e s s  f o r  d e s u l f u r i z i n g  l a r g e  q u a n t i t i e s  of c o a l .  

There  a r e  b a s i c a l l y  t h r e e  k i n d s  of d e s u l f u r i z a t i o n  t e c h n i q u e s :  p h y s i c a l  
methods s u c h  a s  c r u s h i n g  and g r a v i t y  s e p a r a t i o n ;  physico-chemical  t r e a t m e n t s  
such  as chemical  comminution and f r o t h  f l o t a t i o n ;  and chemica l  p r o c e s s e s  such  
a s  o x i d a t i v e  l e a c h i n g .  T h i s  paper  w i l l  f o c u s  on t h e  c o n t r i b u t i o n s  o f  Ames 
Labora to ry  t o  t h e  development o f  t h e  l a t t e r  t e c h n i q u e s .  I n  p a r t i c u l a r ,  a 
d e s c r i p t i o n  o f  t h e  Organosu l fu r  S t u d i e s  underway a t  t h e  Ames Labora to ry  w i l l  
be  used a s  a  ~ ~ e h i c l e  f o r  e l u c i d a t i n g  t h e  r o l e  oE t h e  chemis t  i n  c o a l  d e s u l -  
f u r i z a t i o n  r e s e a r c h  and development.  

Thc o r g a n o s u l f u r  p r o j e c t  can b e  viewed a s  c o n s i s t i r l g  of f o u r  c l o s e l y  
i n t e r r e l a t e d  r e s e a r c h  a r e a s :  

1. De te rmina t ion  of t h e  forms and c o n c e n t r a t i o n s  o f  s u l f u r  i n  c o a l ,  
e s p e c i a l l y  o r g a n i c  s u l f u r  i n c l u d i n g  t h e  organosul . fur  f u n c t i o n a l  
group d i s t r i b u t i o n  (FGD) ; 

2. E v a l u a t i o n  of t h e  e f f e c t i v e n e s s  o f  o x y d e s u l f u r i z a t i o n  p r o c e s s ,  i .e .  
d e t e r m i n i n g  t h e  f a t e  o f  o r g a n i c  s u l f u r  d u r i n g  p r o c e s s i n g ;  

3 .  Improvement of p r o c e s s e s  which a r e  c u r r e n t l y  i n  u s e  by add ing  c a t a -  
l y s t s ,  modifying r e a c t i o n  c o n d i t i o n s ,  a n d / o r  u s i n g  new t e c h n i q u e s  
such  a s  s o n i c a t i o n ;  

4. I n v e s t i g a t i o n  o f  new o r g a n o s u l f  ur cl lemis t ry  t o  g a i n  more i n f o r m a t i o n  
abou t  t h e  o r g a n o s u l f u r  FGD o r  t o  deve lop  new d e s u l f u r i z a t i o n  p r o c e s s e s .  

S u l f u r  i s  p r e s e n t  i n  c o a l  i n  t h r e e  forms: c le rnen ta l ,  i n o r g a n i c  ( p y r i t i c  
and s u l f a t i c ) ;  and o r g a n i c .  Although t h e r e  a r e  a number o f  p h y s i c a l  and phys i -  
co-chemi'cal b e n e f i c i a t i o n  p r o c e s s e s  f o r  removing some fcrrns o:c' s u l f u r  :i"com c o a l ,  
t h e r e  a r e  two t y p e s  o f  s u l f u r  t h a t  cannot  be  removed by t h e s e  p rocedures ,  One 
of t h e s e  is m i c r o f i n e  p y r i  e  c r y s t a l s  which are randomly d i s t r i b u t e d  acd encap- 5 s u l a t e d  i n  t h e  c o a l  m a t r i x  and are  n o t  amenable t o  removal by c o n v s n t i o n a l  
p h y s i c a l  method&. The o t h e r  t y p e ,  o r g a n i c  s u i f u r ,  is  p r e . s e ~ t  ii~ cogcen t ra - -  
t i o n s  r a n g i n g  from 0.5 t o  4 . 0  we igh t  p e r  c e n t  and u s u a l . 1 ~  conlpriseo 'from 20 t o  
70 p e r  c e n t  o f '  t h e  t o t a l  s u l f u r  i n  c o a l . 3  These l a t t e r  s a l f u r  ztoms are  chem- 
i c a l l y  bound t o  ca rbon  and t h u s  are a n  i n t e g r a l  p a r t  o f  rhz o r g a n i c  c o a l  ina- 
t r i x .  A s  a consequence,  o r g a n i c  s u l f u r  i s  ex t remely  d 2 E f i c u l t  ts renove;  and 
h i g h l y  s e l e c t i v e  chemica l  r e a g e n t s  w i l l  be  r e q u i r e d  t o  remove c h i s  farm of  
s u l f u r  w i t h o u t  c h e m i c a l l y  and t h e r m a l l y  d e g r a d i n g  t h e  c o a l .  Because o r g a n i c  



s u l f u r  i s  u s u a l l y  much less r e a c t i v e  than  p y r i t i c  s u l f u r ,  chemical d e s u l f u r i -  
z a t i o n  procedures  which were o r i g i n a l l y  developed t o  remove p y r i t i c  s u l f u r  
have been minimally e f f e c t i v e  i n  removing o rgan ic  s u l f u r .  

One of t h e  major l i m i t a t i o n s  jn  e v a l u a t i n g  t h e  e f f e c t i v e n e s s  o f  c o a l  
de su l fu r i zAt io i i  p rocesses  i s  t h e  l a c k  of a c c u t a t e  a n a l y t i c a l  methods f o r  de- 
t e rmin ing - ' su l fu r  i.n c o a l .  The g r e a t e s t  d i f f i c u l t y  i s  encountered i n  t h e  qua l -  
i t a t i v e  and q u a n t i t a t i v e  a n a l y s i s  of o rgan ic  s u l f u r .  A t  two s t anda rd  devia-  
t i o n s  (95% conf idence  l e v e l ) ,  t h e  p r e c i s i o n  of a n a l y s i s  of o rgan ic  s u l f u r  by 
t h e  ASTM method was found t o  be  f25%.4 It i s  l i k e l y  t h a t  t h e  sample t o  sample 
accuracy i s  240%. Consequently i t  i s  extemely d i f f i c u l t  t o  e v a l u a t e  t h e  
e f f e c t i v e n e s s  of  a  d e s u l f u r i z a t i o n  technique  by ana lyz ing  t h e  o rgan ic  s u l f u r  
con ten t  of  a  c o a l  b e f o r e  and a f t e r  p rocess ing .  

Methodology f o r  t h e  q u a l i t a t i v e  a n a l y s i s  of o rgan ic  su3,fur i n  c o a l  i s  
j u s t  a s  c rude .  Even though some progress  has been made i n  de te rmin ing  t h e  n a t u r e  
of o rganosu l fu r  components i n  c o a l ,  t h e r e  i s  s t i l l  very  l i t t l e  informat ion  
d e t a i l i n g  t h e  i d e n t i t y  of  even t h e  f u n c t i o n a l  group d i , s t r i b u t i o n  of  t h e s e  s u l -  
f u r  rno i t ies  .5 S p e c i f i c  o rganosu l fu r  compounds such a s  methyl thiophenes and 
dibenzothiophenes have been i s o l a t e d  by vacuum d i s t i l l a t i o n  (or  p y r o l y s i s )  of 
a h igh  v o l a t i l e  bituminous coal  a t  1 5 0 0 c . ~  However, t h e s e  m a t e r i a l s  were 
i d e n t i f i e d  a s  an i n c i d e n t a l  consequence of i n v e s t i g a t i n g  o t h e r  L y p e s  of com- 
pounds i n  c o a l .  E f f o r t s  have a l s o  been made t o  d e l i n e a t e  t h e  o rganosu l fu r  
f u n c t i o n a l  group d i s t r i b u t i o n  through chemical  and p h y s i c a l  p r o p e r t i e s  a l -  
though t h e  bases  f o r  t h e s e  s t u d i e s  were g e n e r a l l y  obscure.  The b e s t  of t h e s e  
methods, which i s  based on t h e  r e a c t i o n s  of  s u l f i d e s  and mercaptans w i t h  
methyl  i o d i d e ,  was developed i n  1936. Furthermore, n i t r o g e n  b a s e s ,  which a r e  
a l s o  p re sen t  i n  c o a l ,  w i l l  i n t e r f e r e  w i t h  t h i s  a n a l y s i s  f o r  o rgan ic  s u l f u r  
forms. 

EVALUATION OF THE AMES PROCESS 

When t h i s  p r o j e c t  was i n i t i a t e d ,  t h e r e  was an urgent  need f o r  an evalua-  
t i o n  of t h e  e f f e c t i v e n e s s  of oxydesu l fu r i za t i on  processes  i n  removing o rgan ic  
s u l f u r  from coa l .  Therefore  du r ing  t h e  i n i t i a l  phases of  t h i s  i n v e s t i g a t i o n ,  
i t  was assumed t h a t  a  d e f i n i t i v e  knowledge of t h e  organosul fur  f u n c t i o n a l  
group d i s t r i b u t i o n  was no t  a  p r e r e q u i s i t e  f o r  i n v e s t i g a t i n g  t h e  v i a b i l i t y  of 
a  chemical  d e s u l f u r i z a t i o n  procedure.  I n  t h e s e  i n i t i a l  evaluaLions,  v a l u a b l e  
in format ion  was .ob ta ined  by de te rmin ing  t h e  e f f e c t  of  t h e  Ames Process  on a  
r e p r e s e n t a t i v e  series of  organosul fur  compounds. 

The follow-ing- orgariosulfur'comp6-urid-s 'have been sub jec t ed  t o  Ames Process  
cond i t i ons  (1 .5@"~,  200 p s i . 0 2 ,  0;2M aqueous Na2C03, 1 hour) e i t h e r  by themselves 



o r  i n  t h e  presence of coa l .  To provide a  b a s i s  f o r  comparison of t h e  r e s u l t s ,  
t h e  model s u l f u r  compounds which were processed i n  t h e  presence of c o a l  were 
a l s o  procec.;ed w i t h  c o a l  under a n i t r o g e n  atmosphere, i. e .  no oxygen p re sen t .  
The r e s u l t s  of t h e s e  experiments a r e  summarized i n  Tables  I and 11. 

From t h e  r e s u l t s  i n  Table I and 11, it i s  c l e a r  t h a t ,  of t h e  model com- 
pounds t h a t  were s t u d i e d ,  only th iophenol  and compounds con ta in ing  a  benzy l i c  
s u l f i d e  l i nkage  r eac t ed .  Thiophenol was converted t o  phenyl d i s u l f i d e  which was 
r e s i s t a n t  t o  f u r t h e r  ox ida t ion .  Benzyl phenyl s u l f i d e  was oxidized a ~ : d  cleaved 
t o  g ive  benzaldehyde, benzoic ac id  and benzenesulfonic  ac id  ; benzyl  methyl s u l f i d e  
gave s i m i l a r  r e s u l t s .  The o t h e r  model compounds were un reac t ive  under t h e  Ames 
Process  cond i t i ons  e i t h e r  by themselves o r  i n  t h e  presence of c o a l .  Even i n  
t h e  presence of  c o a l ,  more than  70% of t h e  non-benzylic s u l f i d e s  was recovered. Ti . . 
The reduced r ecove r i e s  of a l l  compounds i n  t h e  presence of c o a l  ( s ee  Table I )  , . . - -. 

< "I. . . .. 
were a t t r i b u t e d  t o  adsorp t ion  of t h e  organosul fur  m a t e r i a l  by t h e  microporous .. . I I. I? '. 

, \, 

s t r u c t u r e  of c o a l  and t h e  mechanical l o s s  a s soc i a t ed  w i t h  working up t h e  r e -  . . , , - t  , .  ..-. *~'., 
~. -, .' a c t i o n  mixture.  This  hypothes is  was confirmed by t h e  correspondingly low re -  . . , ,  
.. 8 

...~ - 
cove r i e s  of s t a r t i n g  s u l f i d e s  from r e a c t i o n s  run i n  t h e  presence of c o a l  under 
n i t rogen  atmosphere--an i n e r t  atmosphere. Furthermore, no ox ida t ion  products  
were de t ec t ed  i n  t h e  r e a c t i o n  mixtures .  C lea r ly ,  of t h e  compounds inves t iga t ed  
thus  f a r ,  on ly  benzyl  s u l f i d e s  and th iophenol  r eac t ed  iinder Amcs Prucess con- <. 

.J> 

d i t i o n s ;  and t h e  two bcnzyl  s u l f i d e s  were t h e  only compounds i n  which carbon :s 
' 1: 

s u l f u r  bond cleavage occurred.  . .Z 
v ,. 

The base-catalyzed r e a c t i o n  of benzy l i c  s u l f i d e s  w i t h  molecular oxygen has  '*. . 7.: 
,;- ..:' 

been s tud ied  under a  v a r i e t y  of condi t ions .  Wallace - e t .  - a ~ . ~  repor ted  t h a t  
t h e  ox ida t ion  of benzyl  p h e n y l . s u l f i d e  a t  80'~ w i t h  oxygen i n  t h e  presence of 
potassium t-butoxide a f forded  benzoic ac id .  These au tho r s  proposed t h e  follow- 
i n g  r e a c t i o n  scheme t o  exp la in  t h e  product :  

- 
Base 

0 - C W - S - 0  ) ( I - C H - S - ( I  
I 

We b e l i e v e  t h a t  s i m i l a r  r e a c t i o n s  a r e  a c c u r r i n g  under Am s Process  cond i t i ons .  
Conceptual ly,  oxydesu l fu r i za t ion  has been described'  a s  a  two-step process  

which can be represented  by t h e  fo l lowing  chemical equa t ions :  s e l e c t i v e  



COMPOUND RECUVEKW YIELD @) OF STARTING SULFIDE - 
Model Cmpd. Lovil ia Coal Added 

Only N2 - - O2 

a Process Conditions: 150°c, 200 ps ig  02 ,  0.211 aq. Na2C03, 1 hour. 



RECOVERED YIELD (%) 
COMPOUND OF .STARTING SULFIDE 

PRODUCT 
(% YIELD) 

None Deter t ed 

(61 CHO 
\L../ (0$--cg2H L-- 

a Process  Cundirions: 150°c, 200 p s i g  02 ,  O.2M aq. Na2C03, 1 hour. 



Step  1. 

S t ep  2. 

-, 
v 

I,+ 

o x i d a t i o n  of t h e  s u l f u r  t o  s u l f o x i d e s  and su l fones  w i t h  t h e  l a t t e r  as t h e  
'i 

, 
most l i k e l y  product ;  and thermal  decomposition of t h e  ox ida t ion  products ,  
p re fe rab ly  under b a s i c  cond i t i ons .  I n  t h i s  formula t ion ,  t h e  o v e r a l l  r e a c t i o n  
is  i n i t i a t e d  by o x i d a t i o n  of  t h e  s u l f u r  and, i n  f a c t ,  is made p o s s i b l e  by t h i s  
ox ida t ' on  which r e s u l t s  i n  p o l a r i z a t i o n  and weakening of t h e  carbon t o  s u l f u r  4 bonds. 

We have found no evidence t o  suppor t  t h i s  formula t ion  of t he  Ames Process ;  
o x i d a t i o n  of  t h e  s u l f u r  w a s  de t ec t ed  only i n  th iophenol  and i n  t h e  benzyl  s u l -  
f i d e s .  I n  t h e  f i r s t  c a s e ,  ox ida t ion  of mercaptans t o  d i s u l f i d e s  is  a  w e l l  
known, f a c i l e  r e a c t i o n  which occurs  under cond i t i ons  such a s  t h e  Ames Process .  
No f u r t h e r  ox ida t ion  of t h e  d i s u l f i d e  was de t ec t ed .  I n  t h e  l a t t e r  ca se ,  carbon- 
s u l f u r  bond c leavage  was appa ren t ly  i n i t i a t e d  by o x i d a t i v e  a t t a c k  a t  t h e  benzy l i c  
carbon-hydrogen bond i n s t e a d  of  a t  s u l f u r .  This  theory  is supported by more re -  
cen t  experiments i n  which mixtures  of  dibenzothiophene (DBT),  and f l u o r e n e ,  2 ,  
were sub jec t ed  t o  Ames  Process  cond i t i ons .  Although DBT was recovered unchanged 
(86% recovery)  only  45% of t h e  f luo rene  was recovered;  27% of t h e  f luo rene  had 
been oxid ized  t o  f luorenone,  3. 

The s u b s t a n t i a l  impact of t h i s  d i scovery  i s  apparent  when one cons ide r s  
t h e  h y p o t h e t i c a l  bituminous c o a l  s t r u c t u r e  shown i n  Figure 1. Of t h e  f o u r  
s u l f u r  atoms present  i n  t h i s  "molecule," on ly  one of them i s  a t t ached  t o  a  
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F i g u r e  1. Schematic representation of structural groups and connecting bridges in bituminous coal. 



benzy l i c  carbon and, t h u s ,  could be  removed by t h e  Ames Process .  On t h e  
o t h e r  hand, t h e r e  a r e  more than  twenty benzyl ic  p o s i t i o n s  i n  t h i s  s t r u c t u r e  
which could be  s u s c e p t i b l e  t o  ox ida t ion .  Oxidat ion of a l l  of t h e s e  benzy l i c  
carbon-hydrogen bonds could r e s u l t  i n  a  s i g n i f i c a n t  l o s s  of h e a t i n g  va lue .  

OXIDATION OF ORGANOSULFUR 
COMYUUNJIS UNDER MODIFLFll AMES PROCESS CONDITIONS 

Another of our  primary o b j e c t i v e s  has  been t o  develop r e a c t i o n  condi- 
t i o n s  f o r  t h e  e f f i c i e n t  conversiorl of o rgan ic  s u l f i d e s  t o  t h e  oxid ized  pro- 
d u c t s  (Step 1 of t h e  Ames Process)  us ing  moderate temperatures  and p re s su res .  
Our j n i t i a l  experiments were conducted i n  t o luene  r a t h e r  than  water .  Under 
t h e s e  c o n d i t i o n s o u r  r e a c t i o n  u ~ l x ~ u - e s  ware hcrmr~geneous, and t h e  r e s u l t s  were 
reproducib le .  Thus f a r ,  we have been a b l e  t o  e f f i c i e n t l y  o x i d i z e  dibeueothio- 
phene, phenyl s u l f i d e ,  and phenyl d i s u l f i d e  under t h e  fo l lowing  cond i t i ons :  

2. aTD 1.5  ml t-BuOOH + 

50 m l  PhCH 
3 mg MO (-CO) 6,  1 doOc 

0~0 5. i t rnin.  

O 2 

0 stream, 7 5 ' ~  
3 .  2 

QTJ ';::lC;;:;; + 

t - 1 
2 

58 min. 

2.5 mg Mo(CO)~ 
O 2 

t l 
2 

, Qsa 11.6 min. 

t 
' 36 min. 

0 
O2 

. . 

Reaction Condit ions: 3 .1  ml t-BoOOH, 50 m l  PhCH ~ ~ C J M O ( C O ~ &  7 5 ' ~  3 ' 

React ion Conditions: 13 m l  t-BuOOH, 50 m l  PhCH3, 12 mg MO(CO)~ 



On t h e  b a s i s  of ou r  experiments ,  and from r e s u l t s  r epo r t ed  i n  t h e  lit- 
e r a t u r e ,  we have reached t h e  fo l lowing  conclusions:  

1. Organic s u l f i d e s  can be e f f e c t i v e l y  oxid ized  t o  su l fones  us ing  
a l k y l  hydropero:;ides i n  organic  so lven t s .  

2. I n  t h e  absence of added hydroperoxide, t h e s e  same s u l f i d e s  can be 
oxidized j u s t  a s  e f f e c t i v e l y  by bubbling a  s t ream of oxygen through 
t h e  organic  so lven t  provided a  subs tance  such a s  cumene o r  t e t r a l i n  
is  p re sen t .  These subs tances  a r e  known t o  r e a d i l y  form hydroperoxides 
i n  t h e  presence of oxygen, and thus  they provide a method f o r  t h e  
i n  s i t u  genera t ion  of hydroperoxides.  -- 

3. The r a t e s  of both t h e  molecular  oxygen and hydroperoxide ox ida t ions  
can be increased  by a  f a c t o r  of  10 t o  15 by t h e  a d d i t i o n  of  
Mo (CO) 6 .  

4.  Mo(C0) and Z r C 1 4  a r e  e f f e c t i v e  ox ida t ion  c a t a l y s t s  i n  non-aqueous media 6 
but  we have been unable t o  s p e c i f i c a l l y  o x i d i z e  organic  s u l f u r  under 
aqueous cond i t i ons .  

Thus, i t  appears  t h a t  ex t ens ive  molecular ox ida t ion  of  t h e  organic  s u l f u r  i n  
c o a l  t o  su l fones  and s u l f o n i c  a c i d s  can be accomplished under mild c o n d i t i o n s ,  
but  on ly  i n  non-aqueous media. Under t hese  cond i t i ons ,  t h e  r e a c t i o n  would 
probably be ca ta lyzed  by ? l0(C0)~ .  

REACTIONS OF SULFONES 

Simultaneously,  we have been probing r e a c t i o n s  of  su l fones  under c o n d i t i o n s , .  
similar t o  those  of t h e  Ames Process  i n  o r d e r  t o  d i scove r  a  desu l fony la t ion  
method (Step 2 of t h e  Ames Process) .  A s  expected,  su l fones  were completely 
i n e r t  under Amca Process curlrlitions.. I n  f a c t ,  a b s o l u t e l y  no.desul . fonylat ion 
was de t ec t ed  f o r  t h e  fo l lowing  compounds when sub jec t ed  t o  any of t h e  condi- . . 
t i o n s  l i s t e d  below. 

Conditions 
1. 0.2M Na2C0 i n  80% v /v  EG:H20, 130°c, 20 hours.  
2. 0.2M NaOH t o r  KOH) i n  EG, 190°C, 20 hours.  
3. 0.4M NaOH i n  H20, 225O~,  20 hours.  

However, when su l fone  5 was r eac t ed  wi th  f i v e  equ iva l en t s  of potassium 
hydroxide i n  r e f l u x i n g  mes i ty lene ,  t h e  su l fone  disappeared a f t e r  20 hours .  
By adding 0.25 equ iva l en t s  of 18-Crown-6 e t h e r  (a  phase t r a n s f e r  reagent  f o r  
s o l u b i l i z i n g  potassium hydroxide) ,  t h e  r e a c t i o n  time w a s  reduced t o  e i g h t  
hours;  and t h r e e  products  were i d e n t i f i e d  a s  i nd ica t ed  by t h e  fo l lowing  
equat ion  : 



Mesitylene 
163O~,  8 hours 

+ 

Compounds L and 8 have been previously reported a s  products from t h e  re-  
a c t i o n  of 4 wi th  potassium hydroxide a t  much higher ~ n l r ~ r s a t u r c s .  The sul- 
t i n e ,  9, has not  .been previously reported and represents  a p o t e n t i a l  break- 
through i n , o u r  desul fonyla t ion  s tud ies .  We have i s o l a t e d  2 i n  y i e l d s  as high 
a s  26 per  cent ;  and i t  does not  appear , to be a precursor t o  the  phenol o r  the  
s u l f o n i c  ac id .  The s u l t i n e  is  f a r  more r e a c t i v e  than the  su l fone ,  5,  and, on 
t h i s  b a s i s ,  would d e s u l f u r i z e  more r e a d i l y  i n  t h i s  form. 

CONCLUSIONS' 

Studies  of t h e  b a s i c  chemistry of o r g a n i c . s u l f u r  compounds under process 
condi t ions  i s  a va luable  t o o l  f o r  process evaluat ion  and improvement. Our 
s t u d i e s  show t h a t  t h e  a l k a l i n e  leaching of coa l  under a i r  pressure  r e a d i l y  re- 
moves p y r i t i c  s u l f u r ,  bu t  is l i k e l y  t o  a f f e c t  only one p a r t i c u l a r  f u n c t i o n a l  
type of organic s u l f u r  compounds. Moreover, cond i t ions ' seve re  enough t o  oxi- 
d i z e  a d d i t i o n a l  c l a s ses -  of organic s u l f u r  compounds w i l l  l i k e l y  oxidize  t h e  
carbon-hydrogen s t r u c t u r e  of c o a l  and s i g n i f i c a n t l y  decrease heat ing  value .  

New chemistry on each of the  two s t e p s  of oxydesul fur iza t ion ,  (1) oxida- 
t i o n  and (2) desul fonyla t ion ,  has been found. C a t a l y t i c  formation of organic  
hydroperoxides under process condit ion gives a  new oxidant  which allows or- 
ganic s u l f u r  t o  be oxidized s e l e c t i v e l y .  By use o f .phase - t r ans fe r  reagents ,  
t h e  r eac t ion  of dibenzothiophene su l fone  wi th  potassium hydroxide can be ac- 
complished a t  temperatures lower than those observed by previous workers. A 
new in termedia te  product was discovered. Exploi ta t ion  of i t s  chemistry may 
al low t h e  development of milder condi t ions  f o r  dibenzothiophene desu l fu r i za t ion .  

Basic s t u d i e s  of t h e  chemistry of o the r  d e s u l f u r i z a t i o n  methods should be 
equal ly  successful .  Each advance i n  fundamental knowledge of t h e  chemistry of 
underlying processes w i l l  allow t h e  sys temat ic  development of improved methods. 
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SULFUR AND ASH REDUCTION I N  COAL 
BY MAGNETIC SEPARATION* 

E. C .  Hise 

Engineer ing  Technology D i v i s i o n  
Oak Ridge N a t i o n a l  L a b o r a t o r y  

Oak Ridge,  Tennessee  37830 

I want t o  d i s c u s s  magnet ic  p r e p a r a t i o n  of d r y  c r u s h e d  c o a l  i n  t h e  c o n t e x t  
of i t s  p o t e n t i a l  r o l e  a s  one of t h e  u n i t  o p e r a t i o n s  i n  t h e  o v e r a l l  c o a l  prepa-  
r a t i o n  process .  T h e r e f o r e ,  I w i l l  f i r s t  d i s c u s s  p h y s i c a l  c o a l  p r e p a r a t i o n  i n  
g e n e r a l  . 

The Bureau of Mines Report of Investigation 8118~ p r e s e n t s  r a t h e r  com- 
p r e h e n s i v e  w a s h a b i l i t y  d a t a  f o r  455 c h a n n e l  samples  of c o a l s  of t h e  Uni ted  
S t a t e s .  1 w i l l  u se  h e r e  t h e i r  a v e r a g e s  o f  227 samples  from t h e  Nor the rn  Appa- 
l a c h i a n  reg ion .  The a v e r a g e s  f o r  t h e  t o t a l  U.S. samples  a r e  q u i t e  s i m i l a r .  

F i g u r e  1  d i s p l a y s  a s h  r e d u c t i o n  a s  a  f u n c t i o n  of t h e  s p e c i f i c  g r a v i t y  o f  
s e p a r a t i o n  and t h e  t o p  s i z e  of t h e  sample b e i n g  s e p a r a t e d .  The y i e l d  o r  Btu 
recovery  i s  not d i s p l a y e d  h e r e  but  can  be determined from t h e  d e t a i l e d  wash- 
a b i l i t y  d a t a .  These two s o u r c e s  show t h a t  a t  l e a s t  h a l f  of t h e  a s h  c a n  be re- 
moved from t h e s e  c o a l s  w i t h  a  Btu  recovery  i n  e x c e s s  of 90%. These channe l  
samples  averaged 15.1% ash.  Thus, p h y s i c a l  p r e p a r a t i o n  of t h e  some 500 x 
l o 6  t o n s  of c o a l  burned by u t i l i t i e s  t h i s  y e a r  cou ld  reduce  by 4 0  x 106 
tons  t h e  amount of a s h  s h i p p e d ,  p u l v e r i z e d ,  blown through a b o i l e r ,  removed by 
p r e c i p i t a t o r s ,  and pumped t o  a s h  p i t s .  T h i s  40 x lo6  t o n s  i s  a c o n s e r v a t i v e  
e s t i m a t e  because  run-of-mine c o a l  t y p i c a l l y  c o n t a i n s  3 t o  10% more a s h  t h a n  
channe l  samples.  

F i g u r e  2 d i s p l a y s  t h e  s u l f u r  r e d u c t i o n  i n  terms of pounds of SO2 gener -  
a t e d  p e r  m i l l i o n  Btu a s  a  f u n c t i o n  of s p e c i f i c  g r a v i t y  of s e p a r a t i o n  and t o p  
s i z e  of t h e  sample being s e p a r a t e d .  Again, we s e e  t h a t  p h y s i c a l  p r e p a r a t i o n  
can remove a n  average  of abou t  45% of t h e  SO2 wi th  a  Btu r e c o v e r y  i n  e x c e s s  
o f  90%. Th i s  s u l f u r  r e d u c t i o n  would make on ly  a small p e r c e n t a g e  of t h e s e  
c o a l s  i n t o  compl iance  f u e l s .  However, s i n c e  t h e s e  c o a l s  a v e r a g e  4.8 l b  o f  
SO2 p e r  l o6  Btu, p h y s i c a l  p r e p a r a t i o n  of t h e  some 500 x lo6 t o n s  of c o a l  
burned by u t i l i t i e s  t h i s  y e a r  c o u l d  reduce  t h e  SO2 c r e a t e d  by 1 3  x lo6 
t o n s .  T h i s  i n  t u r n  cou ld  reduce  by a t  l e a s t  3 0  x lo6 t o n s  p e r  y e a r  t h e  
l i m e s t o n e  t o  be  mined, t r a n s p o r t e d ,  c r u s h e d ,  s l u r r i e d ,  and f e d  t o  s c r u b b e r s .  
I t  c o u l d  a l s o  reduce by a t  l e a s t  36 x lo6 d r y  t o n s  p e r  y e a r  t h e  s c r u b b e r  
waste  f o r  d i s p o s a l  (Tab le  1 ) .  

F i g u r e  3 i l l u s t r a t e s  one deep b e n e f i c i a t i o n  method t h a t  c a n  a c h i e v e  t h e s e  
r e d u c t i o n s  and r e c o v e r i e s .  A s e p a r a t i o n  of t h e  c o a r s e  c o a l  (1-112-in. t o p  
s i z e )  w i l l  y i e l d  a n  a v e r a g e  c o a r s e  c o a l  product  c o n t a i n i n g  a b o u t  50% of t h e  
Btu w i t h  t h e  a s h  reduced abou t  70% and t h e  s u l f u r  reduced a b o u t  50%. A second 
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NORTHERN APPALACHIAN REGION (227 SAMPLES) 

THE EFFECT OF CRUSHING TO 1-112-in., 318-in., AND 14-MESH TOP SIZE ON THE REDUCTION' 
OF ASH, PYRITIC SULFUR, TOTAL SULFUR, AND POUNDS SO2 EMISSION PER MILLION Btu A T "  
VARIOUS SPECIFIC GRAVITIES OF SEPARA'TION FOR THE NORTHERN APPALACHIAN REGION 
COALS. 

THE AVERAGE RAW COAL OF THE REGION CONTAINED 15.1% ASH AND WOULD PRODUCE 
4.8 Ib  ~ 0 ~ 1 1 0 ~  Btu FIRED AT THE POWER PLANT. 

s e p a r a t i o n  a t  a  s p e c i f i c  g r a v i t y  of 1.6 w i l l  y i e l d  a  midd l ings  c o n t a i n i n g  most 
o f  t h e  remaining Btu and a  c o a r s e  r e f u s e  c o n t a i n i n g  a b o u t  6% of t h e  Btu ,  40% 
of t h e  a s h ,  and 30% of t h e  s u l f u r .  The midd l ings  a r e  t h e n  c r u s h e d  t o  14  mesh 
and s e p a r a t e d  a t  a  s p e c i f i c  g r a v i t y  of  1.6. The c o a r s e  and f i n e  p roduc t  com- 
bined w i l l  y i e l d  o v e r  90% of t h e  Btu wi th  a n  a s h  r e d u c t i o n  of 50% and a  s u l f u r  
r e d u c t i o n  of 45%. Thus, deep benef i c i a t i o n  u s u a l l y  req1.1i r e s  some f r a c t i o n  of 
t h e  c o a l  t o  be c rushed  and p repared  a s  f i n e  c o a l ,  and magne t i c  p r e p a r a t i o n  of 
d r y  f i n e  c o a l  i s  be ing  developed a s  an a l t e r n a t i v e  t o  e x i s t i n g  wet f i n e  c o a l  
p r o c e s s e s .  

There i s  adequa te  e ~ i d e n c e ~ ' ~  t o  c o n v i n c e  me t h a t  p h y s i c a l  p r e p a r a t i o n  
o f  steam c o a l  i s  economic i n  ' t he  ha rd  e n g i n e e r i n g  power p r o d u c t i o n  c o s t s  of 
t r a n s p o r t a t i o n ,  ma in tenance ,  a v a i l a b i l i t y ,  and c a p a c i t y  as w e l l  a s  be ing  a n  



Table 1. Reduction of power p l a n t  wastes  ach ievable  
by phys ica l  p r e p a r a t i o n  of steam coala 

- - -- - - -  

Reduct i on  Amount of r educ t ion  

Ash gene ra t  ion,  t o n s  per  y e a r  40 x 106 
SO2 gene ra t i on ,  t o n s  per  y e a r  13 x 106 
Limestone consumption, t o n s  per  y e a r  30 x 106 
Scrubber waste (dry weight),  t ons  per  y e a r  36 x 106 
Pu lve r i ze r  maintenance c o s t ,  d o l l a r s  per  y e a r  20 x 106 

=AS sump t ions  : 

500 x lo6 t ons  of steam coa l  burned pe r  yea r ,  
U.S. average a n a l y s i s  of raw c o a l  a sh  and s u l f u r ,  
U.S. average  washab i l i t y  of raw c o a l ,  
S tack  gas  scrubbing with l imes tone  a t  1.4 s todchiomct r ic ,  
Average p u l v e r i z e r  maintenance c o s t  of $O.SO/ton. 
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. * .  



economic t a c t i c  i n  t h e  emiss ion  c o n t r o l  s t r a t e g y .  Furthermore, i t  is my opin- " 

i o n  t h a t ,  cons ide r ing  t h e  a s s o c i a t e d  c o s t s  throughout  t h e  c o a l  product ion and 
use  system, d ry  p r e p a r a t i o n  of f i n e  c o a l  w i l l  be more economic than  wet prepa- 
r a t i o n .  In  t h i s  c o n t e x t  we a r e  pursuing t h e  development and commercializa- 
t i o n  of both high-gradient  magnetic s e p a r a t i o n  and open-gradient magnetic 
s e p a r a t  ion. 

High-gradient magnetic s e p a r a t i o n  of c o a l  depends on t h e  f a c t  t h a t  t h e  
i r o n  p y r i t e  and much of t h e  o t h e r  i no rgan ic  contaminants i n  c o a l  a r e  weakly 
paramagnetic;  t h a t  i s ,  they  a r e  weakly a t t r a c t e d  i n t o  a  magnetic f i e l d .  A 
ba tch ,  high-gradient  magnetic s e p a r a t o r  (HGMS) can  c o n s i s t  of a  so lenoid  w i t h  
i t s  c o r e  c a v i t y  f i l l e d  with a  f i l amen ta ry  o r  expanded metal  mesh, a s  shown 
schema t i ca l l y  i n  Fig.  4. A t y p i c a l  mesh i s  shown i n  Fig.  5. Each wi re  o r  
element of t h e  mesh becomes a small magnet with a  h igh  f i e l d  g r a d i e n t  t h a t  
a t t r a c t s  and t r a p s  weakly magnetic p a r t i c l e s .  The assembly behaves a s  a  
m a g n ~ t i c  f i l t e r .  If crushed c o a l  i s  f ed  i n t o  such a device  as shown i n  Fig. 
6 ,  t h e  c l e a n  coa l  w i l l  p a s s  through, and  ~nucll of t h c  inorgan.fr  m a t e r i a l  w i l l  
be trapped. Wher~ Llle magnet i o  tu rned  nf f ,  t h e  i no rgan ic s  w i l l  f a l l  out  a s  i n  
F ig .  7. Such batch dev ices  a re  adequate  f o r  l abo ra to ry  t e s t i n g ,  but  a  C6R- 
t i n u o u s  machine i s  more s u i t a b l e  f u r  s e p a r a t i o n  a t  prodi i r t ion r a t e s .  A con- 
~ ~ L I U O U S  e a rouse l  type machine i s  shown schema t i ca l l y  i n  Fig. 8. In  t h e s e  
machines t h e  mesh passes cont inuous ly  through t h e  magnetized c a v l t y  so  t h a t  
t h e  product coa l  can pass  d i r e c t l y  through, while  t h e  t rapped inorganic0  are 
c a r r i e d  out of t h e  f i e l d  and r e l e a s e d  s e p a r a t e l y .  Such machines a r e  commer- 
c i a l l y  produced f o r  t h e  minera l s  i ndus t ry  with c a p a c i t i e s  of up t o  s e v e r a l  
hundred tons  of f eed  per  hour.  

We have performed a  l a r g e  number of batch s e p a r a t i o n  t e s t s 5  on s e v e r a l  
c o a l s  t o  determine t h e  a p p r o p r i a t e  va lues  f o r  each of t h e  many parameters con- 
t r o l l i n g  t h e  process.  Although i t  i s  u n l i k e l y  t h a t  we have yet  optimized a l l  
of t h e  parameters ,  we a r e  now a b l e  t o  repea ted ly  ob ta in '  good s e p a r a t i o n s  on 
t h e  coa l s  and s i z e  f r a c t i o n s  t e s t e d .  The s e p a r a t i o n s  of a  -100 +200 mesh . 
f r a c t i o n  of a  Western Kentucky seam No. 9 c o a l  a r e  shown i n  Fig.  9. The su l -  
f u r  remaining i n  t h e  product i s  p l o t t e d  a g a i n s t  t h e  Btu recovery a l o n g  with a  
p l o t  of g r a v i m e t r i c  s e p a r a t i o n  of t h e  same coa l  and s i z e  f r a c t i o n  a t  s p e c i f i c  
g r a v f c i e s  of 1.3, 1.11, 1.5, 1.6, and 1.7 f o r  comparison. The c l o s e  s i m i l a r i t y  
of  t h e  d a t a  argues t h a t  t h e  HGMS i s  about a s  e f f e c t i v e  a s  t he  g rav lme t r l c  proV- 
c e s s  and can remove e s s e n t i a l l y  a l l  of t h e  l i b e r a t e d  p y r i t e  a t  a  Btu recovery  
of  about 95%. The ash  d a t a  f o r  t h e s e  sme s e p a r a t i o n s  a r e  d i sp layed  i n  Fig.  
10 and show t h a t  while  t h e  HGMS was not q u i t e  as e f f e c t i v e  i n  t h e s e  t e s t s  a s  
t h e  g rav ime t r i c  s e p a r a t o r ,  i t  d i d  remove over  ha l f  t h e  ash. It is l i k e l y  t h a t  
some of t h e  i n o r g a n i c s  a r e  no t  s u f f i c i e n t l y  magnetic t o  be t rapped ,  and i t  i s  
a l s o  p o s s i b l e  t h a t  w e  have not y e t  t e s t e d  t h e  bes t  pos s ib l e  s e t  of condi t ions .  
A s i m i l a r  s e r i e s  of t e s t s  with a  Pennsylvania Lower F reepor t  Coal a l s o  
achieved s u l f u r  reduct  i ons  equa l ing  and a s h  reduct  i ons  approaching t h o s e  of 
t h e  g rav ime t r i c  process.  

Using t h e  des ign  informat ion  developed i n  t h a t  s e r i e s  of batch t e s t s  t he  
cont inuous s e p a r a t i o n  machine has  been set up a s  shown i n  Fig. 11  t o  test con- 
t i nuous  s e p a r a t i o n  a t  a  1-ton/h f eed  r a t e .  The Tennessee Val ley  -4u thor i ty  
(TVA) and Pennsylvania  Power and Light ,  who a r e  p a r t i c i p a t i n g  wi th  t h e  Depart- 
ment of Energy (DOE) i n  t h i s  program, have supp l i ed  25 tons  o f .  Kentucky No. 9 
and Lower Ki t t a n i n g  steam c o a l s ,  r e s p e c t i v e l y  , f o r  t e s t i n g .  These coa l s  have 
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Fig. 4. High-gradient magnetic separator. 
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nvironment .with the  par t ic ipa t ion  of 
u t i l i t i e s  and industr ies .  

, Open-gradient magnetic separation is  able  t o  use not only the  force  a t -  
t r aa t i ng  t h e  inorganic o r  mineral pa r t i c l e s  i n to  the  magnetic f i e l d ,  a s  i n  the  
H m ,  but a l s o  the force repe l l ing  the organic o r  coa l  pa r t i c l e s  qat of the  
f ie ld .  The forces a r e  about equal i n  magnitude but a r e  opposite i n  sign. If 
a stream of crushed coal  f a l l s  through a cavi ty  having a properly shaped mag- 
ne t t c  f i e l d ,  t he  clean coal pa r t i c l e s  w i l l  be deflected t o  decreasiag f i e l d ,  
and the  mlneral pa r t i c l e s  w i l l  be deflected t o  increasing f i e l d ,  spreading t h e  
stream gnto a spectrum. I f  t ha t  spectrum is  s p l i t  a t  t he  proper point, then 
the  bulk of the  pypize and ash can be conducted off i n  one stream and the  bulk 
of the  clean coal i n  the  other. Stnee part.icAes a r e  not trapped i n  a mag- 
net$zed' mesh, ' the process i s  one of simple cont3nuous flow w&th no moving 
mabhinery required. A means t o  accomplish*this separation on a laboratory 
s&'e is i l l u s t r a t e d  schematically i n  Fig. 12. We have dkmonstrated6 sepa- 
rdfiPous i n  such a device equaling i n  y i e ld  and the  gravimetric separa- 
t4:&s of i den t i ca l  samples. Since open-gradtent separation is possible a t  
t h h  time only i n  small ' laboratory machines, i t  must be considered only as a 
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Fig. 11.  Continuous separation experimental arrangement. 



CRUSHED COAL 

NON-UNIFORM 
MAGNETIC FIELD 

...t-.....'..:...'...-.- 

IS 
Z 

c . 4%:-. 

SPLITTER 

PRODUCT C,OAL REFUSE 

NEGATIVE SUSCEPTIBILITY PARTICLE 

0 POSITIVE SUSCEPTIBILITY PARTICLE 

Fig. 12. Schematic of open-gradient separator. 



l a b o r a t o r y  p rocess  u s e f u l  f o r  a s s a y i n g  t h e  magne t i c  s e p a r a b i l i t y  of c o a l s .  
.However, we have measured t h e  pa ramete r s  c o n t r o l l i n g  t h.is p r o c e s s ,  have con- 
s t . f u c t e d  t h e r e f r o m  a  mathemat ica l  model, and a r e  a b l e  t o  p r e d i c t  t h e  f o r c e s  
and  s e p a r a t i o n s  a c h i e v a b l e  by magnets of v a r i o u s  c o n f i g u r a t i o n s  and s i z e s .  I t  
now a p p e a r s  p o s s i b l e  t o  d e s i g n  and b u i l d  a  magnet c a p a b l e  of accompl i sh ing  
f r e e - f a l l ,  open-gradient  s e p a r a t i o n  of c o a l  a t  r a t e s  of many tons  p e r  hour.  
S i n c e  t h i s  p rocess  o f f e r s  t h e  p o t e n t i a l  of b e i n g  s i m p l e r ,  c h e a p e r ,  and more 
s e l e c t i v e  t h a n  t h e  HGMS , we a r e  now e x p e r i m e n t a l l y  c o r r o b o r a t i n g  t h e  c a l c u l a -  
t i o n s  and w i l l  a t t e m p t  t o  deve lop  i t  a s  a  'commercial p r o c e s s .  

The magne t i c -p repara t ion-of -coa l  program r e f l e c t s  t h e  p o s i t i o n  t h a t  t h e  
deep p h y s i c a l  p r e p a r a t i o n  of steam c o a l  i s  bo th  economic and v i a b l e  i n  t h e  en- 
v i ronmenta l  c o n t r o l  s t r a t e g y  and t h a t  d ry  p r e p a r a t i o n  of f i n e  c o a l  i s  economic 
as ' compared  w i t h  wet p rocesses .  The program h a s  demons t ra ted  t h e  t e c h n i c a l  
f e a s i b i l i t y  of two magnet ic  p r o c e s s e s ,  h a s  demonstra ted  one p r o c e s s  a t  a  p i l o t  
p l a n t  s c a l e  of 1  ton /h  and i s  c o n t i n u i n g  t o  develop one o r  both  p r o c e s s e s  t o  
commercial  v i a b i l i t y .  
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1. INTRODUCTION 

The O i l  Shale  Task Force was formed i n  response t o  a  l e t t e r  from 
Governor Lamm t o  Sec re t a ry  Schles inger  on May 8, 1978. The Governor asked 
the  Department of Energy " to  a s s i s t  Colorado by working w i t h  us  i n  de- 
ve loping  a d d i t i o n a l  r e sea rch  and ana lyses  of c u r r e n t  and f u t u r e  e f f o r t s " .  
The Department c r ea t ed  t h e  Task Force, i n i t i a l l y  termed t h e  DOE/EV Modi- 
f i e d  I n  S i t u  Task Force,  t o  p l an ,  implement, and coord ina te  a  comprehensive, 
i n t e g r a ~ e d  research  program on t h e  environmental and h e a l t h  impacts of 
Modified -- I n  S i t u  (MIS) processes .  More r e c e n t l y ,  t h e  charge t o  t h e  Task 
Force has  been broadened t o  cover s u r f a c e  processes  as w e l l  a s  i n  s i t u  

(1)  processes .  I n  terms of t h e  O i l  Shale  R.D. and D. Program Management P lan  , 
t he  Task Force p l ays  t h e  r o l e  of coord ina t ing  t h e  work be ing  done i n  t h e  
Environmental A c t i v i t y  w i t h i n  t h e  s u b a c t i v i t y  on Data Base Development. 

The Task Force c o n s i s t s  of s c i e n t i s t s  from t h e  v a r i o u s  Na t iona l  Lab- 
o r a t o r i e s ,  U n i v e r s i t i e s ,  t h e  Laramie Energy Technology Center ,  and two 
i n d i v i d u a l s  who p lay  a key r o l e  i n  l i n k i n g  t o  o u t s i d e  groups. The mem- 
be r sh ip  of t h e  Task Force i s  shown i n  Table 1. A s  cha i rman , . I  have formed 
an Advisory Group t o  f a c i l i t a t e  communication wi th  o u t s i d e  groups. The 
Group has  a  broad r e p r e s e n t a t i o n  involv ing  people from bo th  t h e  p r i v a t e  and 
p u b i i c  s e c t o r s ,  a s  can be seen from  able-2. 

2. THE PAST 

The b a s i c  approach taken w a s  t o  develop a  g e n e r i c  r e s e a r c h  p l a n  t h a t  
addressed t h e  i s s u e s  shared  by a l l  MIS processes .  This  p l a n  i s  supplemented 
by appendices  f o r  d i f f e r e n t  p roces ses  and s i t e s .  Such a p l a n  was developed 
f o r  t h e  Occidenta l  ope ra t ion  i n  Logan Wash. The s i t e - s p e c i f i c  p l a n  then 
became t h e  implementation p l an .  

I n  February, 1979, t h e  Task Force was provided wi th  samples of a spent  
s h a l e  co re  t h a t  w a s  ob ta ined  from Re to r t  3E a t  Logan Wash. Data p e r t i n e n t  
t o  t h e  spent  s h a l e  co re  samples i s  given i n  Table 3. F igure  1 i l l u s t r a t e s  
F i sche r  Assay d a t a  and minera logic  c h a r a c t e r i z a t i o n  of t h e  spent  s h a l e  sam- 
p l e s .  I n  March, 1979, a  team from PNL, EML, and LASL e x t e n s i v e l y  sampled 
groundwater from monitor ing w e l l s  and sumps a s  w e l l  a s  e f f l u e n t s  and products  
from Re to r t  6 a t  Logan Wash whi le  r e t o r t i n g  was i n  progress .  Standard sam- 
p l i n g  p ro toco l s  were used. Table 4 d e s c r i b e s  p r e s e r v a t i o n  techniques  em- 
ployed on t h e  samples obtained.  

These m a t e r i a l s  were then d i s l r i b u t e d  t o  t h e  Task Force. Rather  ex- 
t e n s i v e  chemical and p h y s i c a l  ch$i-qcterization have been performed. I n  
a d d i t i o n ,  leaching  s t u  i s and b ioassays  have and a r e  be ing  c a r r i e d  out .  

?2 r  A p rog res s  r e p o r t  was r e c e n t l y  prepared which g i v e s  a  d e t a i l e d  
d e s c r i p t i o n  of t he  r e s u l t s  ob ta ined  between March and J u l y  of 1979. 
The Task Force convened a  workshop i n  J u l y  of 1979 where a l l  of t h e  
s c i e n t i s t s  who had been working on t h e  OXY samples were brought t o g e t h e r  
t o  d i s c u s s  t h e  r e s u l t s .  These d i scuss ions  r e s u l t e d  i n  f r u i t f u l  and v ig-  
orous debate  over  t h e  meaning, v a l i d i t y  and s i g n i f i c a n c e  of t h e  da t a .  
The r e s u l t  of t h e  workshop was t h e  f i r s t  d r a f t  of t h e  r e p o r t  j u s t  mentioned. 
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Des igna t ion  and D j s t r i b u t i o n  f o r  O c c i d e n t a l  Room 3 E  
R e t o r t e d  S h a l e  Core S a ~ n p l c s  

Core Sample Depth ( f t  . 'I 'otal Sample CU Sample LASL. Sample PNL 

Nunibe r f ram ground Wcight (g)  ( g >  (S ) Sample 
s u r f  ace) ( R )  

I1 4 4 2 - 4 4 5  5 4 . 2  2 5 10  10  

,1;3 481.5-485.5  5 2 . 2  ? 0 10 
. . 

14  484.-485 S O .  6 2 5 10 10 
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TABLE 4 

I l reservat  ion  of Groulid and Effluent 
Saniples a t  Logcnl W:tsh 

Samples co l  l c c t c d  i n  po lyc thylcnc  b o t t l e s - - f  i . l t c rcd  snmplcs f i l t e r e d  
thsough 0 . 4  p Nucleopose f i l t e r s .  Each ,sample was d iv ided  i n t o  seven 
subsarnples t r e n t c d  3s f o l  lorvs : 

1. F i l t c r e d  - -  un. treated,  r e f r i g e r a t e d  

2 .  F i l t e r e d  p l u s  5 m i  Ul t r ex  n i t r i c  ac id  

3 .  F i l t e r e d  - -  un t r ea t ed  

4 .  Unf i l t e r ed  p l u s  5 mi. concentrated s u l f u r i c  ac id  

5 .  Unfi.lt.ered p l u s  1 g copper s u l f a t e  p i u s  6 mR co~ lcen t r a t ed  
phosphor ic  ac id. . . 

7.  Unf i l t e r ed  p l u s  5 mR IJltrex ~ l i ~ . r i c  a c i d  



That d r a f t  w a s  then  d i s t r i b u t e d  t o  t h e  Task Force and t h e  Advisory Group 
f o r  comments t h a t  were incorpora ted  i n  subsequent d r a f t s .  

The r e p o r t  i s  d iv ided  i n t o  t h r e e  s e c t i o n s  corresponding t o  t h e  format 
of t h e  workshop, namely: Cha rac t e r i za t ion ,  Leaching, and Health.  Many 
of t h e  r e s u l t s  ob ta ined  t o  d a t a  should be considered t o  be pre l iminary  
u n t i l  v e r i f i e d  by a d d i t i o n a l  ana lyses .  With t h i s  proviso  t h e  p r i n c i p a l  
conclusions t o  d a t e  a r e :  

Cha rac t e r i za t ion  S tud ie s  

Liquid Samples: 

--Those samples of Oxy o i l  t h a t  have been analyzed have lower con- 
c e n t r a t i o n s  of a r s e n i c  and selenium and h ighe r  concen t r a t ions  of 
vanadium, c o b a l t ,  n i c k e l ,  and z i n c  than  o t h e r  s h a l e  o i l s  t h a t  have 
been analyzed. 

--In gene ra l  t h e  s h a l e  o i l s  t h a t  have been measured (both  s u r f a c e  and 
MIS) a r e  h igher  i n  a r s e n i c ,  selenium, c o b a l t ,  and n i t r o g e n  and lower 
i n  vanadium and n i c k e l  compared t o  crude petroleums. 

--Retort 6 product  waters  a r e  composi t ional ly d i f f e r e n t  from product  
waters  produced by above-ground processes .  

--Although t h e  concen t r a t ions  of many elements  and chemical s p e c i e s  
a r e  lower i n  e f f l u e n t s  from Re to r t  6 compared t o  above-ground r e t o r t s ,  
h ighe r  water  and gas product ion r a t e s  p e r  b a r r e l  of o i l  a r e  o f t e n  
involved wi th  MIS processes  and t h e s e  may l e a d  t o  h ighe r  t o t a l  emis- 
s i o n s  p e r  b a r r e l  of o i l  f o r  some subs tances  by t h e  MIS process .  - .  

Gaseous Samples: 

--Mercury has  been de t ec t ed  i n  a l l  gas  samples which have been analyzed 
t o  da te .  1 

--Very l i t t l e  a r s e n i c  i n  any form is p resen t  i n , t h e s e  samples. 

S o l i d  Samples: 

--The core  .samples from Re to r t  3E show cons iderably  g r e a t e r  composi t ional  
v a r i a t i o n  than  found i n  s h a l e  samples from above-ground and s imula ted  
i n  s i t u  r e t o r t s .  -- 

--Boron, f l u o r i d e ,  a r s e n i c , , s u l f u r ,  and molybdenum gene ra l ly  i n c r e a s e  
wi th  depth. Other elements  f l u c t u a t e  more o r  l e s s  randomly w i t h  
depth. 

- - A l l  core samples measured showed r e s i d u a l  mercury concen t r a t ions  as 
opposed t o  spent  s h a l e s  obta ined  from simulated -- i n  s i t u  r e t o r t s .  

- - O X ~  spent '  s h a l e s  a r e  gene ra l ly  h ighe r  i n  boron and .calcium and lower 
i n  sodium and'molybdenum t h a t  o t h e r  spent  s h a l e s  s t u d i e d  t o  d a t e .  

Leaching S tud ie s  

Although t h e  Retor t  3E s h a l e  w a s  exposed t o  high r e t o r t i n g  temperatures ,  
a water  s o l u b l e  f r a c t i o n  e x i s t s  a n d ' i s  r a p i d l y , l e a c h e d  from t h e  r e t o r t e d  
s h a l e  under l abo ra to ry  condi t ions .  

Leachate concen t r a t ions  of aluminum, a r s e n i c ,  boron, f l u o r i d e ,  molybdenum, 



selenium, and vandium a r e  s u f f i c i e n t l y  h igh  t o  warran t  f u r t h e r  inves-  
t i g a t i o n  t o  determine whether they a r e  of environmental  concern. 

o ~ e t o r t  3E can be  d iv ided  i n t o  a  smal l  number of zones o r  d i v i s i o n s  
which g ive  s i m i l a r  l e a c h a t e s .  This  imp l i e s  t h a t  r e t o r t i n g  c o n d i t i o n s  
(e .g . ,  temperature)  and/or  t h e  c h a r a c t e r  of t h e  i n i t i a l  raw s h a l e  

.may p l ay  a  s i g n i f i c a n t  r o l e  i n  determining t h e  c h a r a c t e r  of t h e  
l eacha t e .  I f  s o ,  t h e  environmental  impact could be l e s sened  by us ing  
a p p r o p r i a t e  r e t o r t i n g  cond i t i ons .  

. . H e a l t h  S t u d i e s  

s The Oxy crude s h a l e  o i l  from R e t o r t  6 a t  Logan Wash and s e v e r a l  
a s s o c i a t e d  by-products (product  wa te r ,  b o i l e r  blowdown, e t c .  ) were 
found t o  possess  e i t h e r  a  very  low o r d e r  mutagenic ac t i .v i . ty  o r  no 
a c t i v i t y  ar a l l .  

s Ear ly  r e s u l t s  from t h e  i n h a l a t i o n  s t u d i e s  u s ing raw s h a l e  d u s t  from 
ano the r  l o c a t i o n  have f a i l e d  t o  demonstrate a  carc inogenic  effect 
fo l lowing  s i x t e e n  months of exposure a t  dus t  concen t r a t i ons  w e l l  above 
t h e  a n t i c i p a t e d  i n d u s t r i a l  exposures.  

a I n d u s t r i a l  hygiene sampling of t h e  mine atmosphere a t  Logan Wash re -  
vea led  no s i g n i f i c a n t . d u s t  1-evels above s t anda rds  f o r  nu isance  d u s t s  
having r e l a t i v e l y  h igh  s i l i c a  conten t .  

a Two d i f f e r e n t  types  of p a r t i c l e s  were d e t e c t e d  i n  t he  mine atmosphere. 
One type ,  a s o l i d  compact p a r t i c l e ,  was found t o  p o s s e s s  a  h ighe r  s i l i c a  
con ten t  than t h e  o t h e r  t ype ,  a  porous p a r t i c l e ,  which posses se s  a  h ighe r  
calcium conten t  than t h e  f i r s t  type.  

These r e s u l t s  need t o  be v e r i f i e d  by a d d i t i o n a l  ana lyses  and b ioassays .  
I n  a d d i t i o n ,  two new c o r e s  of Retort 3E have r e c e n t l y  been obta ined  i n  a 
j o i n t l y  funded program wi th  OXY. These co re s  w i l l  g ive  acces s  t o  more 
samples than were p rev ious ly  a v a i l a b l e .  

From t h e  p o i n t  of view of environmental con ' t ro l ,  t h e r e  a r e  a  few 
s i g n i f i c a n t  f i nd ings .  One i s  t h e  e x i s t e n c e  of mercury   on cent rations i n  
t h e  o f f  gas  from Re to r t  6 i n  t h e  r an  e  of 10-25 ug Hg/m . This  r e s u l t  
g i v e s  suppor t  t o  e a r l i e r  work by ~ o x f ~ )  on s imula ted  -- i n  si t" r e t o r t s  
i n d i c a t i n g  a  p o t e n t i a l  need f o r  Hg removal from o f f  gases .  Another re- 
s u l t  of some importance is  t h a t  t h e r e  a r e  s i g n i f i c a n t  l e v e l s  of some 
contaminants  i n  t h e  l eacha t e .  Th i s  r e s u l t  r e l a t e s  t o  t h e  hypo thes i s  by 
smi th  ( 4 )  t h a t  t he  h igh  temperature  r e a c t i o n s  i n  i n  sit" r e t o r t i n g  would -- 
l e a d  t o  t h e  c r e a t i o n  of chemical ly  i n e r t  igneous and/or  metamorphic minera l s .  
A t  p r e s e n t ,  t he  i n i t i a l  work,ou the  OXY co re  samples i n d i c a t e s  t h a t  a  
wa te r  s o l u b l e  f r a c t i o n  does e x i s t .  However, on t h e  p o s i t i v e  s i d e ,  t h e  
m a j o r i t y  of t he  d i s so lved  s a l t s  a r e  r i n s e d  o u t  of t h e  MIS r e t o r t e d  s h a l e  
f a s t e r  than i s  t h e  case  of s u r f a c e - r e t o r t e d  s h a l e s .  

A s  previous1.y mentioned, t h e  core  can be d iv ided  i n t o  a  smal l  number 
of zones which g ive  s i m i l a r  l e a c h a t e s  i n d i c a t i n g  t h a t  r e t o r t i n g  c o n d i t i o n s  
may p l a y  an important  r o l e .  I f  t h i s  i s  t r u e ,  and i f  we ga in  an under- 
s t a n d i n g  of the  p h y s i c a l  and chemical mechanisms involved then  w e  i n c r e a s e  
t h e  l i k e l i h o o d  t h a t  a p p r o p r i a t e  r e t o r t i n g  cond i t i ons  could be used a s  a  
c o n t r o l .  

. . 



The b i o l o g i c a l  r e s u l t s  a r e  p o s i t i v e .  I f  v e r i f i e d  by a d d i t i o n a l  work 
on t h e  Logan Wash samples and samples from o t h e r  s i t e s ,  they  would l e s s e n  
some of 'the concern about worker exposure r e l a t i v e  t o  t h e  s u r f a c e  processes .  

3. THE PRESENT 

Presen t  a c t i v i t i e s  of t h e  O i l  Shale  Task Force a r e  concent ra ted  i n  
twomajo r  a r eas .  Work is  being completed on t h e  samples obta ined  from 
Re to r t  6 whi le  s tudy  of t h e  two new spent  s h a l e  cb re s  i s  be ing  i n i t i a t e d .  
This  work w i l l  l e ad  t o  a p i c t u r e  of t h e  temporal v a r i a t i o n s  i n  t he  da t a .  
In  a d d i t i o n ,  t h e  g r e a t e r  q u a n t i t i e s  of m a t e r i a l  a v a i l a b l e  from t h e  new 
co res  w i l l  a l low us  t o  conduct s t u d i e s  which were no t  p o s s i b l e  w i th  t h e  
previous  samples. One such a r e a  involves  looking  a t  t h i n  s e c t i o n s  of 
r e t o r t e d  s h a l e  i n  o r d e r  t o  b e t t e r  understand mine ra log ica l  changes 
which occur  dur ing  r e t o r t i n g  and how t h e s e  r e l a t e  t o  r e t o r t i n g  parometers.  

The Task Force i s  a l s o  engaged i n  a planning e f f o r t  aimed a t  ca r ry ing  
out  r e sea rch  a t  t h e  C-a Lease T r a c t  i n  coopera t ion  w i t h  t h e  Rio Blanco 
O i l  Shale  Company. P l ans  a r e  being made t o  c a r r y  ou t  i n t e n s i v e  sampling 
be fo re  and a f t e r  r u b b l i z a t i o n  and be fo re  and a f t e r  i g n i t i o n  (which i s  
es t imated  t o  occur  i n  May, 1980). Moreover, t h e  Task Force i s  p lanning  
t o  cooperate  i n  a j o i n t  s tudy  of t h e  leaching  of raw s h a l e  p i l e s  t h a t  w i l l  
be  c a r r i e d  out  i n  coopera t ion  wi th  Rio Blanco, t h e  Area O i l  Shale  Super- 
v i s o r ' s  Of f i ce ,  and E.P.A. These e f f o r t s  a r e  a p a r t  of t h e  d e t a i l e d  p l a n s  
developed f o r  t h e  R.D. & D. P lan .  

4 .  THE FUTURE 

The f u t u r e  r e sea rch  a c t i v i t i e s  w i l l  c o n s i s t  of t h e  implementation of 
t h e  R.D.  & D. Plan. This  w i l l  involve  work a t  t h e  v a r i o u s  Program Oppor- 
t u n i t y  No t i ce ' s  s imulated r e t o r t s  such a s  t hose  a t  Lawrence Livermore Lab- 
o r a t o r i e s  and Laramie Energy Technology Center ,  and o t h e r  f a c i l i t i e s  and 
s i t e s  a s  i s  necessary  t o  achieve  t h e  o b j e c t i v e s  of t h e  R.D. & D. P lan .  

Two f u t u r e  a c t i v i t i e s  involve  an e f f o r t  t o  s h a r e  t h e  r e s u l t s  of t he  
work of t he  Department of Energy and t h e  Task Force wi th  broader  audiences.  
The Task Force w i l l  be conducting a p u b l i c  meeting i n  A p r i l  i n  order t o  
desc r ibe  D.O.E.'s o i l  s h a l e  environmental r e sea rch  a c t i v i t i e s  ( a s  opposed 
t o  p l a n s )  t h e  Task Force w i l l  sponsor a major symposium on t h e  environmental  
e f f e c t s  of o i l  s h a l e  development. The p r i n c i p a l  focus  of t h e  symposium 
w i l l  be a s e r i e s  of "s tate-of- the-ar t"  papers  which review each of t h e  
major a r e a s  (e.g. l and  rec lamat ion)  i n  d e t a i l  and d e s c r i b e  p rog res s  i n  
terms of understanding t h e  i s s u e s  and so lv ing  t h e  problems. 

5. SUMMARY 

The O i l  Shale  Task Force i s  a mechanism f o r  coo rd ina t ing  t h e  envi- 
ronmental r e sea rch  being performed by v a r i o u s  groups a s  p a r t  of t h e  Data 
Base Subac t iv i ty  of t h e  Environmental A c t i v i t y  of t h e  R.D. & D. P lan .  
The Task Force approach has  proven u s e f u l  a s  a means of f a c i l i t a t i n g  
communication between r e s e a r c h e r s  and wi th  t h e  u s e r . g r o u p s  such a s  s t a t e  
r egu la to ry  agencies ,  i n d u s t r y  and environmental  groups. A cons ide rab le  
amount of d a t a  has  been obta ined  l ead ing  t o  some important  conclus ions  
regard ing  t h e  MIS process .  Addi t iona l  a c t i v i t i e s  a r e  underway and w i l l  be 
t h e  s u b j e c t  of f u t u r e  r e p o r t s .  
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INTRODUCTION 

The o r d e r l y  development of  a l t e r n a t i v e  energy r e s o u r c e s , r e q u i r e s  a n  
u n d e r s t a n d i n g  of  a l l  of  t h e  a s s o c i a t e d  c o s t s .  The impact  on h e a l t h  and 
environment  is one of  t h e  more i m p o r t a n t  c o n s i d e r a t i o n s  because  of  t h e  
l i m i t a t i o n s  t h a t  may be imposed i f  s i g n i f i c a n t  a d v e r s e  e f f e c t s  r e s u l t  o r  
cannot  be m i t i g a t e d .  A s  f a r  as p o s s i b l e ,  c o q t r o l  r e q u i r e m e n t s  shou ld  be 
de te rmined  p r i o r  t o  l a r g e  s c a l e  u t i l i z a t i o n  i n  o r d e r  t o  minimize t h e  
n e c e s s i t y  f o r  r e t r o f i t t i n g  and t o  avo id  l a t e r  d i s c o v e r y  of  h e a l t h  problems 
and t h e  a t t e n d a n t  need f o r  compensation.  

S e v e r a l  d i s t i n c t  t e c h n o l o g i e s  w i l l  be u t i l i z e d  t o  r e c o v e r  s h a l e  o i l  
from t h e  Green River  fo rmat ion  ( 1 ) .  Each approach  o f f e r s  d i s t i n c t  and ,  i n  
some c a s e s ,  unique o c c u p a t i o n a l  h e a l t h  c o n s i d e r a t i o n s  r e q u i r i n g  s i t e  a n d ,  
t e c h n o l o g y - s p e c i f i c  biological/toxicological e x p e r i m e n t a t i o n .  The Uni ted  
S t a t e s  Department of  Energy,  th rough  t h e  O i l  S h a l e  Task Force  e s t a b l i s h e d  
by t h e  A s s i s t a n t  S e c r e t a r y  f o r  Environment,  is conduc t ing  o c c u p a t i o n a l  
h e a l t h  and t o x i c o l o g i c a l  s t u d i e s  i n  c o n j u n c t i o n  w i t h  t h e  development of  t h e  
v a r i o u s  t , echno log ies .  

I 

I n d u s t r i a l  Hvaiene S t u d i e s  
Most r e c o v e r y  p r o c e s s e s  c u r r e n t l y  under c o n s i d e r a t i o n  w i l l  r e q u i r e  

underground mining and p r o c e s s e s  i n v o l v i n g  s u r f a c e  r e t o r t i n g  a l s o  r e q u i r e  
c r u s h i n g  t o  a i d  t r a n s p o r t  o f  t h e  s h a l e  and t o  p rov ide  c o n s i s t a n t  p r o c e s s i n g  
r e s u l t s .  Samples have been c o l l e c t e d  d u r i n g  mining o p e r a t i o n s  a t  v a r i o u s  
l o c a t i o n s  i n  an e f f o r t  t o  c h a r a c t e r i z e  p o t e n t i a l  o c c u p a t i o n a l  e x p o s u r e s .  

Dust exposure  is f r e q u e n t l y  encoun te red  i n  mining o p e r a t i o n s .  Two 
sampl ing methods are r o u t i n e l y  used t o  de te rmine  t h e  c o n c e n t r a t i o n  of 
a i r b o r n e  d u s t  and s t a n d a r d s  a r e  e x p r e s s e d  i n  t e rms  of  t h e s e  sampl ing 
methods.  T o t a l  a i r b o r n e  d u s t  i s  de te rmined  by drawing t h e  sample th rough  a 
h i g h  e f f i c i e n c y  f i l t e r ,  c o l l e c t i n g  a l l  p a r t i c l e s  c a r r i e d  by t h e  a i r  f low.  
Dus t s  encoun te red  i n  most mining o p e r a t i o n s  a r e  c l a s s i f i e d  a s  m i n e r a l  d u s t  
and t h e  t h r e s h o l d  l i m i t  v a l u e  (TLV) is s t a t e d  a s  

3 30 ma/m - 
% q u a r t z  + 3 

f o r  t o t a l  a i r b o r n e  d u s t .  The % q u a r t z  is de te rmined  from t h e  a i r b o r n e  d u s t  
samples .  The term r e s p i r a b l e  d u s t  sample r e f e r s  t o  the. f r a c t i o n  of 
p a r t i c l e s  i n  t h e  t o t a l  sample hav ing  a  h i g h  p r o b a b i l i t y  o f  p e n e t r a t i n g  t o  

*This  work was suppor ted  by t h e  U .  S. Department of  Energy. 



t h e  g a s  exchange r eg ions  of t h e  lung. Seve ra l  c r i t e r i a  are c u r r e n t l y  used 
t o  d e f i n e  r e s p i r a b l e ,  however, f o r  most i n d u s t r i a l  hygiene sampl ing ,  t h e  
cr i ter ia  of t h e  American Conference of ~ o v e r n m e n t a l  I n d u s t r i a l  Hyg ien i s t s  
a r e  used. This  approach uses  a  p r e s e l e c t o r  t o  remove a  f r a c t i o n  of t h e  
p a r t i c l e s  accord ing  t o  aerodynamic diameter*" and t h e  m a t e r i a l  p e n e t r a t i n g  
t h e  p r e s e l e c t o r  is. c l a s s i f i e d  a s  r e s p i r a b l e .  The p e n e t r a t i o n  
c h a r a c t e r i s t i c s  of t h e  p r e s e l e c t o r  a r e  g iven  i n  Table  I .  ( 2 )  

TABLE I 

Aerodvnamic Diameter &.. J Pass ina  S i z e  S e l e c t o r  

The th re sho ld  l i m i t  va lue  f o r  r e s p i r a b l e  d u s t  ( 2 )  is s t a t e d  a s  

3 10 m a / m  . 
% qua r t z  + 2 

C e r t a i n  mineral  d u s t s ,  known t o  be more t o x i c ,  have lower TLV va lues  than 
those  de r ived  from s t anda rd  formulas  ( i . e . ,  a s b e s t o s ,  c o a l  mine d u s t ) .  ( 2 )  

Mine a i r  samples of both t o t a l  and r e s p i r a b l e  d u s t s  were c o l l e c t e d  i n  
two o i l  s h a l e  mines. Qua r t z  con ten t  i n  a i r b o r n e  d u s t  samples was n o t  
measured i n  a l l  c a s e s  and where qua r t z  con ten t  i n  a i r b o r n e  d u s t  was 
measured a l l  va lues  were less than  10%. Qua r t z  c o n t e n t  of  o i l  s h a l e  rock 
from d i f f e r e n t  a r e a s  of t h e  P iceance  bas in  has  been measured and a  v a r i e t y  
of  va lues  have been r epo r t ed .  ( 3  1 A va lue  of about  15% reyrleseriLs a 
r ea sonab le  e s t i m a t e  of t h e  average and would be c o n s i s t e n t  wi th  t h e  lower 
va lue  observed f o r  a i r b o r n e  mine d u s t  which a l s o  c o n t a i n s  d u s t  p a r t i c l e s  
from sou rces  o t h e r  than o i l  s h a l e  rock. The d u s t  concen t r a t i ons  measured 
i n  two mines a r e  l i s t e d  i n  Table  11. (3-4)  The d u s t  l e v e l s  measured i n  
a c t i v e  working a r e a s  were f r e q u e n t l y  above t h e  TLV i n  t h e  Anvil P o i n t s  
mine. These l e v e l s  d id  no t  r e p r e s e n t  overexpo'sure of any workers s i n c e  t h e  
TLV va lues  a r e  time-weighted va lues  f o r  an 8 hour work s h i f t .  I n  t h e  Anvil 
P o i n t s  mine a l l  workers performed s e v e r a l  t a s k s  and were no t  involved i n  
any o p e r a t i o n  fo r  extended pe r iods .  (5) However, t h e s e  measurement do 
i n d i c a t e  t h a t  d u s t  exposure is a p o t e n t i a l  problem and d u s t  suppress ion  
w i l l  undoubtedly be r equ i r ed  dur ing  mining o p e r a t i o n s .  

, , 

**Diameter of a  u n i t  . d e n s i t y  sphere  havi,ng . the same te rmina l  s e t t l i n g  :7 

v e l o c i t y  a s  t h e  p a r t i c l e  of i n t e r e s t .  ,;3fl . . 
.;)I: 



p a r t i c l e  s i z e  ;was measured by Andersen e i g h t  s t a g e  cascade impactors .  
I n  t h e  Anvil  Po in t s  mine t h e  mass median aerodynamic d iameter  (mmad) was 
found t o  be 2.2 pm with a geometr ic  s tandard  d e v i a t i o n  ( a  ) of 3.5 during '  
mucking and loading.  I n  t h e  Logans Wash facility t h e  mma8 ranged from 1.5 . 
t o  3.7 Ilm d t h .  a a o f  2.6 t o  4.3. 

.B; 

The Anvil P o i n t s  mine was sampled ' fo r  a v a r i e t y  of gases du r ing  normal , 

ope ra t i on  and after b l a s t i n g  wi th  convent iona l  exp los ive  agen t s  (ammonium 
n i t r a t e ' a n d  f u e l  o i l ) .  These sampling r e s u l t s  a r e  shown i n  Table  111. 
Attempts were made t o  c o l l e c t  formaldehyde samples i n  t h e  mine at Logan's 
Wash a s  a p o s s i b l e  i n d i c a t i o n  of d i e s e l  exhaus t ,  however no d e t e c t a b l e  
a ldehydes were found on any of t h e  25 samples.  The mining a s p e c t s  of s h a l e  
o i l  recovery w i l l  be simil'w f o r  many recovery t echno log ie s  bu t  p rocess ing  
procedures  fol lowing mining w i l l  be technology s p e c i f i c  and may r e s u l t  i n  

TABLE 11 

3 Dust Concent ra t ions  Measured i n  Mining Areas (mg/m ) 

T o t a l  Dust* R e s ~ i r a b - l e  D u s t t  
Mine O ~ e r a t i o n  Ranne Averane ImSL Averaae 

Anvil  P o i n t s  D r i l l i n g  6.5-31 .5  14.7 3.7-14.6 9.8 

Anvil P o i n t s  Loading 6.6-7.0 6.8 

Anvil P o i n t s  Mucking 14.1 

Anvil P o i n t s  Roof Bol t ing  12.6 

Anvil  P o i n t s  General Mine 3.8-14.6 9.2 0-0.28 0.14 

Logan Wash General Mine , 0.32-0.82 0.50 0.05-0.48 . 0.23 

Logan Wash Haulage Way 1.17 

*TLV assuming 15% qua r t z  = 1.67 mg/? 3 
*TLV assuming 5% qua r t z  = 3.75 mg/m 
tTLV assuming '15% q u a r t s  = 0.59 mg/y 
tTLV assuming 5% q u a r t z  = 1.43 mg/m.  

s i g n i f i c a n t l y  d i f f e r e n t  occupat iona l  h e a l t h  exposures .  Most above ground 
r e t o r t i n g  methods r e q u i r e  c rush ing  and grad ing  s h a l e .  

We have c o l l e c t e d  samples around one c rush ing  o p e r a t i o n  but t h e  
equipment used was no t  r e p r e s e n t a t i v e  o f  a mature i n d u s t r y  s o  t h e  d a t a  i s  
no t  p resen ted .  

Sampling has been conducted during ope ra t i on  of  t h e  Paraho above 
ground r e t o r t  a t  Anvil Po in t s .  Th i s  is a g a s  combustion r e t o r t  employing a 
v e r t i c a l  k i l n ,  through which c o a r s e l y  crushed s h a l e  moves downward and t h e  
g a s  and vapors flow upward. The r e t o r t  may be opera ted  i n  a d i r e c t  o r  



i n d i r e c t  h e a t i n g  mode t o  decompose t h e  kerogen i n t o  a  r e c o v e r a b l e  vapor and 
g a s .  The r e t o r t  was o p e r a t e d  i n  t h e  d i r e c t  mode d u r i n g  t h e  sampl ing 
p e r i o d .  The r e s u l t s  of d u s t  sampl ing around t h e  r e t o r t  a r e  g i v e n  i n  T a b l e  
I V .  Dust c o n c e n t r a t i o n s  around t h e  r e t o r t  were h igh due t o  t h e  raw s h a l e  
conveyor  d i s c h a r g e ,  d e g r a d a t i o n  of  t h e  t o p  r o t a r y  s e a l  and t h e  ho t  s h a l e  
d i s c h a r g e  a t  t h e  bottom of t h e  r e t o r t .  While t h e s e  d u s t  l e v e l s  i n d i c a t e  a  
need f o r  d u s t  s u p p r e s s i o n ,  p e r s o n a l  sampl ing d e v i c e s  on t h e  r e t o r t  o p e r a t o r  
i n d i c a t e d  no overexposure .  

Gas and vapor c o n c e n t r a t i o n s  were measured around t h e  r e t o r t  ' u s i n g  
d e t e c t o r  t u b e s  and t h e  r e s u l t s  a r e ' s h o w n  i n  T a b l e  V .  Carbon monoxide and 
hydrocarbon c o n c e n t r a t i o n s  were s i g n i f i c a n t  around t h e  upper p o r t i o n  o f  t h e  
r e t o r t .  The hydrocarbon g a s e s  may i n c l u d e  p o l y n u c l e a r  a r o m a t i c  . 

TABLE I11 

Gas Measurements--Anvil P o i n t s  Mine 

C02 

HCN 

NH3 

HCHO 

.SO 

H S 2 

. . 

Normal C o n d i t i o n s  

< 20 ppm 

t r a c e  

t r a c e  

t r a c e  

t r a c e  

t r a c e  

t r a c e  

NO < d e t e c t a b l e  

< d e t e c t a b l e  

20.8% 

T o t a l  . ~ y d r o c a r b o n s  0  t o  16 ppm 

After B l a . s t i n g  

up t o  100 ppm 

= 0.12% 

t r a c e  

3-6 ppm 

t r a c e  

t r a c e  

20.8% 

up t o  120 ppm 

hydrocarbons  and some n i t r o g e n  compounds, which would r e p r e s e n t  a n .  exposure  . 
t o  p o t e n t i a l l y  c a r c i n o g e n i c  m a t e r i a l s .  Charcoa l -absorber  g a s  badges worn 
by t h e  r e t o r t  o p e r a t o r  and by workers  i n  t h e  r e t o r t  a r e a  c o l l e c t e d  no 
measurab le  o r g a n i c  m a t t e r .  F u r t h e r  s t u d i e s  a r e  needed t o . e v a l u a t e  t h e  
p o t e n t i a l  p resence  o f  p o l y n u c l e a r  a r o m a t i c  and n i t r o g e n  compounds i n  t h e s e  
a r e a s .  

Duri'ng t h e  o p e r a t i o n  o f  t h e  r e t o r t ,  t h e r e  was a  s t r o n g  odor  o f  
n i t r o g e n  b a s e s  p r e s e n t  dowriwind. Ni t rogen  b a s e s  a r e  n i t r o g e n  compounds 



which can be e x t r a c t e d  from an o i l  mix tu re  by means of  s t r o n g  m i n e r a l  a c i d s  
and c o n s i s t  of  homologues o f  p y r i d i n e ,  p y r o l e ,  q u i n o l i n e ,  a c r i d i n e ,  and 
s i m i l a r  h e t e r o c y c l i c  n i t r o g e n  compounds. L i t t l e  is  known of  t h e  t o x i c i t y  
o f  t h e s e  m a t e r i a l s  a l t h o u g h  t h e y  a r e  somewhat i r r i t a t i n g  t o  t h e  r e s p i r a t o r y  
sys tem.  No o c c u p a t i o n a l  h e a l t h  s t a n d a r d s  have been e s t a b l i s h e d  and a i r  
samples  were n o t  c o l l e c t e d  f o r  t h e s e  m a t e r i a l s .  

many 
w i l l  
cond 

A v a r i e t y  o f  above ground r e t o r t i n g  t e c h n i q u e s  have been developed and 
of t h e  c o n t r o l  r e q u i r e m e n t s  t o  p r o v i d e  a c c e p t a b l e  working env i ronments  
be s i m i l a r  f o r  a l l  sys tems .  However, t h e  wide r a n g e  of  r e t o r t i n g  

. t i o n s  t h a t  a r e  encoun te red  i n  t h e  d i f f e r e n t  sys tems  and t h a t  may be  
v a r i e d  i n  s i n g l e  sys tems  may r e s u l t  i n  unique r e q u i r e m e n t s  f o r  c o n t r o l  
equipment.  Some of  t h e s e  sys tems have been t h r o u g h l y  c h a r a c t e r i z e d  w i t h  
r e s p e c t  t o  p o t e n t i a l  e m i s s i o n s  and o c c u p a t i o n a l  h e a l t h  exposures .  S e v e r a l  
t e c h n o l o g i e s  remain t o  be c h a r a c t e r i z e d .  

TABLE I V  

Dust C o n c e n t r a t i o n s  i n  t h e  R e t o r t  Area 

C o n c e n t r a t i o n  ( ma/m3) 
No. o f  T o t a l  Dust  R e s ~ .  Dust  P a r t i c l e  S i z e  

O ~ e r a t i o n  S a m ~ l e s  Max. Ava. Max. Ava. rnmadD % 
TOP S e a l  7 90.8 41.5 15.6 8.7 3.9 3.6 

Bottom S e a l  6 54.0 17.3 4.5 1.8 7.3 2.7 

R e t o r t ,  Ground 
Leve l  2 12.0 0.8 4.4 2.5 7.0 2.7 

Middle D i s t r i b u t o r  4 28.6 14.6 4.2 1.5 

Bottom D i s t r i b u t o r  1 --- - 59.2 ---- ---- 

Bottom Conveyor 1 ---- 7.4 ---- N D ~  

O u t s i d e  Landings  4 2.7 1 . 3  1.8 0.8 

A t  Thermal O x i d i z e r  1 ---- 1.1 ---- 0.9 

R e t o r t  Operaator 
( P e r s o n a l  Sample) 1 ---- 1.7 --- - 0.4 

a  
No d e t e c t a b l e  d u s t  i n  t h e  s i n g l e  sample c o l l e c t e d  

Mass median aerodynamic d i a m e t e r  

C 
Geometric s t a n d a r d  d e v i a t i o n  



Modif ied  i n  s i t u  methods where some f r a c t i o n  of  t h e  s h a l e  is mined o u t  
t o  p r o v i d e  t h e  p e r m e a b i l i t y  needed f o r  r e t o r t i n g  a r e  a l s o  b e i n g  
i n v e s t i g a t e d .  These t e c h n i q u e s  may r e s u l t  i n  unique o c c u p a t i o n a l  h e a l t h  
s i t u a t i o n s .  F u l l  s c a l e  o p e r a t i o n s  w i l l  r e s u l t  i n  e x t e n s i v e  underground 
mines  i n  which r e t o r t s  are i n  t h e  fo rmat ion  phase ,  are burn ing  wi th  
underground c i r c u l a t i o n  of combustion g a s e s  and r e c o v e r y  p r o d u c t s ,  a r e  i n  
t h e  c o o l i n g  phase o r  a r e  being abandoned. To d a t e  modi f i ed  i n  s i t u  
o p e r a t i o n s  have been c a r r i e d  o u t  w i t h  a phased approach w i t h  o n l y  l i m i t e d  
p e r i o d s  where a l l  p h a s e s  o f  t h e  o p e r a t i o n  were underway s i m u l t a n e o u s l y .  
Some sampl ing h a s  been conduc ted  b u t  more i n f o r m a t i o n  w i l l  be r e q u i r e d  
b e f o r e  t h e  p o t e n t i a l  o c c u p a t i o n a l  h e a l t h  problems a s s o c i a t e d  w i t h  t h e  
modi f i ed  i n  s i t u  t e c h n o l o g i e s  a r e  a l l  c h a r a c t e r i z e d .  Large  numbers o f  
samples  have been and w i l l  c o n t i n u e  t o  be c o l l e c t e d  from i n  s i t u  p r o c e s s i n g  
f o r  t o x i c o l o g y  t e s t i n g .  



TABLE V 

Gas and Vapor Concentrat ions i n  t h e ' R e t o r t  . k e a  

c m t  C- - - 
T o t a l  

Laclation !a 4 ictl3 v % i ; S 2 m - q %  
Reto r t ,  Top S e a l  100-400 2 5 N . D , ~  N.D. 2 0 N.D6 ---- 8 2'  N,D. 1000 

R e t o r t ,  Bottom S e a l  

R e t o r t ,  Ground Level  

Re to r t  , Bottom Distribute? 

.Re to r t ,  Middle D i s t r i b u t o r  

R e t o r t ,  Top D i s t r i b u t o r  

Retor t  ,, Off-Gas C o l l e c t o r  

~ e t o ~ t ,  Thermal Oxidize- ' 

Recycle Gas Blower 

\ 

0.7, 0.2 5 N.D. - 0.1 N.D. N.D. N.D. N d D .  N.D. N.D. ---- 

N d D , ,  0.6, 
< 25 ppm 200 . 10-15 4 - 6 ~ ~  N , D ,  > 3 5  ---- 60 

Blower Area ---- 15-25 

10 Re to r t ed  Sha le  Conveyor ---- 
12 Retozted Sha l e  P i l e s  N + D .  ___- ---- N , D ,  N.D, ---- N , D ,  ---- ---- ---- 

a 
S i n g l e  sample, r e s u l t  h igh ly  u n l i k e l y ,  unknown i n t e r f e ~ e n c e s ,  pos s ib ly  amines, 

b ~ o n e  d e t e c t a b l e ,  



B i o l o ~ i c a l  s t u d i e s '  
I n h a l a t i o n  s t u d i e s .  Comparative i n h a l a t i o n  s t u d i e s  i n v o l v i n g  two 

r o d e n t  s p e c i e s  have been completed o r  a r e  i n  p r o g r e s s .  Exposure m a t e r i a l s  
i n c l u d e  raw s h a l e ,  two. k i n d s  of  s p e n t  s h a l e  and a p p r o p r i a t e  c o n t r o l s  ( T a b l e  
V I ) .  The' f i r s t  s t u d y  u t i l i z e d  S y r i a n  h a m s t e r s  because  t h e y  a r e  r e g a r d e d  a s  
t h e  s p e c i e s  o f  c h o i c e  f o r  i n v e s t i g a t i o n  of  chemica l  c a r c i n o g e n e s i s  of  t h e  
l u n g .  The exposure  p e r i o d  covered  16 months, o r  a b o u t  60% o f  t h e  hams te r  
l i f e s p a n ,  and . t h e  d u s t  c o n c e n t r a t i o n s  were c o n s i d e r a b l y  h i g h e r  t h a n  t h o s e  
t h a t  might be a n t i c i p a t e d  d u r i n g  a c t u a l  o i l  s h a l e  r e c o v e r y  o p e r a t i o n s .  
Most of  t h e  a n i m a l s  i n  t h e s e  exper iments  a r e  dead and.  no tumors have been 
o b s e r v e d .  Many a n i m a l s  s u r v i v i n g  t h e  e n t i r e  exposure  p e r i o d  e x h i b i t e d  mi ld  
d e g r e e s  of  l o c a l i z e d  f i b r o s i s  o f  t h e  l u n g  even though t h e  S y r i a n  hamste r  is 
n o t  a  good model f o r  t h e  pnuemoconiot ic  d i s e a s e s .  

The second i n h a l a t i o n  s t u d y ,  which i s  s t i l l  i n  p r o g r e s s ,  u t i l i z e s  
F i s c h e r - 9 4  r a t s  which a r e  a  more a p p r o p r i a t e  an imal  f o r  t h e  s t u d y  o f  

TAR1.E VT 

I n h a l a t i o n  S t u d i e s  

STUDY I 

M a t e r i a l s  Animals c o n c e n t r a t i o n  Dura t ion*  

Raw S h a l e  64- S y r i a n  Hamsters 50 mg/m 1 6 m o n t h s  

S p e n t  S h a l e  A 

S p e n t  S h a l e  B 

64 S y r i a n  Hamsters 50 mg/m5 16 months 

64 S y r i a n  Hamsters  50 mg/m 1 6 m o n t h s  

Sham C o n t r o l s  64 S y r i a n  Hamsters  ----- 16 months 

STUDY I1 

Raw S h a l e  64 F i s c h e r  344 Rats 120 mg/m Li fe t ime**  

S p e n t  S h a l e  A 64 F i s c h e r  344 Rats 120 mg/m L i f e t i m e  

Q u a r t z  64 F i s c h e r  344 R a t s  20 mg/m L i f e t i m e  

D e p o s i t i o n  S tudy  (Raw S h a l e )  64 F i s c h e r  344 Rats 120 mg/m3 S e r i a l  
S a c r i f i c e  

Sham C o n t r o l s  64 F i sche r*  344 Rats ----- ---a- 



f i b r o t i c  and o b s t r u c t i v e  lung  d i s e a s e .  A s  a p a r t  of  t h i s  exper iment  
a n i m a l s  a r e  s a c r i f i c e d  a t  f r e q u e n t  i n t e r v a l s  f o r  neu t ron  a c t i v a t i o n  
a n a l y s i s  o f  t h e  d e p o s i t i o n  o f  i n h a l e d  m a t e r i a l s  i n  t h e  l u n g .  R e s u l t s  of 
h i s t o l o g i c a l  examina t ions  of  t h e  s a c r i f i c e d  a n i m a l s  i n d i c a t e s  a more 
g e n e r a l  f i b r o t i c  r e sponse  than  t h a t  seen  i n  hams te r s  and which may l e a d  t o  
f o c a l  emphysema w i t h  t ime.  

Mutaaenes i s  and C a r c i n o a e n e s i s  Assays. Many o f  t h e  m a t e r i a l s  a c q u i r e d  
d u r i n g  i n d u s t r i a l  hygiene s t u d i e s  o f  s p e c i f i c  s i t e s  have been t e s t e d  by 
b o t h  b a c t e r i a l  mutagenes i s  (Ames Assay) p r o c e d u r e s  and mouse 
"skin-paint ing1!  schemes. These approaches  are p a r t i c u l a r l y  u s e f u l  f o r  t h e  
l i q u i d  p r o d u c t s  and by-products .  

Using t h e  Sa lmone l l a  h i s t i d i n e - r e v e r s i o n  t e s t ,  s e v e r a l  o f  t h e  p roduc t  
o i l s  and some o f  t h e  s o - c a l l e d  p r o c e s s  w a t e r s  have been a s s a y e d  f o r  
mutagenic  a c t i v i t y .  ( 6 )  It  is a p p a r e n t  from t h e  r e s u l t s  t h a t  t h e  p roduc t  
o i l s  and t h e  a s s o c i a t e d  p r o c e s s  w a t e r s  v a r y  c o n s i d e r a b l y  i n  t h e i r  
b i o l o g i c a l  a c t i v i t y  and t h a t  t h e  v a r i a t i o n  may be p r o c e s s  dependent .  O i l  
from one s p e c i f i c  MIS r e t o r t  e x h i b i t e d  c o n s i d e r a b l y  less mutagenic  a c t i v i t y  
t h a n  t h e  p roduc t  o i l  from a s p e c i f i c  s u r f a c e  r e t o r t .  The mutagenic  
a c t i v i t y  of t h e  o i l  from s u r f a c e  r e t o r t i n g ,  however, was g r e a t l y  d i m i n i s h e d  
af ter  h y d r o t r e a t i n q .  

The mouse s k i n  sys tem was used t o  e v a l u a t e  t h e  c a r c i n o g e n i c  p o t e n t i a l  
o f  two c r u d e  s h a l e  o i l s  and two n a t u r a l  pet roleums.  Four d o s e  l e v e l s  o f  
each  t e s t  o i l  and two dose  l e v e l s  o f  benzo-a-pyrene (BaP) were  a p p l i e d  t o  
C3Hf/.He mice t h r e e  times p e r  week. Croups of  mice,  s u b j e c t e d  t o  f r e q u e n t  
s h a v i n g ,  a p p l i c e t i o n  of c a r r i e r  s o l v e n t  or  l e f t  u n t r e a t e d ,  s e r v e d  a3 
c o n t r o l s .  Each s h a l e  o i l  r e p r e s e n t e d  a d i f f e r e n t  e x t r a c t i o n  p r o c e s s ,  and 
t h e  n a t u r a l  pe t ro leums  o r i g i n a t e d  from d i f f e r e n t  g e o g r a p h i c  r e g i o n s .  

I n  t h e  group t r e a t e d  w i t h  s h a l e  o i l  from an above ground p r o c e s s ,  t h e  
first tumors were observed af ter  20 weeks o f  a p p l i c a t i o n ,  and 90% o f  t h e  
mice had tumors by t h e  5 8 t h  week (mean l a t e n c y  = 36 weeks).  The s h a l e  o i l  
from an i n  s i t u  p r o c e s s  had a l a t e n c y  p e r i o d  t o  first tumor o f  25 weeks,  
and 35% of t h e  mice had tumors a f t e r  58 weeks o f  t r e a t m e n t  (mean l a t e n c y  = 
48 weeks) .  O f  t h e  n a t u r a l  pe t ro leums ,  o n l y  one ,  a U.S. g u l f  c o a s t  o i l  (API 
Refe rence  o i l  #2), caused tumors w i t h  a l a t e n c y  p e r i o d  o f  35 weeks and 18% 
tumor i n c i d e n c e  a f t e r  58 weeks o f  exposure .  I n  a l l  c a s e s  o f  p o s i t i v e  
effect,  o n l y  t h e  h i g h e s t  d o s e  l e v e l s  ( 5  m g / a p p l i c a t i o n )  have proven t o  be 
c a r c i n o g e n i c .  The two g roups  exposed t o  BaP d i f f e r e d  i n  t empora l  
d i s t r i b u t i o n  of  bo th  i n i t i a l  tumor l a t e n c y  and t o t a l  tumor o c c u r r e n c e .  
While 100% o f  t h e  mice i n  each dose  g roup  e x p e r i e n c e d  tumors ,  t h e  mean 
l a t e n c y  i n  t h e  h igh  d o s e  g r o u p  (10 p g / t r e a t m e n t )  was 29 weeks compared w i t h  
a 40 week mean i n  t h e  low d o s e  g roup  ( 2  u g / t r e a t m e n t )  ( T a b l e  7 ) .  

Papi l lomas  and squamous carc inomas were t h e  o n l y  c u t a n e o u s  tumors  
obse rved  i n  any of t h e  exper iments .  For t h e  purpose  of  e s t i m a t i n g  l a t e n c y ,  
no d i s t i n c t i o n  was made between h i s t o l o g i c a l  t y p e s ,  and many o f  t h e  
p a p i l l m a s  p e r s i s t e d  as such u n t i l  t h e  d e a t h  o r  s a c r i f i c e  of  t h e  animal .  
Many of  t h e  mice i n  each  o f  t h e  p o s i t i v e  g r o u p s  e x h i b i t e d  m u l t i p l e  tumors .  
Tumors t h a t  appeared t o  be pap i l lomas  a t  first o b s e r v a t i o n  were o f t e n  la ter  
accompanied by a p p a r e n t l y  c o n t i g u o u s  squamous cel l  carc inomas.  Some of t h e  
squamous neoplasms were a s s o c i a t e d  w i t h  lung  m e t a s t a s e s .  



TABLE V I I  

Tumor Inc idence  

Com~ound T i m e  t o  F i r s t  Tumor Tumor Inc idence  a t  58 Weeb 

S h a l e  O i l  A 20 weeks 90 

S h a l e  O i l  B 25 weeks 3 5 

US Gulf Coast Petroleum 
(API #2)  35 weeks 

Kuwait Petroleum (API # I )  .O 

Benzo(a)Pyrene (10 pg) . 18 weeks 

DISCUSSION 

While t h e r e  have been spo rad i c  effvrlLs to deuons t r a t e  certain aha l e  
o i l  e x t r a c t i o n  t echno log ie s  i n  r e c e n t  yea r s ,  none of t h e  techniques  have 
been thoroughly analyzed t o  determine t h e  e x t e n t  of p o t e n t i a l  occupat iona l  
h e a l t h  impacts  and even those  t echno log ie s  t h a t  have been demonstrated 
cannot  be regarded as t y p i c a l  of a scaled-up,  f u l l y  mature i n d u s t r y .  
I n d u s t r i a l  hygiene s t u d i e s  have se rved  t o  i d e n t i f y  o p e r a t i o n s  w i t h i n  
c e r t a i n  t echno log ie s  where m i t i g a t i n g  methods can and should be a p p l i e d  t o  
p r o t e c t  t h e  i n d u s t r i a l  popula t ions .  Judging from d a t a  developed by o n - s i t e  
sampling it is probable  t h a t ,  wi th  t h e  p o s s i b l e  except ion  of  MIS 
t echn iques ,  o i l  s h a l e  mining p r e s e n t s  no unique problems t h a t  cannot  be  
handled with s t a t e -o f - the -a r t  c o n t r o l  procedures .  The c o n d i t i o n s  t h a t  may 

. . e x i s t  i n  a mine where i n  s i t u  r e t o r t s  a r e  being s imul taneous ly  prepared ,  
burned and abandoned have no t  a s  y e t  been de f ined .  

The p r o b a b i l i t y  of combined exposures  t o  spen t  s h a l e  d u s t s  and 
f u g i t i v e  emiss ions  i n  t h e  form of vapors  and gases  added t o  t h e  p o t e n t i a l  , 

f o r  s k i n  exposure t o  product, o i l s  and o t h e r  l i q u i d  e f f l u e n t s  raises more 
complex ques t i ons .  It has  been shown by both ep idemiologica l  evidence and 
exper imenta l  d a t a  ga the red  both i n  t h e  U.S. and i n  f o r e i g n  i n d u s t r i e s  t h a t  
c rude  s h a l e  o i l  and some of i ts  produc'ts c a r r y  a h igher  carc inogenic  
p o t e n t i a l  than  most of t h e  n a t u r a l  petroleums (7-8). Pre l iminary  d a t a  

: sugges t  t h a t  t h i s  , p a r t i c u l a r  hazard may be almost s e l f - e l i m i n a t i n g  i f  
. h y d r o t r e a t i n g ,  i n  p repa ra t i on  f o r  r e f i n i n g ,  i s  u n i v e r s a l l y  p r a c t i c e d .  

The de te rmina t ion  of s p e c i f i c  hazards  should be done on a 
technology-spec i f ic  b a s i s  s i n c e  i t  i s  h igh ly  probable  t h a t  t h e  b i o l o g i c a l  
a c t i v i t y  of most of  t h e  products  and by-products of s h a l e  o i l  product ion is 
p roces s - spec i f i c .  
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SPENT SHALE GROUTING OF ABANDONED IN-SITU OIL SHALE RETORTS 

J. P. Fox and P. Persof f  
Energy & Environment Div is ion  
,Lawrence Berkeley Laboratory 

Berkeley,  CA 

1. INTRODUCTION 

1 n . v e r t i c a l  modified l a - s i t u  (VMIS) o i l  s h a l e  r e t o r t i i l g ,  tlle r e sou rce  
is  processed i n  t h e  ground. Large chambers of rubbl fzed  811 shale are 
formed by mining out  about 20 t o  40 percent  of t h e  in-place s h a l e  and 
b l a s t i n g  t h e  balance i n t o  t h e  c r ea t ed  vo id .  The mined-out m a t e r i a l  i s  
brought t o  t h e  s u r f a c e  and o i l  i s  recovered from i t  by s u r f a c e  r e t o r t i n g .  
The in-p lace  m a t e r i a l  i s  pyrolyzed t o  recover  o i l ,  l e av ing  l a r g e  numbers 
of abandoned r e t o r t  chambers underground. 

Th i s  t ype  of o i l  s h a l e  process ing  may r e s u l t  i n  a  number of environ- 
mental  problems inc lud ing  i n - s i t u  l each ing  of t h e  abandoned r e t o r t s ,  low 
r e sou rce  recovery ( l a r g e  p i l l a r s  a r e  r equ i r ed  t o  suppor t  t h e  overburden) ,  
and subsidence.  These problems may be m i t i g a t e d  by f i l l i n g  abandoned 
r e t o r t s  w i th  a  g rou t  prepared from spen t  s h a l e  produced du r ing  s u r f a c e  
r e t o r t i n g  of t h e  mined s h a l e .  This  would f i l l  t h e  void space  c r e a t e d  by 
mining, t hus  improving r e t o r t  s t r u c t u r a l  s t r e n g t h  and s t i f f n e s s ,  and reduce 
r e t o r t  pe rmeab i l i t y  t o  groundwater flow. I f  s u f f i c i e n t  s t r e n g t h  could be 
developed, i t  may be  p o s s i b l e  t o  des ign  r e t o r t s  s o  t h a t  t he  p i l l a r s  could be  
r e t o r t e d  and r e sou rce  recovery  improved. 

Th i s  paper summarizes t h e  r e s u l t s  of l .ahoratory i n v e s t i g a t i o n s  t o  
produce a  grout  from spen t  s h a l e .  Spent s h a l e  g r o u t s  may be v a r i o u s l y  
produced by modifying s u r f a c e  r e t o r t i n g  cond i t i ons  and/or  by adding 
chemicals  such a s  l imes tone  o r  gypsum t o  t h e  spen t  s h a l e .  A number of 
p roces se s  have been proposed and i n v e s t i g a t e d  i nc lud ing  hea t ing  i n  steam 
a t  7000C, l imes tone  a d d i t i o n  t o  s u r f a c e  spen t  s h a l e  followed by c a l c i n i n g  
a t  1000°C, and l imes tone  a d d i t i o n  t o  raw s h a l e  fol lowed by c a l c i n i n g  a t  
1400-1500°C. This  paper reviews t h e s e  d a t a  i n  t h e  framework of r equ i r ed  
g rou t  c h a r a c t e r i s t i c s  f o r  e f f e c t i v e  environmental  c o n t r o l  and t e c h n i c a l  
and economic f e a s i b i l i t y .  



2. RETORT ABANDONMENT ENVIRONMENTAL ISSUES 

Figure 1 shows in simplified form the relative positions of the target 
oil shale layer, the Mahogany Zone, fractured oil shale artesian aquifers, 
and VMIS retorts and summarizes the resulting environmental problems-- 
contamination of surface and ground waters by leaching of in-situ spent 
shales and mixing of lower and upper aquifer waters, overburden cracking 
and ground subsidence, and low resource recovery. 

The VMIS process requires a thick, continuous, vertical section of oil 
shale not interrupted by significant thicknesses of barren rock (Smith, 
1978). Based on commercial designs of industrial developers, it is apparent 
that about 300 feet of continuous vertical oil shale is required for the 
process to be economical. Most of the resources where necessary geologic 
conditions exist are in the Piceance Creek Basin of Colorado where confined 
aquifers penetrate the oil-bearing strata (Weeks et al., 1974). In most of 
this region, the Mahogany Zone, which is the target of VMIS retorting, is 
100 to 200 feet thick. In order to have a sufficiently long vertical 
section of oil shale, the installed retorts must intersect the stratum 
immediately above and/or below the Mahogany Zone where water-bearing zones 
exist. Therefore, it will be difficult to locate VMIS retorts in completely 
dry zones and a geometry similar to that shown in Figure 1 will be used. 

This manner of locating retorts will create the potential for water to 
flow from one aquifer to the other through the retorts. During development 
and retorting, aquifers will be dewatered. Following abandonment, ground- 
water will re-invade the aquifers and fill the retorts, leaching spent shale. 
The leached material, which includes many organic and inorganic compounds, 
can be transported in the aquifers and ultimately discharged into streams 
and springs or withdrawn from wells. Local streams which receive ground- 
water inflow are tributary to the Colorado River system where salinity is 
already of national and international concern. 

If a retort penetrates one aquifer, there will be a hydraulic gradient 
in the horizontal direction across the retort causing horizontal flow 
through the retort which will transport leached material into the aquifer. 
If a retort penetrates more than one aquifer and the aquifers are at 
different heads, there will also be a vertical hydraulic gradient causing 
flow through the retort from one aquifer to the other. This conditiqn 
could be more serious as the vertical gradient resulting from this con- 
dition could be greater than the horizontal gradient; thus the rate of flow 
through and leachate transport away from the retort would be greater. 

The problem of aquifer and eventual surface stream pollution by leaching 
of vertical modified in-situ retorts in the Piceance Creek Basin has been 
quantified by Fox (1979). This study concluded that it could take centuries 
before significant groundwater degradation would occur, due to the low flow 
velocities in many areas of the Basin. However, the report pointed out that 
the potential long-term effects could be serious due to the critical issue of 
salinity in the Colorado River system and the slow self-purification pro- 
perties of groundwater aquifers. Leachates could result in salinity increases 
in the Colorado River at Lees Ferry of from 0.03 to 50 mg/l (Fox, 1979). 
A TDS increase of 50 mg/l in the Colorado River would have a significant 



Subsiding ground surface 
Ground surface 

Piezometric 

n\ surface 

Mahogany Zone 

Abandoned retorts 

Lower ~ ~ u i f ' e r  

pillars 

XBL 804-693, 

Figure 1. Schematic showing environmental 'issues of 
VMIS retort abandonment. 



- economic impact upon irrigated agriculture. Kleinman (1974) estimates 
the total economic loss due to Colorado River salinity increases to be 
$200,000 to $400,000 per year per mg/l (1974 dollars). Additionally, 
elevated concentrations of certain toxic or carcinogenic organic materials 
may occur in aquifers or surface streams. If these waters were used for 
municipal supply or stock water, local health problems might result. 

In some areas of the Piceance Creek Basin, such as lease tract C-b, 
water quality of the lower aquifer is much worse than that of the upper 
aquifer. 1n these cases, contact between the two aquifers created by the 
retorts would permit degradation of the upper aquifer in the absence of 
leaching. 

Resource recovery in VMIS retorting is poor. Oil recovery is 
low and 25 to 50 percent of the developed area must be left intact as 
pillars between retorts to support tlle overburden. If. sufficient strength 
could be developed in abandoned retorts, it might be possible to design a 
retorting system so that pillars could be retorted and resource recovery 
improved. 

Finally, considerable concern exists over the long-term stability of 
abandoned retorts. Computational techniques are inadequate to predict 
incidences of subsidence, and there are presently no field data available 
to assess this problem. (Field experiments have consisted of single, small 
retorts while commercial operat.ions may use many hundreds of very large 
retorts .) 

3. SPENT SHALE GROUTING 

The three principal environmental problems associated with VMIS re- 
torting--contamination of surface and ground waters, subsidence, and low 
resource recovery--may be alleviated by filling the abandoned in-situ 
retorts with a grout based on surface spent shale. This grout would fill 
some of the voids, reducing the permeability of the retorts and provide 
for protection against subsidence by increasing retort stiffness and 
strength. If adequate strength could be developed in the retorted mass, it 
may be feasible to retort some of the pillars, thus improving resource 
recovery. 

A cheap material, such as spent shale, would have to be used as the basis 
of such a grout because 9 to 13 ft3 of voids must be filled for each barqel of 
oil recovered. Thus, conventional grouting materials are too costly for 
this application (Fox .et al., 1978). The feasibility of this proposal 
depends on the properties of spent shale and the criteria required for the 
grout. 

SPENT SHALE 

Oil shale, which is a low-grade fossil fuel, produces about 1.4 tons of 
solid waste, referred to as spent shale, for each barrel of oil produced. 
This material typically contains 0.1 to 4.percent residual carbon, has little 
strength, and is easily crushed to a fine powder. The major elements in 
spent shales (greater than 1 percent by weight) are iron, calcium, magnesium, 



potassium, silicon, aluminum, oxygen, and sodium. The major mineral phases 
depend upon the retorting conditions and may include carbonates for low 
retorting temperatures and silicates for higher temperatures. 

The feasibility and methods of forming an adequate cementitious 
grout from spent shale depend on the chemical reactions that occur 
during surface retorting. Production of cementitious properties depends 
principally on the absence of char and the formation of calcium silicate 
compounds such as tricalcium silicate (3CaO.SiO ) and dicolcium silicate 
(2CaO-Si02), which are the major active compoun2s in portland cement. 

Jn the manufacture of portland cement, these calcium silicate compounds 
are formed from lime and silica produced by the decomposition of limestone 
and clay jn reactions such as: 

The formation of these compounds, rather than noncementitious ones such as 
Ca0.Si02, depends upon lime and silica being in near stoichiometric ratios. 

Colorado oil shales contain an abundance of dolomite, quartz, and feld- 
spar and are deficient in calcium relative to silica compared to other cement 
raw mixes. A number of investigations (Campbell, 1978; Campbell and Taylor, 
1978; Burnham et al., 1978; Parker et a1.,-1978; and Heistand et al.., 1978) 
have indicated that some free lime can be formed, char cqn be removed, and 
cementitious properties produced in spent shales. 

PRODUCTION OF SFENT SHALE GROUTS 

Three strategies have been proposed for manufacturing a grout from spent 
shale7-grout production from raw shale, grout production from as-received 
surface spent shale, and grout production from treated surface spent shale. 
Each of these is summarized in Table 1 and discussed here. 

Grout Production from Raw Shale 

Sellers and Chapin,(i959) obtained a patent on the production of portland 
cement from a 1.8: 1 mixture of limestone and raw oil shale. The coarse- 
ground raw shale and limestone are ground to a powder and fired at 1400 
to 1500°C to form portland cement clinker. The lime and silica content of 
the shale (with additional lime) are the raw materials. The high energy 
requirements, and hence cost, associated with this process make it economi-- 
cally unattractive for grouting of in-situ retorts. 

Grout Production from Treated Spent Shales 

A cementitious grout may also be produced from spent shale by heat 
treating as-received spent shale, by using admixtures such as gypsum and 
lime, or by changing the operating conditions of existing retorting 
processes, such as Lurgi or Paraho. Significant modifications in existing 



Table 1. Summary of processes for developing a grout from spent shale. 

- - - -- - - 

Process Unconfined compressive Permeability a Comments 
strength a 

Sample Compressive Sample Permea- 
preparation strength. psi preparation bility 

RAW SHALE GROUT cmlsec 

Sellers and Chapin, 1959 1.8:l mixture of 
limestone and 
raw shale c a l ~  
cined at 
1400-1500°C 

(produces portland cement) Energy intensive 
(no oil rccovery) 
high cost 

TREATED SPENT SHALE 
b 

3.8x10-~ Requires minor 
modification of 
surface retorting 
technology 

Farris. 1979 Direct-mode Compacted to Proc- 
retorting 2 hr tor density with 
at 822OC 25% moisture, 

cured 28 days 

325 ASTM D 2434 3 . 9 ~ 1 0 - ~ ~  Indirect-mode 
retorting 2.9 
hr at 8320C 

522 Fluid grout flowed 4x10-~ Rcquires develop- 
into spent shale ment of new sur- 
rubble, cured face retorting 
28 days technology, steam 

atmosphere could 
prematurely 
hydrate cement 

Mallon. 1979 Oil recovery at 500°C in Fluid grout flowed 
N2. char comhi~stion into  spell^ shale 
below 650°C in N2-air rubble, cured 
mix, temperature raised 70 days 
to 700°C in 100% air. 
then 70 min in 100% 
steam at 700'~ 

Not determined Uses existing 
technology for 
both spent shale 
yroductlon and 
subsequent heat 
treatment 

Mehca and 1:l mixture of Lurgi ASTM C 109, 
Persoff, 1980 spent shale and lime- cured 28 days 

stone, calcined 1 hr at 
1000°C, ground, 5% 
gypsum added 

AS-RECEIVED SPENT SHALE 

Culbertson et al., 1970 TOSCO Compacted with 200-500 
20% moisture 

Not reported Economic, uses 
existing tech- 
nology, in-situ 
compaction not 
feasible 

up t'o 200 Compacted at 8x10-' 
56,000 ft-lblft- 
(ASTM D 1557) 
tested at 200 psi 

up to 200 ASTM D 2434 10-~-10-~ 

Paraho Compacted at 
56,000 ft-lhlft3 . 
(ASTM D 1557) 

Nevens r~ al.. 1977 Lurgi Grout with 0.75 
water-solids 
ratio, cured 
24 days at 180°F 

104 Not reported Peterson et al., 1978 Indirect-heat Compacted at 
56,000 ft-lblft3 

a Direct comparison of results is not possible because various test methods were used. 

Optimum retorting conditions for permeability were slightly different from optimum for strength. 



processes may sacrifice oil production and result in a new, high-risk tech- 
nology while modification of as-received spent shale has the advantage of 
using existing technology for both the retorting and subsequent heat treatment 
and thus, does not interfere with oil production. 

Three investigations have been conducted on these types of processes. 
Mallon (1979) produced a low-strength grout by exploiting retorting chemistry 
in a bench-scale retort. Farris (1979) investigated the effects of various 
retorting conditions on spent shale strength, and Mehta and Persoff (1980) 
produced a high-strength hydraulic cement by adding limestone to Lurgi spent 
shale and heating the mixture at 1000~~. Each of these approaches is discussed 
here. 

Farris (1979) operated a laboratory retort to determine retorting conditions 
which would maximize the strength of compacted spent shale. Direct-mode 
retorting for 2.0 hours at 822O~ gave a strength of 270 psi. Indirect-mode 
retorting for 2.9 hours at 832W gave a s t r e ~ ~ g ~ l ~  of 325 psi. The ~trength 
dcvclopment was attributed to the formation of interlock,ing acicular crystals, 
thought to be hydrated calcium aluminum sulfate. 'these grreng~lls were rncaoured 
on samples which were compacted with 25 percent mnisture to Proctor densities 
of 96 to 100 percent, and thus arc not representative of strengths obtainable 
in grouted retorts. 

Mallon, on the other hand, used the work of Campbell (1978) and Burnham 
(1978) to develop a process that would produce cementitious compounds. He 
retorted Anvil Points oil shale in a small laboratory electric furnace. Oil 
recovery, char combustion, and cement formation were carried out in separate 
steps. Mallon first heated the shale to 500°C in nitrogen to remove the oil 
by pyrolysis. The char was then completely burned off by gradually introducing 
air while holding the temperature below 650°c to prevent the decomposition of 
carbonates. The gas flow was then changed to 100 percent air for 15 minutes 
while the temperature was raised to 7000C and then to 100 percent steam for 
70 minutes at 700'~ to form cementitious compounds. The resulting clinker 
was pulverized and slurried and poured into spent shale to simulate grouting of 
in-situ rubble. The grouted rubble had a 10-week compressive strength of 522 
psi and a 4-week permeability of 4 x cmlsec. 

Mehta and Persoff (1980) produced a high-strength hydraulic cement from Lurgi 
spent shale by heating a 1:l mixture of limestone and spent shale for 1 hour at 
1000°C. The resulting cement had a 28-day compressive strength of 3150 psi 
(ASTM C 109). The addition of 5 percent gypsum by weight to the cement produced 
a 28-day compressive strength of 3750 psi while 10 percent gypsum addition to 
the raw mix produced a strength of 4375 psi. 

Grout Production from Untreated Surface Spent Shale 

Other investigators have proposed the use of untreated spent shale to seal 
abandoned in-situ retorts. The developers of lease tract C-a, for example, 
propose to use as-received surface spent shale will11 additives to backfjll 
abandoned retorts and are presently conducting an investigation of this option 
under U. S. Bureau of Mines funding. In this strategy, spent shale from a 
surface process is slurried with water, admixtures such as slurry fluidizers are 
added, and the slurry is pumped into the abandoned retorts. This strategy has 
the advantage of being cheaper than the other two strategies, but it is presently 
uncertain whether it can produce sufficiently Sow permeabilities and adequate 
strength and stiffness. 



Nevens et al. (1977) simulated the backfilling of an abandoned VMIS 
retort with a slurry of Lurgi spent shale. Unconfined compressive strengths 
of the set slurries ranged from 5 to 200 psi. Permeability measured 
by ASTM D 2434 on the Lurgi spent shale decreased from initial values of 
10-4 cm/sec to to cmlsec after 28 days. The temperature at which 
spent shale is burned to provide heat for the retorting process appeared to 
be important. In-situ spent shale was observed to rapidly absorb water (4 
gallons per cubic foot), suggesting that slurries may be dehydrated when 
pumped into abandoned retorts. In a test to simulate grouting of an in- 
situ retort, a slurry with 164 percent by weight of water was poured into 
a hand-packed drum of in-situ spent shale and water was drained from the 
bottom. No cementation was observed and the compressive strength after 13 
days of curing was only 16 psi. 

Rheological measurements by Persoff (1980) showed that slurries 
of Lurgi spent shale fit the Casson flow model; that is, they had a finite 
yield stress. The yield stress increased with decreasing water-solids 
ratio (wsr) in the grout, and ranged from 4 dyne/cm2 for a slurry with wsr of 
1.8 to 167 dyne/cm2 for wsr of 0.8. Slurries with wsr greater than 1.0 were 
considered unsuitable for grouting because the suspensions were unstable and 
settled leaving a clear supernatant. Addition of common cement-slurry 
fluidizers to slurries with wsr of 1.0 changed the flow behavior to New- 
tonian, i.e., the yield stress was reduced to zero. A sample simulating a 
grouted retort was prepared by flowing grout with wsr of 0.8 and 5 percent 
added portland cement into pre-wetted spent shale rubble. Permeability of 
this specimen was 2 x 10-5 cmlsec. 

Several investigators studying the stabilization of surface spent shale 
disposal piles observed self-cementing properties of untreated spent shale. 
In all of these studies, strength and permeability were measured on samples 
which were compacted with near-optimum moisture content, and thus are not 
representative of strengths or permeability produced by in-situ grouting. 

Culbertson et al. (1970) studied the stabilization of spent shale from a 
TOSCO retort. Shear strength and compressive strength of all samples in- 
creased gradually with time, suggesting a cementitious reaction. Com- 
pressive strengths in the range of 250 to 500 psi were obtained. Strength 
development was positively correlated with the amount of cohesive hydrates 
formed, as detected by differential scanning calorimetry. After 15 days 
of setting, no loss of strength was reported when samples were resaturated 
with water. 

Peterson et al. (1978) studied the geotechnical properties o f  a fine- 
grained surface-retorted spent shale from an indirect-heating process to 
evaluate the stability of disposal piles. Unconfined compressive strengths 
of compacted samples increased with time, indicating some self-cementing 
properties. The maximum compressive strength developed was 104 psi; this 
required a compaction effort of 56,000 ft-lb/ft3. 

Compaction studies on spent shales from a Paraho direct-mode semiworks 
retort showed that unconfined compressive strengths up to 200 psi were 
obtained with 56,000 ft-lb/ft3 of compactive effort at 22 percent moisture 
content. Spent shale was described as a low-grade cement (~oltz, 1976). 
Permeability of this material was measured after compactive efforts 
ranging from 6,200 to 56,000 ft-lb/ft3 under stresses of 50 to 200 psi. 



Observed p e r m e a b i l i t i e s  ranged from 8 x  cmlsec a t  200 p s i  f o r  maxi- 
mum compactive e f f o r t ,  t o  1 .5 x  10'~ cmlsec a t  50 p s i  f o r  minimum com- 
p a c t i v e  e f f o r t .  Despi te  g r e a t  v a r i a b i l i t y  r epo r t ed  f o r  t h e  m a t e r i a l  i t  
was considered s u i t a b l e  f o r  u se  i n  e a r t h  dams. 

EVALUATION. 

The preceding s e c t i o n  presented  s e v e r a l  methods t o  produce a  grout  from 
o i l  s h a l e  m a t e r i a l s .  These included d i r e c t  conversion of raw s h a l e ,  
mod i f i ca t ion  of ope ra t ing  cond i t i ons  of t h e  s u r f a c e  r e t o r t ,  a d d i t i o n a l  
t rea tment  of as-received spent  s h a l e ,  o r  a d d i t i o n  of admixtures t o  as- 
rece ived  spent  sha l e .  The r e l a t i v e  merits of t h e s e  approaches depend on a  
wide range  of f a c t o r s  i nc lud ing  g rou t ing  c r i t e r i a ,  c o s t ,  a v a i l a b i l i t y . o f  
technology, and raw m a t e r i a l s ,  and p r o p e r t i e s  of t h e  raw m a t e r i a l s .  There 
is p r e s e n t l y  inadequate  informat ion  t o  s e l e c t  among t h e  proposed methods, a s  
a d d i t i o n a l  experimental  work i s  r equ i r ed  t o  demonstrate  f e a s i b i l i t y  and 
determine des ign  c r i t e r i a .  However, i t  i s  i n s t r u c t i v e  a t  t h i s  p o i n t  t o  
d i s c u s s  p o t e n t i a l  g rou t ing  c r i t e r i a  and t o  q u a l i t a t i v e l y  e v a l u a t e  t h e  
v a r i o u s  processes  w i t h i n  t h i s  framework. 

The c h a r a c t e r i s t i c s  of a grout  used t o  s e a l  an  abarldur~ed i n - s i t u  r e t o r t  
w i l l  depend on t h e  g o a l s  of t h e  g rou t ing  ope ra t ion :  a l l e v i a t i o n  of a q u i f e r  
d i s r u p t i o n ,  subsidence c o n t r o l ,  and/or  enhanced r e source  recovery.  The 
s p e c i f i c  g o a l s  of any abandonment p lan  w i l l  depend on t h e  geologic  and 
hydro logic  cond i t i ons  of t h e  s p e c i f i c  s i t e  and s o c i e t a l  goa l s  regard ing  
r e sou rce  recovery.  These c r i t e r i a  w i l l  have t o  be determined on a  case- 
by-case b a s i s .  However, a s  a  minimum, any g rou t  used t o  s e a l  an abandoned 
VMIS r e t o r t  should have t h e  fo l lowing  c h a r a c t e r i s t i c s :  

(1)  The grouted a rea .mus t  be  impermeable enough t o  prevent  t h e  degrada t ion  
of l o c a l  ground water  o r  s u r f a c e  water .  

(2)  The grout ing  m a t e r i a l  must be chemical ly s t a b l e  i n  t h e  presence of 
s a l i n e  groundwater. 

(3)  The g rou t  v i s c o s i t y  must be low enough and t h e  s e t t i n g  t ime long enough 
, f o r  t h e  s l u r r y  t o  p e n e t r a t e  a  l a r g e  a rea .  

(4)  The.grouted a r e a  should be a b l e  t o  wi ths tand  h y d r o s t a t i c  and overburden 
p re s su res ,  depending on t h e  a p p l i c a t i o n .  The h y d r o s t a t i c  p re s su re  i s  
due t o  n a t u r a l  head d i f f e r e n c e s  t h a t  e x i s t  between t h e  a q u i f e r s  sur -  
rounding t h e  o i l  s h a l e  d e p o s i t s  i n  some a r e a s  and t o  s i g n i f i c a n t  de- 
water ing  dur ing  r e t o r t i n g .  

Pre l iminary  s t r u c t u r a l  a n a l y s i s  of r e t o r t s  i n d i c a t e s  t h a t  w i th  a  45 percent  
e x t r a c t i o n  r a t i o  ( c a l l e d  f o r  i n  development p l a n s ) ,  no grouted r e t o r t  
s t r e n g t h  o r  s t i f f n e s s  i s  r equ i r ed ;  t h a t  is ,  t h e  overburden and p i l l a r s  a r e  
s t a b l e  a s  designed even i f  l e f t  ungrouted. Inc reas ing  r e sou rce  recovery 
beyond 45 percent  r e q u i r e s  t h e  substitution of grouted r e t o r t s  f o r  p i l l a r s  
and t h e  development of s t r e n g t h  and s t i f f n e s s  i n  t h e  r e t o r t s .  One hundred 
pe rcen t  e x t r a c t i o n  can be r e a l i z e d  i f  t h e  grouted r e t o r t s  have a  s t r e n g t h  
of about  1000 p s i  and a s t i f f n e s s  ( tangent  modulus a t  zero  s t r a i n )  of 
500,000 p s i .  This  modulus requirement assumes t h a t  no r e t o r t s  a r e  l e f t  
ungrouted a t  t h e  end of t h e  p r o j e c t ,  and t h a t  r e t o r t s  are grouted soon a f t e r  
they  a r e  burned. The a c t u a l  temporal sequence of r e t o r t i n g  and g rou t ing  i s  
important .  



Brown e t  a l .  (1977) es t imated  t h a t  an  average post-grout ing permeabi l i ty  
two o r d e r s  of magnitude lower than t h e  h o s t  rock would be requi red  t o  keep 
t h e  incremental  s a l t  loading  t o  Piceance Creek l e s s  than  100 mg/l per  
30,000 barrel-per-day production. The va lue  proposed was 3  x  cm/sec. 

Based on these  c r i t e r i a  and t h e  previous ly  repor ted  work, i t  appears  
t h a t  g rou t  product ion from as-received spent  s h a l e s  and v a r i o u s  t r e a t e d  
spent  s h a l e s  may achieve  a  s u f f i c i e n t l y  low permeabi l i ty  t o  minimize con- 
taminat ion of s u r f a c e  and ground waters .  Nevens e t  a l .  (1977) measured 
a  28-day permeabi l i ty  of 3 x cm/sec f o r  a  Lurgi  spent  s h a l e  produced 
a t  moderate temperatures .  Lurgi  spent  s h a l e s  produced a t . h i g h e r  and lower 
temperatures  had h igher  pe rmeab i l i t i e s .  These i n v e s t i g a t o r s  observed t h a t  
t h e  permeabi l i ty  decreased over  t ime,  and they  hypothesized t h a t  i t  may be 
p o s s i b l e  t o  o b t a i n  a  permeabi l i ty  of 10'~ cmlsec, given s u f f i c i e n t  t ime. 
S imi l a r ly ,  Holtz  (1976) measured p e r m e a b i l i t i e s  a s  low a s  8  x cm/sec 
f o r  compacted Paraho spent  s h a l e s ,  and Mallon (1979) measured a  permeabi l i ty  
of 4 x  10-7 cmlsec f o r  a  grouted sample of spent  sha l e .  

The most important f a c t o r s  f o r  c o n t r o l  of overburden cracking  and sub- 
s idence  a r e  des ign  s t r e n g t h  of p i l l a r s  and s t i f f n e s s  of t h e  grouted r e t o r t s .  
Presumably, i f  t h e  p i l l a r s  a r e  proper ly  designed,  they  w i l l  provide adequate  
s t r eng th .  No s t i f f n e s s  measurements have been r epor t ed  f o r  g r o u t s  s tud ied .  

Adequate s t r e n g t h  and s t i f f n e s s  of grouted r e t o r t s  a r e  requi red  f o r  
enhanced resource  recovery.  A compressive s t r e n g t h  of about 1000 p s i  
would have t o  be developed i n  t h e  grouted r e t o r t  t o  permit recovery of 
one hundred percent  of t h e  p i l l a r s .  S t r eng ths  have been measured by 
s e v e r a l  methods, bu t  i n  most ca ses  t h e  samples (low mois ture  con ten t ,  
compacted) were not  r e p r e s e n t a t i v e  of grout  i n  an i n - s i t u  r e t o r t .  The 
grout  proposed by Mehta and Persof f  (1980) appears  t h e  most l i k e l y  t o  
s a t i s f y  the  s t r u c t u r a l  requirements  f o r  increased  r e sou rce  recovery.  

These r e s u l t s  i n d i c a t e  t h a t  t h e  goa l s  of r e t o r t  abandonment and g rou t ing  
c r i t e r i a  must be c l e a r l y  def ined  be fo re  a  g rou t  can be s e l e c t e d .  I f  in-  
s i t u  leaching  and subsidence a r e  addressed,  i t  may be p o s s i b l e  t o  c o n t r o l  
t hese  problems by f i l l i n g  t h e  abandoned r e t o r t  w i th  a  s l u r r y  of as-received 
spent  sha l e .  A small  amount of f l u i d i z e r  would probably be added t o  reduce 
t h e  v i s c o s i t y .  The p ro j ec t ed  c o s t  of t h i s  op t ion  i s  approximately 35C t o  
$1.30 per  b a r r e l  of o i l  f o r  r e t o r t s  l oca t ed  on l e a s e  t r a c t s  C-a and C-b 
(Persoff  and Fox, 1980). On t h e  o t h e r  hand, enhanced r e source  recovery 
would r e q u i r e  a  r e l a t i v e l y  h igh-s t rength  cement a t  a  cons iderably  h igher  
c o s t .  Economic t r ade -o f f s  must be made between l eav ing  some r e source  un- 
recovered and ob ta in ing  improved resource  recovery a t  a  g r e a t e r  c o s t .  

4 .  SUMMARY 

V e r t i c a l  modified i n - s i t u  r e t o r t i n g  may r e s u l t  i n  i n - s i t u  l each ing  of 
abandoned r e t o r t s ,  overburden cracking  and subsidence,  and low re source  
recovery.  These problems may be c o n t r o l l e d  by f i l l i n g  t h e  abandoned re -  
t o r t s  w i t h  a  grout  based on s u r f a c e  spent  s h a l e .  A number of g r o u t s  wi th  
a  range of p r o p e r t i e s  have been proposed. These inc lude  product ion of 
por t land  cement from raw s h a l e ,  development of high-strength hydrau l i c  
cement by l ime a d d i t i o n  t o  Lurgi  spent  s h a l e ,  development of low-strength 
grout  by r e t o r t i n g  i n  steam a t  700°C fo l lowing  o i l  recovery and char  
combustion, and use  of as-received spent  s h a l e s  w i th  v a r i o u s  a d d i t i v e s .  



These inv'estigations suggest that untreated spent shale may be used to 
,control in-situ leaching and subsidence. However, if additional resource 
recovery is required, a higher strength grout will be required. 
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CONTROL TECHNOLOGY RESEARCH DEVELOPMENTS FOR 
IN SITU OIL SHALE PROCESS WATERS 

J. T. Lotwala, D. S. Farrier, and R. E. Poulson 
U.S. Department of Energy 

Laramie Energy Technology Center 
Laramic, bTY 52071 

'j')evelopment of treatment and management techniques for the water 
produced during in situ oil shale retorting operations is une u f  the 
most important initial steps required towards the achievement of the 
ultimate goal of successful commercialization. This paper.identifies 
the three distinct water streams produced during a retorting operation 
and discusses treatment schemes for each type. Significant research 
results obtained from the current water treatment projects of the Laramie 
Energy Technology Center (LETC) are presented and a summary overview of 
water related environmental research conducted under the leadership of 
LETC is provided. 

INTRODUCTION 

One of the primary objectives of the U.S. Department of Energy 
(DOE) in regard to synthetic fuels is to foster the development of a 
commercial oil shale industry. Compared to aboveground oil shal~ process- 
ing, in situ processing.has several distinct advantages (1,2,10) : - --  

Less surface disturbance. 

Less water required. 

Lower capital and labor costs. 

Amenah1.e to Leaner shale. 

Minimizes health and safety hazards to the workers. 

Reduces the sncioeconomic impacts normally experienced 
from rapid industrial growth. in rural areas. 

* Underlined numbers in parentheses refer to items in the list of 
references at the end of this paper. 



The Division of Environmental Sciences at the Laramie Energy 
Technology Center (LETC) is responsible for environmental efforts 
associated with DOE underground coal gasification, and oil shale and tar 
sands recovery projects and for developing an environmental tec'hmcilogy 
base to assure the environmental acceptability of these fossil fuel 
processing technologies. The Division works closely with regulatory 
agencies to insure that LETC field projects are conducted in.an environmen- 

'tally acceptable manner and in compliance with Federal, State and local - 
laws, regulations, and guidelines. In addition, the Division maintains 
a core effort directed at mitigation of environmental effects associated 
with the oil shale, coal, and tar sands processing technologies. The 
overall strategy for conducting environmental work is based on tile 
concept of a continuous cycle of activities involving planning, research 
and development, implementation of environmental controls, and review of 
accomplishments. The driving force for this cycle is the changing 
implementation opportunity which progresses in size from laboratory and 
pilot scale experiments through increasingly involved field activities '\ 
and ultimately to full scale demonstration and commercial scale operations. 
Field operations offer the most realistic and advantageous opportunities 
for determining and resolving the potential environmental effects of 
fossil fuel processing. Therefore, the work is closely coordinated with 
project and engineering staff a6 well as with other agencies and laboratories 
in the planning and coordination of field activities so that environmental 
and process related objectives can be simultaneously pursued. This 
approach acknowledges that the attainment df commercialization goals 
requires parallel advances in overcoming engineering, economic, and 
environmental problems. 

Currently, a large number of w a L r r  related research projcct~ nro 
being sponsored by LETC. Water-related control technology research has 

"been at a high level of activity because of the numerous concerns for 
surface and subsurface water impacts associated with in situ oil shale 
processing. A refrigerated research sample xepository (RRSR) has been 
established at LETC (3). The purpose of the repository is to provide 
for controlled storage and processing of large amounts of waters significant 
to environmental research for fossil fuel processing. The RRSR facility 
consists of two adjacent  buildings with a total of 11,000 sq. f t .  of 
open floor space. The facility is thermostatically refrigerated to 
3 6 2 4 ° F .  The capacity of the RRSR is 92,000 gallons (allowing 50 percent 
free space for access) based on storage in 3,066 thirty-gallon drums 
double stacked on pallets. At present, large volume amounts of various 
oil shale process waters are in storage at this facility. Major efforts 
are continuing towards using these waters to determine their bioenviron- 
mental impacts and to develop water treatment schemes to mitigate such 
impacts. This facility at LETC is believed to be the first one of its 

' type anywhere in the country. Current water treatment projects under 
investigation by LETC include laboratory studies of treatment by stripping, 
ultrafiltration, biological oxidation, ion exchange, reverse osmosis, 
and carbodresin adsorption. Preliminary experimental results indicate 
that stripping and reverse osmosis may be particularly suited for the 
treatment of water streams in a commercial scale oil shale plant ($,9,13). 



During an in situ oil shale processing operation, three distinct 
water streams may be produced: 

Gas Condensate Water. A relatively large quantity of water leaves 
the retort in the vapor phase with the retort gases. During gas scrubbing 
this water vapor is condensed and collected as a gas condensate. This 
gas condensate contains ammonia along with some carbon dioxide, hydrogen 
sulfide, and volatile organics. Inorganic salts are normally not significant 
in the gas condensate. A summary of water quality parameters measured 
for a gas condensate water is presented in Table 1. 

Retort Water. This water condenses out in the retort itself and is 
pumped to the surface mixed with oil. This water, which will generally 
have leached out significant concentrations of i-norganic salts as it 
flowed down the rubblized shale, must be separated from the oil before 
it can be treated. Retort water is of a quality significantly different 
from that oi the gas condensate. A summary of water quality parameters 
found in a retort water is presented in Table 2. 

Mine Drainage Water. The third type of water stream is the mine 
drainage water which may be released from aquifers at various levels in - 
the oil shale deposits. This water must be consumed or discharged to a 
surface stream or reinjected into the aquifers. As with the retort 
water, mine drainage waters contain considerable amounts of leached 
inorganic salts, but are not associated with the retorting operation and 
so do not contain significant concentrations of dissolved gases and 
organics. Excess mine drainage water that is surface discharged generally 
will require some treatment, depending on discharge permits, but should 
nevertheless be regarded as.a water resource and not a wastewater. A 
summary of water quality parameters found in a mine drainage water is 
presented in Table 3. 

The quality and quantity of process waters produced in any oil 
shale retorting operation vary considerably with the type of shale and 
the hydrologic conditions in the area (~,6,11,12~). Even in che same . 
general location, water quality parameters may be spatially variable. 
Reliable.chemica1 characterization of synfuel process waters has been 
difficult to obtain (7). This is due to the lack of adequate standards 
and limitations of many available analytical methods. Concentrations of 
many constituents,fall outside the recommended ranges for published 
methods or chemical interferences produce inaccurate results. In view 
of these analytical problems, the results presented should be interpreted 
with some caution. 

PROPOSED TREATMENT SCIIEMES 

Gas Condensate Water. In general, the gas condensate water treatment 
sch.eme would consist of oil-water separation, ammmonia stripping and 
recovery, followed by a polishing.step such as reverse osmosis, as shown 
in Figure 1. The stripping step is the single most important operation 
in this scheme. Prelimidary treatment studies have shown that more than 
90 percent of chemical oxygen demand (COD) can be stripped during this ;: 
step. The results of this treatment scheme are further discussed laterh 
in this paper. In a commercial-scale plant, the treated water may be 
used, possibly as cooling tower makeup water, within the plant (8). - 



TABLE 1. CHEMICAL COMPOSITION OF OX1 GAS CONDENSATE WATER a 

Parameters (mg/E except 
where noted) 

Sodium* 
Potassium 
Calcium 
Magnesium 
Chloride 
Fluoride 
Nitrate (NO3-N) 
Sulfate 
Carbonate 
Bicarbonate 
pH (standard pH units) 
Total Dissolved Solids 
Conductivity (micromhos/cm) 
Hardness (as CaC03) 
Total Alkalinity (as r -  03) 
Phosphate - total 
Nitrogen (NH3) 
Total Kjeldahl Nitrogen 
Oil and Grease 
Thiocyanate 
Tetrathionate 
Thiosulfate 
Chemical Oxygen Demand 
Cadmium (total) 
Chromium (total) 
Lead (total) 
Boron (total) 
Copper (total) 
Iron (total) 
Manganese (total) 
Zinc (total) 
Nickel (total) 
Arsenic (total) 
Selenium (total) 
Mercury (total) 
Aluminum (total) 
Cyanide (total) 
Lithium (total) 
Cobalt (total) 
Molybdenum (to.ta1) 
Vanadium (total) 
Barium (total) 
Total Carbon 
Total Inorganic Carbon 
Total Organic Carbon 

1 

4.7 
0.5 

0 
0.2 
NR 
0.4 
NR 
NR . 

2,200 
21,000 
, 8.7 

0 
NR' 

0.8 
NR 

Int. 
NR 

6.900 
co.1 

c0.05 
c0.05 
c0.05 

NR 
co.01 
(0.1 
c0.1, 

0 
co.01 
0.0 

0.03 
0.03 

CO. 01 
0.04 
0.02 
co.1 
<O. 5 
0.33 
co.01 
c0.04 
co. 1 
~ 0 . 3  
NR 
NR 
NR . 
NR 

2 

3.0 
co. 1 
Int. 
0.8 
NR 

0.36 
. NR 
NR 

3,700 
22,000 

9.23 
148 

31,000 
Int. 

24,200 
0.48 
NR 
NR 
36 
NR 
NR 
NR 
NR 

<O. 1 
co. 1 
<o. 1 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 

i 
NR 
NR 
NR 
NR 
NR 

3 

1.3 
<o. 1 
Int . 
0.9 
320 

0.66 
270 
3 7 

5.300 
13,000 

9.17 
140 

30,000 
Int. 

19,800 
NR 

2,400 
NR 
30 
11 
10 
58 

3,000 
co.1 
0.16 
CO. 1 
0.7 
*o. 1 
<o. 1 
CO. 1 
co.1 
NR 

Int. 
0.09 
Int. 
0.6 
Int. 
NR 
NR 
NR 
NR 
<1 - 

5,583 
4,635 

948 

4 

2.0 
co.1 
Int. 
0.9 
290 

0.48 
280 

co.1 
4,800 
20,000 

9.20 
96 

30,000 
Int . 

24,200 
NR 

2,000 
NR 
33 
12 

co.1 
128 

3,200 
<o. 1, 
0.19 
co.1 . 
0.8 
CO. 1 
0.2 

<o. 1 
<o. 1 
NR 

Int. 
0.12 
Int. 
<O. 5 
Iilt. 
NR 
NR 
NR 
NR 

,. Cl 
5,562 
4,744 

818 

5 

1.2 
c0.1 
Int. 

1 
590 

0.39 
150 
12 

4,500 
20,000 
9.13 

92 
30,000 

Int. 
24,300 

NR 
1,600 

NR 
38 
9 

(0.1 
122 

6,500 
co.1 
0.12 
co.1 
0.5 
c0.1 
0.2 
<o. 1 
co.1 
NR 

Int. 
0.12 
Int. 
co. 5 
Int. 
NR 
NR 
NR 
NR 
<1 

5,547 
4,635 

912 

6 

1.1 
co.1 
Int. 
0.8 
260 

0.32 
130 
36 

7,900 
.14,000 

9.19 
108 

30,000 
Int. 

24.400 
NR 

1,400 
NR 
3 6 
10 

(0.1 
112 

3,800 
co.1 
0.14 
0.1 
0.9 
co.1 
co.1 
co.1 
c0.1 
NR 

Int. 
0.09 
Int. 
(0.5 
Int . 
NR 
NR 
NR 
NR 
< 1 

5,630 
4,632 

998 

32 
0.9 
Int. 
0.8 
280 

0.61 
180 

17,000 
9 ..19 
308 

30,000 
Int. 

24,100 
NR 

1,800 
NR 
38 
12 

eo.1 
110 

11,000 
co.1 
0.16 
c0.l' 

1 
<o. 1 
0.2 

co. 1 
co.1 
NR 

Int. 
0.07 
Int. 
c0.5 
Int . 
NR 
NR 
NR 
NR 
< 1 

5,540 
4,642 

898 

Average 

6.5 

Int. - Interference 
NR - Not Run 

Range 

a Analyses of 7 random samples from a field composite of pilot plant condensate produced during March 1979 from the 
Occidental Oil Shale, Inc. Retort 6 at Logan Wash near DeBeque, Colorado. 



TABLE 2. CHEMICAL COMPOSITION OF OXY RETORT WATER a 

Parameters (mg/!L except , 

where noted) 1A 

Sodium 
Potassium 
Calcium 
Magnesium 
Chloride 
Fluoride 
Nitrate (NO3-N) 
Sulfate 
Carbonate 
Bicarbonate 
pH (standard pH units) 
Total Dissolved Solids 
Conductivity (micromhos/crn) 
Hardness (as CaC03) 
Total Alkalinity (as CaC.03) 
Nitrogen (NH3) 
Oil and Grease 
Thiocyana te 
Tetrathionate 
Thiosulfate 
Chemical Oxygen Demand 
Chromium (total) . 

Boron (total) 
Arsenic (total) 
Selenium (total) 
Cyanide (total) 
Total Dissolved Carbon 
Dissolved Inorganic Carbon 
Dissolved Organic Carbon 

Int. - Interference 
NR - Not Run 

67 
0.7 
8.1 
1.8 
6 0 

0.43 
Int. 
213 
720 

7,600 
9.04 
600 

12,500 
28 

7,400 
2,200 

NR 
NR 
NR 
NR 

2,000 
NR 

3,400 
9 8 

<o. 1 
1.2 
520 
32 

3,200 
881 

2,200 
6,900 
9.06 

10,400 
14,000 

4.9 
9,300 
1,000 
260 
9 2 

<o. 1 
112 

2,600 
<0.1 
17 

Int. 
0.15 
11 

4,183 
1,571 
2,612 

'Average Range 

a 
Analyses of 5 random samples from the Occidental Oil Shale, Inc. Retort 5 at Logan Wash near DeBeque, Colorado. 
The samples were collected monthly from January - May 1979. Sample number 1 was split. 

,. . . ., . . .. ..I.>. . . . . 



TABLE 3. CHEMICAL COMPOSITION OF OXY' 

MINE DRAINAGE WATER a 

Constituent Upper Mine Aquifer Lower Mine Aquifer 

Bicarbonate 350 - 2100 265 - 4300 

<0.16 - 11 

5.4 - 52 

200 - 780 143 - 2320 

<5 - 370 

750 - 1800 

8.3 - 9.3 

< 1  - 1 . 8  

- - - -- - - - - -- - 

a 
Data from the C-b Shale Oil Vent~lre and from the Denver 
Research Institute.' 
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Retort Water. A scheme for treatment of the retort water is presented 
in Figure 2. The separation of oil from water is the crucial first step 
in this scheme. The oil present in the water stream, if not removed, 
would adversely affect the effectiveness of all subsequent treatment 
steps. The separation of oil from water under the action of gravity is 
standard industrial and refinery practice. However, gravity separators 
are inadequate for the very small oil particles that occur in oil-water 
mixtures associated with oil shale processing. Centrifugal separators 
may be used as a means of increasing the separating force and decreasing 
residence times. However, equipment costs are high and this type of 
separator is used mainly for water-in-oil emulsions rather than oil-in- 
water systems. Chemical, electrical and physical methods are available 
to break oil/water emulsfons. One physical method that may be of use 
for oil shale wastewaters is the "filter coalescence'' of the small oil 
droplets to a size sufficient for gravity separation. There are several 
advantages of filter-coalescers, but extensive pilot testing is needed 
for specific systems. Ultrafiltration is another method suitable for 
separation of very fine oil droplets from water. Costs are higher than 
for filter coalescence, but a high quality product is obtained. Ultra- 
filtration may find application as a polishing step, or as a pretreatment 
to other membrane water treatment processes. Subsequent to oil-water 
separation, stripping of ammonia is required. Ammonia stripping is 
straightforward for gas condensates, but retort waters contain fixed 
ammonia and special design procedures may be required for stripping this 
fixed ammonia (9). Recent laboratory tests with several different 
membranes have shown that reverse osmosis may be useful in removing up 
to 98 percent total dissolved solids (TDS) and up to 97 percent COD from 
stripped retort water (4). - 

Mine Drainage Water. A scheme for treatment of the mine drainage 
water is presented in Figure 3. The flow for this water stream is very 
much dependent upon site conditions, and could be as high as six barrels 
of water per barrel of oil produced, or higher. If the final effluent 
is to be discharged to a stream or river, traces of boron, phenol, and 
ammonia present in the mine drainage water will have to be removed prior 
to discharge. 

As discussed earlier in this paper, stripping is the single most 
important step in the gas condensate water treatment scheme. In a 
laboratory experiment, a .gas condensate sample was batch stripped by 
boiling at atmospheric pressure for about 90 minutes (4). Both ammonia 
and organics (as measured by COD) were removed at aDDr~ximately equal 
rates, as illustrated in Figure 4. If stripping were carried out at 
slightly elevated pressure and teniperature as would occur in an industrial 
steam stripper, then it can be expected that close to 100 percent organics 
removal will' be obtained.. Rejections 'obtained with this stripped gas 
condensate by various reverse osmosis (RO) membranes are presented in 
Table 4. As seen from the table, the stripped water is of suitable 
quality for plant reuse. Further treatment through RO membranes produces 
a high quality water suitable for river discharge. Organics removal 
ranged from 75 to 95 percent, apparently increasing with increasing feed 
pH. Results of RO rejections with a sample of the LETC 10-ton simulated 
in situ retort water are presented in Tables 5 and 6. In spite of the 
high TDS in the sample, RO rejections of.both organics and inorganics 
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a Figure 4 . Ammonia and organics (COD) stripping from Oxy gas condensate. 
Batch stripping a t  1 0 0 ~ ~ .  

a Water quality parameters are presented i n  Table 1 .  



a 
TABLE 4 .  REJECTIONS OBTAINED WITE STRIPPED OXY GAS CONDENSATE 

% R e j e c t i o n  = (1 - permeate  concn./avg. of f e e d  and c o n c e n t r a t e  concn.) 100. 

a 
Water  q u a l i t y  pa ramete rs  are p r e s e n t e d '  i n  Tab le  1. 

C o n s t i t u e n t  

Ammonia ( N )  

A l k a l i n i t y  

Hardness  

TDS (lOS°C) 

COD 

Feed pH 

Produc t  pH 

S t r i p p e d  
Gas 

Condensate 
mg/l 

70 

385 

400 

450 

8.6 

8.8 

F i l t e r e d  
Gas 

Condensate 
mq/l 

7,600 

24,000 

< 2  

270 

2,300 

8.6 

8.6 

.) 

% R e j e c t i o n s  by RO Membrane 

Osmonics 
Sepa 97 (CAI 

93 

66 

90 

7 3 

3.0 

4.1 

Osmonics 
Sepa 97 (CA) 

98 

96 

9 7 

8 4 

6.4 

7.1 

Membrane 
Systems 
Blend CA 

90 

9 2 

87 

8 4 

5.0 

5.9 

F i l m t e c  
Composite 

87 

80 

7 9 

9 5 

8.8 

9.6 



TABLE 5 .  REJECTIONS OBTAINED WITH STRIPPED LETC RETORT WATER AFTER 
ULTRAFILTRATION THROUG3 AN AMICON U M l O  blEblEnFANE a 

% R e j e c t i o n  = (1 - permeate  concn./avg. o f  f e e d  and c o n c e n t r a t e  concn.) 130.  

a  T h i s  w a t e r  was o b t a i n e d  from r u n  S-(+7 of t h e  LETC 10- ton s i m u l a t e d  in .  s i t u  r e t o r t .  

. 

C o n s t i t u e n t  

Ammonia ( N )  

A l k a l i n i t y  

Hardness 

TDS ( 1 0 5 ' ~ )  

COD 

Feed pH 

P r o d u c t  pH 
i 

S t r  ip.ped 
R e t o r t  
Water 
mg/l 

440 

15 ,800  

120 

53,000 

9 ,700 

8 . 6 3 1 1  

1 0 . 3  

U l t r a f i l t e r e d  
Water 
mg/l 

440 

15 ,600  

50,100 

9 , 2 0 0  

2 

% R e j e c t i o n s  by RO Yen-brane 
Osmonics 

Sepa 97(CA) 

89 

9  5  

1 8 5  

96 

h 8 6  

1 0 . 3  

1 0 . 3  

Membrane 
Sys tems 
Blend CA 

96 

7 8 5  

98 - - 

8 2  

4 . 5  

5.3 

6 .8  

8 . 4  

F i l m t e c  
Composite 

4  2 

>85 

9 6 

8 4  

6 .8  

8 . 7  

F i l m t e c  
Composite 

3  1 

>85 

98 

9 7  

1 0 . 3  

10.2  



TABLE 6 .  REJECTIONS OBTAINED WITH STRIPPED LETC RETORT WATER AFTEX 
ULTRAFILTRATION THROUGH A SEPA-0 MEMBRANE a 

. . . .  . . .  . . .  . . 
. . .  . . .  . . . . .  . ., . : . :  . 

. , . . . .  . . .  . . . . . . . .  . . ... . . , . . . 
. . : 

. . .  . .- . . . . . . : 
. . .  . .  , ..; . .  . . . .  . . .  . . 

. . .  . . .  
. . . . 

. . .  

: .. ' 

. . . ,  , . 

.. . . . .  . . .  . . . .  
. ,  . . 

. . .  . . .% ~ e ' j e d t i o n  = (1- Permeate concn./avg. o f  f e e d .  and c o n c e n t r a t e  concn. 100 :: :' . . .  . . . . . . .  . . . . . . . .  . . . . . . , . 

. . .  
, 

. . . , . . . . . . .  . . . . . . . .  
. : .  

. . . . . . . . 
. . . . .  . . . . . . 

, . .  .:. . . . 

- 
C o n s t i t u e n t  

Ammonia (MI 

A l k a l i n i t y  

Hardness 

TDS (105O C)  

a 
T h i s  w a t e r  was o b t a i n e d  from run  S-47 of the LETC 10-ton s i m u l a t e d  i n  s i t u  r e t o r t .  

S t r i p p e d  
R e t o r t  
Water 
mg/l 

440 

15,800 

-120  

53,000 

COD 

Feed pH 

P r o d u c t  pH 
< 

U l t r a -  
F i l t e r e d  

Water 
mg/l 

440 

15 ,700  

49,000 

9 ,700  

8 . 6 + 1 1  

10.3  

% R e j e c t i o n s  by R.O. Membrane 

Osmonics 
Sepa 97(CA) 

9 2 

9 9 

> @ 5  

9 7 

9 ,650  

10 .3  

10 .3  

Membrane Systems 
Blend (CAI 

90 

9  9 

2- 85  

98 

84 

5 .5  

6 .0  

8 8 

5 .5  

5 . 7  

P 
IU 



were sufficiently high to produce a permeate suitable for plant reuse. 
Membrane fluxes were in the range of 2-7.gallons per sq. ft. per day 
which are 50 percent or less of the.manuf acturers ' reported values. 
With time and as the concentrate concentration in the batch system 
increased, plugging was evident with most of the membranes tested. . 
.Reasons for the plugging. . .  . might. include precipitation of calcium carbonate 
and organic fouling. Pretreatment by ultrafiltration to remove the 
larger organic molecules had no. effect. Experiments with another retort 
water sample which was highly contaminated showed that even with various 
pretreatments the water was still not nearly suitable for RO and plugged 
all membranes after only small throughputs had been accomplished. 
However, this latter retort water sample was not a typical sample. 
Experiments with mine drainage water by various RO membranes are in . 
progress at .this time. ~esults in the relatively short term batch tests 
can be misleading. The data have clearly demonstrated that RO is a 
candidate tor the treatment of procebe wafets, But rhae infowarion on 
fouling and membrane life must be obtained to determine its feasibility 
In practice. Future tests on a flow module should provide much of these 
daca . 

SUMMARY 

In situ oil shale processing on a commercial scale, if technically 
feasible, does have several advantages over aboveground processing. 
Three distinct water streams are produced during an in situ processing 
operation. This paper has illustrated the preferred schemes for treating 
these water streams. Much additional research in environmental, process, 
and economic areas is required. A summary overview to highlight the 
multifaceted research program being conducted by the U.S. Department of 
Energy at the Laramie Energy Technology Center to address these concerns 
has been presented. 
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INTRODUCTION 

A l i m i t e d  supply of domestic o i l  and n a t u r a l  gas  i n  conjunct ion  wi th  
r e c e n t  world developments (e.g., OPEC product ion  cutbacks and p r i c e  i nc reases ,  
and p o l i t i c a l  i n s t a b i l i t y  i n  t h e  Middle Eas t )  have emphasized our  n a t i o n ' s  
need t o  l e s s e n  our  dependence on f o r e i g n  energy sources.  Much of America's 
f u t u r e  energy needs could be met on a short-term b a s i s  by developing our  own 
re sources  inc luding  t h e  n a t i o n ' s  western o i l  s h a l e  r e se rves .  Western o i l  
s h a l e s  of t he  Green River  Formation con ta in  i n  excess  of 318 b i l l i o n  m3 
(2  t r i l l i o n  bbl )  of o i l  i n  place.  The known re sources  of high-grade s h a l e  
( g r e a t e r  than 104 l i t e r s  of o i l / t o n n e  o r  25 g a l l o n s  of o i l / t o n  of o i l  s h a l e )  
a r e  es t imated  t o  hold 95.5 b i l l i o n  m 3  (600 b i l l i o n  b b l )  of o i l  w i t h  a t  l e a s t  
1 3  b i l l i o n  m 3  (80 b i l l i o n  b b l )  recoverable  by p re sen t  technology (Yen 1976). 
This  amount of o i l  is  much more than  t h e  sum of t h e  r e sou rces  of Prudhoe Bay 
i n  Alaska and i n  t h e  Cont inenta l  s h e l f  r e s e r v e s  on t h e  U.S. West Coast 
(Slawson and Yen 1979). I n  f a c t ,  Hubbert (1974) has  r epo r t ed  t h a t  t h e  u l t i m a t e  
t o t a l  U.S. crude o i l  product ion would probably be between 150 and 170 b i l l i o n  
b a r r e l s .  Both government and i n d u s t r y  s p e c i a l i s t s  have specula ted  t h a t  by t h e  
end of t h i s  century ,  t h e  United S t a t e s  is  capable of developing an  o i l  s h a l e  
i n d u s t r y  wi th  an  ou tpu t  of 160,000 m3 t o  320,000 m 3  ( 1  m i l l i o n  t o  2 m i l l i o n  
bb l )  of o i l  per  day (Energy Development Consul tan ts ,  Inc. 1979; Slawson and 
Yen 1979).  

I n t e r e s t  i n  developing a v i a b l e  o i l  s h a l e  i ndus t ry  i s  i n t e n s i f y i n g  i n  
both  p r i v a t e  and governmental c i r c l e s .  Seve ra l  companies involved i n  t h e  o i l  
s h a l e  i n d u s t r y  a r e  i n  t h e  midst  of implementing recovery technologies  t h a t  
approach commercial s c a l e  (Colorado Energy Research I n s t i t u t e  1979). Af t e r  
ex t ens ive  development t e s t i n g  and monitor ing,  s e v e r a l  o t h e r  companies have 
announced cons t ruc t ion  p l a n s  scheduled t o  commence when environmental i s s u e s  
a r e  reso lved  and economic cond i t i ons  j u s t i f y  t h e  l a r g e  c a p i t a l  investment 
(EPA 1979). Congress i s  c u r r e n t l y  cons ider ing  s e v e r a l  p i e c e s  of l e g i s l a t i o n  
, t h a t  would encourage development of ou r  o i l  s h a l e  resources .  I n  a d d i t i o n ,  t h e  
Department of Energy is  involved i n  a number of cost-sharing c o n t r a c t s  w i th  
i n d u s t r y  t o  look a t  new o i l  s h a l e  recovery technology. 

I 

This  increased  i n t e r e s t  i n  o i l  s h a l e  development has  a l s o  increased  
concern about environmental impacts a s s o c i a t e d  wi th  la rge-sca le  mining and 
process ing  opera t ions .  One of t h e  major environmental problems connected wi th  
t h e  o i l  s h a l e  i n d u s t r y  is  t h e  d i s p o s a l  of r e t o r t e d  s h a l e  w i t h  minimal environ- 
mental impact. Retor ted  s h a l e  d i s p o s a l  is a s i g n i f i c a n t  problem because of 
t h e  l a r g e  volume of waste m a t e r i a l  genera ted  and because of t h e  chemical and 
phys i ca l  c h a r a c t e r i s t i c s  of t h i s  waste.  

Large q u a n t i t i e s  of r e t o r t e d  o i l  s h a l e  w i l l  be produced wi th  e i t h e r  t h e  
development of l a rge - sca l e  aboveground r e t o r t s  o r  by t h e  use  of modified 
i n  situ technology. With s u r f a c e  r e t o r t i n g  i t  is es t imated  t h a t  a one m i l l i o n  



b a r r e l  a  day i n d u s t r y  would r e q u i r e  1 .4  m i l l i o n  t o n s  d a i l y  of raw s h a l e  t h a t  
produces 30 g a l l o n s  of o i l  pe r  ton.  During t h e  r e t o r t i n g  p roces s ,  t h e  mass of 
t h e  s h a l e  w i l l  decrease  by 12-15%, b u t  volume may i n c r e a s e  a s  much a s  50% as a 
r e s u l t  of mining and crushing.  A m i l l i o n  b a r r e l  a day s u r f a c e  r e t o r t  i n d u s t r y  
would gene ra t e  approximately 180,000 a c r e  f e e t  of was te  m a t e r i a l  pe r  year  
(U.S. Department of t h e  I n t e r i o r  1973). Modified i n  s i t u  technology r e q u i r e s  
t h a t  from 20-50% of t h e  s h a l e  be  mined ou t  p r i o r  t o  r u b b l i z a t i o n  and r e t o r t i n g  
(Energy Development Consul tan ts ,  Inc.  1979).  I ndus t ry  p l a n s  c a l l  f o r  t h i s  
mined o u t  s h a l e  t o  be brought above ground and e v e n t u a l l y  r e t o r t e d  i n  s u r f a c e  
f a c i l i t i e s .  With e i t h e r  r e t o r t i n g  method, p a r t  of t h e  r e t o r t e d  s h a l e  may be  
r e tu rned  under ground bu t  over  h a l f  would need t o  be  d i sposed  of above ground. 
Most of t h e  major . o i l  s h a l e  deve lopers  p l an  t o  d i spose  of t h e  r e t o r t e d  s h a l e  
above ground i n  canyon l o c a t i o n s  (Crawford e t  a l .  1977). Disposa l  s i t e s  f o r  
t h i s  m a t e r i a l  may r e q u i r e  between 200-400 ha of l and  pe r  year .  

The s u r f a c e  d i s p o s a l  of r e t o r t e d  s h a l e  may r e s u l t  i n  environmental  
degrada t ion  because r e t o r t e d  s h a l e  i s  s u b j e c t  t o  water  and wind e r o s i o n  
(F l e t che r  and Baldwin 1973). Erosion o r  runoff  from s h a l e  d i s p o s a l  s i t e s  
could cause contaminat ion of s u r f a c e  groundwaters by t h e  a d d i t i o n  of s a l t s ,  
sediment,  o rgan ic  subs tances ,  and t r a c e  elements  p re sen t  i n  t h e  s h a l e  m a t e r i a l .  
Such contaminat ion w i l l  have an  adverse  e f f e c t  on t h e  q u a l i t y  of water  f o r  
o t h e r  u se s  i n  t h e  upper Colorado Basin and add t o  t h e  s a l t  l oad ing  of t h e  
lower Colorado Basin (Crawford e t  a l .  1977).  I n  a d d i t i o n ,  t r a c e  elements  i n  
r e t o r t e d  s h a l e  may accumulate i n  v e g e t a t i o n  growing on t h e  s h a l e  t o  l e v e l s  
t o x i c  f o r  domestic l i v e s t o c k  and w i l d l i f e .  A i r  q u a l i t y  has  been i d e n t i f i e d  a s  
one of t h e  most s i g n i f i c a n t  o b s t a c l e s  t o  t h e  development of an o i l  s h a l e  
i n d u s t r y  (Energy Development Consul tan ts  1979).  Therefore ,  c o n t r o l  measures 
w i l l  be  necessary  on d i s p o s a l  si tes t o  reduce f u g i t i v e  d u s t  emiss ions  t o  a 
m i n  imum . 

Although t h e  c h a r a c t e r i s t i c s  of t h e  processed s h a l e  d i f f e r  w i t h  
d i f f e r e n t  r e t o r t i n g  methods and tempera tures ,  v e g e t a t i o n  e s t ab l i shmen t  
d i r e c t l y  on t h e  v a r i o u s  s h a l e s  i s  d i f f i c u l t  because of t h e  n a t u r e  of t h e  
m a t e r i a l .  Re tor ted  s h a l e  g e n e r a l l y  has  high pH, h igh  s o l u b l e  s a l t  con ten t ,  
and low amounts of p l a n t  a v a i l a b l e  n i t r o g e n  and phosphorus. P l a n t  growth may 
a l s o  be l i m i t e d  h y ' p h y s i c a l  problems connected w i t h  t h e  t e x t u r e  and t h e  c o l o r  
of t h e  r e t o r t e d  sha l e .  

Because of t h e  above mentioned problems, long-term s t a b i l i z a t i o n  of t h e  
r e t o r t e d  s h a l e  d i s p o s a l  s i t e s  w i l l  be r equ i r ed  i f  environmental  impacts  a r e  t o  
be minimized snd t h e  land r e tu rned  t o  a  product ive  u s e  fo l lowing  e x t r a c t i o n  of 
t h e  resource.  Disposa l  s i t e s  w i l l  need t o  be reclaimed t o  a  p o i n t  where they  
a r e  capable  of suppor t ing  d i v e r s e  and f u n c t i o n a l  ecosystems. Energy f low and 
n u t r i e n t  cyc l ing  w i l l  need t o  be  r e e s t a b l i s h e d  i n  a community composed of a  
wide v a r i e t y  of producers ,  consumers, and decomposers. The reclaimed .land 
must be  a e s t h e t i c a l l y  designed t o  blend i n  w i t h  t h e  surrounding landscape.  

The p rospec t s  f o r  ach iev ing  a  long-term s t a b l e  ecosystem on massive 
r e t o r t e d  s h a l e  d i s p o s a l  sites have n o t  been f u l l y  addressed ;  and, i t  remains 
one of t h e  major problems of o i l  s h a l e  development (ERDA 1976).  Three 
approaches t o  t h i s  problem have been pu t  f o r t h  by i n d u s t r y ,  government, and 
r e s e a r c h  i n s t i t u t i o n s ;  and, t hey  a r e  a s  fo l lows .  



1. Establ ishment  of s a l t - t o l e r a n t  o r  adapted v e g e t a t i o n  d i r e c t l y  on 
r e t o r t e d  s h a l e  wi thout  mod i f i ca t i on  of t h e  s h a l e  m a t e r i a l  

2. Ameliorat ion of t h e  r e t o r t e d  s h a l e  t o  enhance i t s  s u i t a b i l i t y  a s  a 
p l a n t  growth medium and subsequent v e g e t a t i o n  es tab l i shment  

3.  Covering of t h e  r e t o r t e d  s h a l e  w i t h  s u i t a b l e  geo log ic  and/or  s o i l  
m a t e r i a l  p r i o r  t o  v e g e t a t i o n  es tab l i shment  

Th i s  paper r e p o r t s  on t h e  r e s u l t s  and f i n d i n g s  of a long-term ecosystem 
s tudy  d i r e c t e d  toward provid ing  g u i d e l i n e s  f a r  t h e  rec lamat ion  of Colorado o i l  
s h a l e  lands .  The scudy, p r e s e n t l y  underway i n  t h e  Piceance Basin of north-  
wes te rn  Colorado, is  eva lua t ing  t h e  e f f e c t  of r e t o r t e d  s h a l e  p r o p e r t i e s  and 
t h e  method of d i s p o s a l  on v a r i o u s  ecosystem cnmpnnents .  The goal of t h i a  
s tudy  i s  t o  develop s p e c i f i c  recommendations f o r  t h e  r ee s t ab l i shmen t  of  eco- 
systems on land  d i s t u r b e d  by r e t o r t e d  o i l  s h a l e  d i s p o s a l .  

PAST RESEARCH--PLANT CROWTII ON RETORTED SIiALE 

Merkel (1973) r epo r t ed  on a s tudy  a t  Parachute  Creek t o  e v a l u a t e  p l a n t  
growth on v a r i o u s  TOSCO I1 processed s h a l e - s o i l  mixtures .  The r e s u l t s  showed 
low p l a n t  s u r v i v a l  on processed s h a l e ,  b e t t e r  s u r v i v a l  on 50150 r e t o r t e d  sha le -  
s o i l  mix tures ,  and e x c e l l e n t  s u r v i v a l  and growth on topso i l ed  p l o t s .  Merkel 
concluded t h a t  i t  was n o t  p r a c t i c a l  t o  seed d i r e c t l y  i n t o  r e t o r t e d  s h a l e  
wi thout  l e ach ing  o r  i r r i g a t i o n .  Retor ted  s h a l e  could be  r evege t a t ed  without  
i r r i g a t i o n  i f  t o p s o i l  were used t o  cover t h e  sha l e .  

Schmehl and McCaslin (1973) found i n  t h e i r  r e s e a r c h  t h a t  TOSCO I1 and 
U.S. Bureau of Mines r e t o r t e d  s h a l e s  were h igh ly  s a l i n e ,  a l k a l i n e ,  and low i n  
p l a n t  a v a i l a b l e  phosphorus and n i t rogen .  I n  a greenhouse s tudy ,  t h e  growth 
of t a l l  whea tgrass  and Russian w i ld rye  on u n t r e a t e d  r e t o r t e d  s h a l e  was 
extremely poor. Mixtures of  up t o  50% s h a l e  and 50% s o i l  produced f a r  less 
p l a n t  than would be accep tab l e  under f i e l d  cond i t i ons .  Tal.1. whe3.t- 
g r a s s  exh ib i t ed  good growth i n  r e t o r t e d  s h a l e  fo l lowing  l e a c h i n g  of 622 of t h e  
s o l u b l e  s a l t s  and a d d i t i o n s  of n i t r o g e n  and phosphorus f e r t i l i z e r s .  

Herron e t  a l .  (1979) and   erg e t  al.  (1980) cons t ruc t ed  p l o t s  i n  
Parachute  Creek t o  e v a l u a t e  Union O i l  P rocess  B and decarbonized s h a l e s  as 
p l a n t  growth media. Af t e r  f o u r  growing seasons  P roces s  B s h a l e  (which had 
been leached ,  f e r t i l i z e d ,  mulched, and i r r i g a t e d  f o r  p l a n t  e s t ab l i shmen t )  
supported comparable amounts of v e g e t a t i v e  cover when compared w i t h  s o i l  over 
s h a l e  and s o i l  c o n t r o l  t rea tments .  However, t h e  i n v e s t i g a t o r s  recommended' t h e  . ,  

use of a s o i l  cover  w i t h  Process  B s h a l e  because of t h e  h igher  q u a l i t y  of t h e  
runoff  and t h e  g r e a t e r  a b i l i t y  t o  e s t a b l i s h  and main ta in  a more d i v e r s e  p l a n t  
community. The decarbonized s h a l e  had s e v e r e  l i m i t a t i o n s  a s  a p l a n t  growth 
medium. Vegetat ion cover on t h e  decarbonized s h a l e  p l o t s  was cons ide rab ly  
l e s s  than t h e  p l o t s  w i t h  s o i l  over decarbonized sha l e .  The s o i l  c o n t r o l  had 
g r e a t e r  v e g e t a t i o n  cover  than  e i t h e r  t h e  decarbonized s h a l e  t o  s u r f a c e  o r  t h e  
s o i l  cover  t rea tments .  Much of t h e  v e g e t a t i o n  p re sen t  on t h e  decarbonized: . 

s h a l e  p l o t s  and s o i l  over  decarbonized s h a l e  was weedy annual  spec i e s .  



Frischknecht and Ferguson (1979) s e t  up s t u d i e s  i n  Colorado and Utah t o  
evaluate  the  e f f e c t s o f  s o i l  depth over TOSCO I1 processed shale.  I n  Utah, 
a f t e r  two years ,  seven shrub species  belonging t o  the  Chenopodiaceae family 
exhibi ted  good growth on processed sha le  without s o i l  covering. I r r i g a t i o n  
increased p lan t  s u r v i v a l  s l i g h t l y  on, processed s h a l e  but  d id  n o t  improve . 

su rv iva l  on treatments wi th  s o i l  over shale .  Seven o the r  shrubs and fo rbs  
demonstrated very poor su rv iva l  and growth on processed sha le  but performed,  
b e t t e r  with a 30 cm covering of s o i l  ma te r i a l .  I n  Colorado, p l a n t  v igor  and 
growth r a t e s  were h ighes t  on p l o t s  with a s o i l  covering. Fourwing sa l tbush  
and p r o s t r a t e  summer cypress,  two species  which showed good su rv iva l  on. 
r e t o r t e d  sha le ,  doubled i n  height  when grown on p l o t s  covered with t o p s o i l  o r  
s u b s o i l  mater ia l .  It was concluded. tha t  a t o p s o i l  covering of 30 cm o r  more 
should be used when revegeta t ing  processed s h a l e  d i sposa l  s i t e s .  The use of 
t o p s o i l  increased t h e  number of adapted spec ies  and s i g n i f i c a n t l y  reduced t h e  
need f o r  supplemental f e r t i l i z e r s .  

Harbert e t  a l .  (1979) i n  a lys imeter  s tudy a t  the  DOE Anvil Po in t s  
F a c i l i t y  concluded t h a t  f r e s h l y  r e t o r t e d  s h a l e  produced by t h e  Paraho d i r e c t -  
heated process was unsa t i s fac to ry  a s  a p l a n t  growth medium. Fo l lo t~ ing  leach- 
ing,  f e r t i l i z a t i o n ,  mulching, and i r r i g a t i o n  only a spa r se  vegeta t ion  cover 
was es t ab l i shed  d i r e c t l y  on r e t o r t e d  shale.  However, s o i l  cover over r e t o r t e d  
'shale and s o i l  con t ro l  t reatments supported adequate p l a n t  cover. Thus, 
Harbert e t  a l .  (1979) recommended t h a t  the  s h a l e  be covered wi th  s o i l  t o  
insure  the  establishment of an adequate vege ta t ion  cover. The use  of a s o i l  
cover may a l s o  be necessary t o  prevent water movement through r e t o r t e d  sha le  
d i sposa l  p i l e s  and subsequent contamination of ground water. I f  water penetra- . 

t i o n  is t o  be avoided, t h e  depth of s o i l  cover w i l l  have t o  be s u f f i c i e n t  t o  
hold seasonal  p r e c i p i t a t i o n  p a r t i c u l a r l y  from spr ing  snowmelt. 

According t o  Cook et  a l .  (1974) t o p s o i l  should be appl ied  evenly a t  a 
^minimum depth of 15-20 cm over s u b s o i l  ma te r i a l  so  t h a t  a p l a n t  growth medium 
of a t  l e a s t  45 cm i s  produced. A 45 cm depth i s  necessary f o r  s to rage  of 
water t o  f i e l d  capaci ty  t h a t  i s  received during f a l l  and winter .  Soi l 'mois-  
t u r e  is  necessary f o r  p l a n t s  t o  survive  the  dry  summer months t h a t  f r equen t ly  
p r e v a i l  i n  Colorado. 

I n  a study by ~ a r b e k t  and Berg (1978) u t i l i z i n g  'TOSCO I1 and USBI4 
r e t o r t e d  sha les  i t  was reported t h a t  rapid  s t a b i l i z a t i o n  with n a t i v e  vegeta- 
t i o n  w i l l  r equ i re  h ighly  in tens ive  management including leaching,  N and P 
f e r t i l i z a t i o n ,  and i r r i g a t i o n  f o r  establishment.  Nitrogen a p p l i c a t i o n  w i l l  
a l s o  be required f o r  a number of years  following establishment. I n  add i t ion ,  ; . . 
t he  study a l s o  concluded t h a t  an a l t e r n a t i v e  s t a b i l i z a t i o n  procedure would be  
the  use  of a minimum of 30 cm of s o i l  over unleached r e t o r t e d  shale .  This 
30 c m , s o i l  cover w i l l  only be e f f e c t i v e  f o r  lower pH processed s h a l e  i n  which 
r o o t s  of adapted spec ies  can grow i n t o  and thus  u t i l i z e  s to red  water.  High 
pH r e t o r t e d  sha le  (Paraho d i r e c t  and decarbonized) w i l l  r e q u i r e  th icke r  s o i l  
coverings because of t h e  i n h i b i t i n g  e f f e c t  t h a t  high pH has on r o o t  
development. 

. . .j.-Reports have been made concerning the  concentra t ion  and tox ic  e f f e c t  of 
tra.e.e:elements i n  vegeta t ion  grown on r e t o r t e d  shales .  Ki lke l ly  e t  a l .  (1978) 
i n  a t r a c e  element study on TOSCO I1 and USBM r e t o r t e d  s h a l e s  found t h a t  boron 
might be a p o t e n t i a l  hazard t o  p l a n t s  growing d i r e c t l y  on these  shales .  It  



was f u r t h e r ' n o t e d  t h a t  molybdenum was being concent ra ted  by fourwing s a l t b u s h  
from USBM spent  s h a l e  a t  l e v e l s  t h a t  might be  t o x i c  t o  ruminants.  Ward and 
Nagy (1977) analyzed b a r l e y  grown on TOSCO I1 and USBM r e t o r t e d  s h a l e s  f o r  
c e r t a i n  t r a c e  elements.  Molybdenum and z i n c  were h igher  i n  t h e  b a r l e y  grown 
on t h e  r e t o r t e d  s h a l e s  than i n  t h e  s o i l  t rea tments .  

RETORTED SHALE PLANT COMMUNITY SUCCESSION STUDY 

In t roduc t ion  

I n  1976 t h e  Department of Energy ( then  ERDA) funded an i n t e r d i s c j . p l i n a r y  
research project w i t h  Colorado S t a t e  Univers i ty .  The o v e r a l l  goa l  of t h e  pro- 
j e c t  i s  t o  formula te  g u i d e l i n e s  f o r  t h e  r e h a b i l i t a t i o n  of Colorado o i l  s h a l e  
lands.  These r e h a b i l i t a t i o n  s t u d i e s  focus  on t h e  r ee s t ab l i shmen t ' o f  d i v e r s e  
and f u n c t i o n a l  ecosystems wi th  a  minimal input  of s c a r c e  resources .  An 
i n t e g r a t e d  approach is being taken i n  order  t o  addreco lccy e c o l o g i c a l  colupo- 
n e n t s  t h a t  a r e  important  i n  the  reclamatinn of r e t o r t e d  ohole. 

S i t e  Desc r ip t ion  and Methods 

The s i t e  a t  which t h i s  s tudy  is being conducted is loca t ed  i n  t h e  
Piceance Basin i n  northwestern Colorado. It i s  approximately 3 km sou theas t  
of Fede ra l  O i l  Shale  Lease Trac t  C-a and 1 5  km northwest  of Federa l  O i l  Shale  
Lease Trac t  C-b. The s tudy  s i t e  is  s i t u a t e d  on n e a r l y  l e v e l  t e r r a i n  a t  an  
e l e v a t i o n  of 2,042 m. 

The c l ima te  of t h e  a r e a  is  c l a s s i f i e d  a s  a r id-s teppe  o r  semiarid.  . 
Annual p r e c i p i t a t i o n  averages  34 cm w i t h  approximately one-half of t h e  
p r e c i p i t a t i o n  f a l l i n g  as snow dur ing  t h e  per iod  of December t o  Apr i l .  Annual 
temperature f l u c t u a t i o n s  a r e  extreme w i t h  summer temperatures  reaching 37.5 C 
and win te r  temperatures  dropping a s  low as -40 C. The v e g e t a t i o n  a t  t h e  s i t e  
is  dominated by b i g  sagebrush wi th  an unders tory  of most ly wes tern  wheatgrass.  

Construct ion of ,  t h e  s imulated r e t o r t e d  s h a l e  d i s p o s a l  s tudy  began i n  
June 1977 wi th  t h e  removal of vege ta t ion  from s i x  r ec t angu la r  pane l s  measuring 
23x109 m. Five of  t h e s e  pane l s  were then  excavated t o  s p e c i f i e d  depths  
accord ing  t o  t h e  des igna ted  p r o f i l e  con f igu ra t ion  l i s t e d  below. Excavated 
t o p s o i l  and s u b s o i l  were s tockp i l ed  s e p a r a t e l y .  

Paraho r e t o r t e d  s h a l e  ( d i r e c t  mode process)  was then  t r anspor t ed  from 
t h e  Anvil  P o i n t s  F a c i l i t y  west of R i f l e ,  Colorado, t o  t h e  s tudy  s i t e .  Each of 
t h e  f i v e  excavated pane l s  rece ived  6 1  cm of r e t o r t e d  s h a l e  m a t e r i a l .  Topsoi l ,  
s u b s o i l ,  and g r a v e l  m a t e r i a l  were then  ' depos i t ed  over t h e  r e t o r t e d  s h a l e  
according t o  t h e  experimental  design. The s o i l - s h a l e  t r ea tmen t s  a r e  a s  
fol lows:  

1. Processed s h a l e  without  any s u r f a c e  covering 
2. 30.5 cm s o i l  over r e t o r t e d  s h a l e  



3. 61  cm s o i l  over r e t o r t e d  s h a l e  
4. 91.5 cm s o i l  over r e t o r t e d  s h a l e  
5. 61 cm s o i l  over 30.5 cm rock capi l laGy b a r r i e r  over  r e t o r t e d  s h a l e  
6. S o i l  check wi th  no r e t o r t e d  s h a l e  

The g rave l  i n  t rea tment  No. 5  above was implemented t o  e v a l u a t e  t h e  e f f e c t i v e -  
n e s s  of g r a v e l  a s  a  b a r r i e r  t o  t h e  c a p i l l a r y  r i s e  of s a l t s  from t h e  r e t o r t e d  
s h a l e  t o  t h e  over ly ing  s o i l  ma te r i a l .  

To measure important  ecosystem components, a  comprehensive sampling 
program was i n i t i a t e d  i n  1978 and 1979. The aboveground v e g e t a t i o n  was 
sampled f o r  d e n s i t y ,  cover ,  and biomass a c r o s s  a l l  s o i l - s h a l e  t rea tments .  I n  
a d d i t i o n  t o  vege ta t ion  sampling, s o i l  and s h a l e  samples were taken from t h e  
so i l - sha l e  t r ea tmen t s  t o  monitor mic rob ia l  a c t i v i t y  and chemical changes 
through time . 

Resu l t s  

. . A s  p a r t  of t h i s  i n t e g r a t e d  approach, vege ta t ion  on a s imulated r e t o r t e d  
s h a l e  d i s p o s a l  s tudy has  been sampled t o  monitor p l a n t  es tab l i shment  and 
succes s iona l  changes. Following two growing seasons t .here were s i g n i f i c a n t  
d i f f e r e n c e s  between aboveground p l a n t  product ion .on  t h e  v a r i o u s  s o i l - s h a l e  
t reatments .  The most s i g n i f i c a n t  response was t h e  f a i l u r e  t o  e s t a b l i s h  a  
s tand  of vege ta t ion  on t h e  r e t o r t e d  s h a l e  t o  s u r f a c e  t reatment .  The p l a n t  
spec i e s  seeded i n  t h e  f a l l  of 1977 were unable t o  become e s t a b l i s h e d  because 
of t h e  l i m i t i n g  p l a n t  growth c h a r a c t e r i s t i c s  of r e t o r t e d  s h a l e  m a t e r i a l .  
Paraho r e t o r t e d  s h a l e  is  a g r a v e l l y  si l t  loam t ex tu red  m a t e r i a l  which has a  
pH of 11.5 immediately fol lowing r e t o r t i n g  and a  pH of 9.6 and an  e l e c t r i c a l  
conduc t iv i ty  of approximately 7.0 on a  1:l by weight water  t o  s h a l e  e x t r a c t  
a f t e r  two months of weathering i n  t h e  f i e l d .  

Paraho r e t o r t e d  s h a l e  i s  a l s o  extremely d e f i c i e n t  i n  n i t r o g e n  and 
phosphorus, and d e s p i t e  f e r t i l i z a t i o n  vege ta t ion  f a i l e d  t o  e s t a b l i s h .  Our 
r e c e n t  greenhouse s t u d i e s  have shown t h a t  h igh  l e v e l s  of n i t r o g e n  and phos- 
phorus may be  necessary  t o  e s t a b l i s h  and main ta in  an adequate  s t and  of vegeta- 
t i o n  d i r e c t l y  on r e t o r t e d  sha le .  From our  i n v e s t i g a t i o n s  it appears  t h a t  pH, 
EC, SAR, and f e r t i l i t y ' s t a t u s  of t h e  s h a l e  were l i m i t i n g  f a c t o r s  t o  p l a n t  
es tab l i shment .  In  a d d i t i o n ,  s u r f a c e  temperatures  of 65 C were measured during 
t h e  f i r s t  and second growing seasons  on t h e  r e t o r t e d  s h a l e  t reatment .  These 
extremely high temperatures  may have been l e t h a l  t o  t h e  l i m i t e d  number of 
p l a n t  s p e c i e s  t h a t  were a b l e  t o  germinate  and emerge. 

Another problem wi th  r evege ta t ing  d i r e c t l y  on r e t o r t e d  s h a l e  i s  t h e  
uptake and concen t r a t ion  by p l a n t s  of p o t e n t i a l l y  t o x i c  t r a c e  elements.  P l a n t  ' 
a n a l y s i s  t h a t  was done on legume and shrub s p e c i e s  seeded on t h e  s h a l e  d i s -  
p o s a l  s tudy  ind ica t ed  t h a t  boron concen t r a t ions  a r e  approaching l e v e l s  t h a t  
may be harmful t o  p l a n t  growth. These p l a n t s  a r e  a l s o  accumulating molybdenum 
a t  l e v e l s  t h a t  a r e  t o x i c  t o  l i v e s t o c k .  These concen t r a t ions  a r e  ev iden t  on 
t r ea tmen t s  ranging from 30-91 cm of s o i l  over r e t o r t e d  sha l e .  The concentra- 
t i o n s a r e h i g h e s t  i n  t h e  30 cm s o i l  t rea tment  and decrease  w i t h  inc reas ing  
amounts of s o i l  cover.  Utah sweetvetch contained molybdenum l e v e l s  of 26 ppm 
on the  30 cm s o i l  cover t rea tment ,  9.7 ppm on t h e  60 cm t rea tment ,  and 6.4 ppm 



on t h e  91 cm s o i l  cover treatment (Lindsay 1979). When roo t  samples were 
taken on t h e  so i l - sha le  t reatments,  i t  was observed t h a t  r o o t s  from a l l  p l a n t s  
growing i n  s o i l  cover displayed normal morphology while those growing i n t o  t h e  
sha le  were dramat ica l ly  a l t e r e d .  Root pene t ra t ion  was l imi ted  t o  t h e  upper . , 
8 cm of t h e  r e t o r t e d  s h a l e  and became .extremely d i f f u s e  and l e s s  vigorous. 

Because of the  requirements f o r  l a r g e  inputs  of sca rce  resources and the  
poss ib le  environmental hazards of revegeta t ing  r e t o r t e d  s h a l e  d i r e c t l y ,  ' a  more 
f e a s i b l e  and environmentally acceptable approach appears t o  be  t h e  covering of 
r e t o r t e d  sha le  wi th  a s u i t a b l e  amount of s o i l  mater ia l .  The r e s u l t s  from our 
s tudy i n d i c a t e  a t  the  present  time t h a t  a  minimum of 61  cm w i l l  be required 
f o r  an adequate s o i l  covering. The t o t a l  aboveground biomass of seeded 
spec ies  was g r e a t e s t  on those treatments w i t h  6 1  and 91  cm of s o i l  over shale.  
Because of the  r e s t r i c t e d  root ing  depth and lower ava i l ab le  moisture, t h e  
30 cm s o i l  covering supported l e s s  p l a n t  growth than t h e  g r e a t e r  s o i l  p r o f i l e  
depths. It is believed t h a t  t h i s  d i f f e rence  w i l l  become more pronounced i n  
subsequent years  a s  the  p l a n t  communities mature and competition for  s o i l  
water becomes more a c u t e  e s p e c i a l l y  i n  low p r e c i p i t a t i o n  years. 

I 

A r eg ress ion  a n a l y s i s  was used t o  determine t h e  r e l a t i o n s h i p  between 
aboveground bfomass production and depth of s o i l  cover. The c o e f f i c i e n t  of '+ 
determination f o r  t h e  regress ion  of aboveground production on s o i l  depth was t 
0.92, and the  regress ion  was s i g n i f i c a n t  a t  the  . O 1  l e v e l  of probabi l i ty .  
This r e l a t i o n s h i p  between s o i l  depth and aboveground production was cons i s t en t  
t o  a  s o i l  depth of 61 cm. The increased production on t h e  91  cm s o i l  covering 
was no t  s i g n i f i c a n t .  However, i n  l i g h t  of the  t r a c e  element problem and a s  
r o o t s  begin t o  f i l l  t h e  s o i l  p r o f i l e ,  t h e  optimum s o i l  depth may change. 

A s i g n i f i c a n t  p a r t  of our in teg ra ted  approach t o  r e e s t a b l i s h i n g  
ecosystems associa ted  with the  aboveground d i sposa l  of r e t o r t e d  s h a l e  is t h e  
c h a r a c t e r i z a t i o n  and monitoring of microbia l  a c t i v i t y  a s  a f f e c t e d  by revegeta- ' 

. I  

t i o n  p rac t i ces .  Hersman and Klein.(1979) inves t iga ted  i n  a  l abora to ry  s tudy 
t h e  e f f e c t s  of r e t o r t e d  o i l  sha le  add i t ions  on t h e  microbiological  character-  
i s t i c s  of su r face  s o i l s  t o  eva lua te  poss ib le  e f f e c t s  of mixing s o i l  and 
r e t o r t e d  sha le  which might occur a s  p a r t  of reclamation programs i n  a r e a s  dis -  
turbed by o i l  s h a l e  d isposal .  Retorted Paraho ( d i r e c t )  s h a l e  ma te r i a l  had 
v a r i e d  e f f e c t s  on s e v e r a l  important microbia l  processes and on t h e  d i f f e r e n t  
major groups of s o i l  microorganisms. With r e t o r t e d  sha le  present  a t  up t o  
10% by weight no negative e f f e c t s  on oxygen uptake o r  on actinomycete and. 
b a c t e r i a l  populat ions w e r e  noted, while s i g n i f i c a n t  reduct ions  i n  n i t rogen  
f i x a t i o n  r a t e s ,  dehydrogenase a c t i v i t y ,  fungal  populat ions,  glucose mineral- 
i z a t i o n ,  and ATP concentrat ions occurred. These r e s u l t s  suggest t h a t  t h e  more 
spec ia l i zed  funct ions  of t h e  s o i l  microbia l  populat ion,  e s p e c i a l l y  n i t rogen  
f i x a t i o n ,  have a g r e a t e r  s e n s i t i v i t y  t o  r e t o r t e d  o i l  sha le  mater ia l .  

I n  l i g h t  of t h e s e  r e s u l t s  on microbia l  processes,  i t  may be necessary t o  
insure  t h a t  l i t t l e  physica l  mixing of t h e  su r face  s o i l  and r e t o r t e d  o i l  s h a l e  
occurs. To minimize upward movement of so lub le  f r a c t i o n s  from the  r e t o r t e d  
s h a l e  under s p e c i f i c  c l ima to log ica l  condi t ions  i t  may be necessary t o  consider 
t h e  cons t ruct ion  of c a p i l l a r y  b a r r i e r s  below t h e  su r face  s o i l  cover. In  
add i t ion ,  the  su r face  s o i l  depth chosen should be s u f f i c i e n t  t o  al low p l a n t s  
t o  e s t a b l i s h  a func t iona l  decomposer community i n  t h e  p l a n t  roo t  zone whi&+?; 
w i l l  no t  be  excessively influenced by t h e  underlying sha le  mater ia l .  



. . COIJCLUS IONS 

Based on t h e  r e s u l t s  from t h i s  r e sea rch  i t  appears  t h a t  t h e  most 
f e a s i b l e  approach t o  s u r f a c e  s t a b i l i z a t i o n  of Paraho r e t o r t e d  s h a l e  i s  t o  
cover t h e  m a t e r i a l  wi th  an adequate  amount of s u i t a b l e  s o i l  o r  geologic  
ma te r i a l .  This  approach o f f e r s  t he  advantage of g r e a t e r  and more d i v e r s e  
vege ta t ion  es tab l i shment  without  h igh  l e v e l s  of l each ing ,  f e r t i l i z a t i o n ,  
mulching, i r r i g a t i o n ,  and management. It a l s o  provides  a growth medium t h a t  
w i l l  support  a d i v e r s e  microbia l  community t h a t  i s  e s s e n t i a l  f o r  a n a t u r a l  
func t ion ing  ecosystem. The use  of a s o i l  cover w i l l  reduce t h e  p o s s i b i l i t y  of 
t o x i c  element concent ra t ion  i n  t he  vege ta t ion  and movement upward of. harmful 
chemical c o n s t i t u e n t s  from t h e  s h a l e  i n t o  t h e  over ly ing  r o o t  zone. 

Under n a t u r a l  weathering cond i t i ons  r e t o r t e d  s h a l e  w i l l  become a more 
s u i t a b l e  p l a n t  growth medium. Shale  and s h a l e  l e a c h a t e  samples talcen from t h e  
s o i l - s h a l e  p r o f i l e s  have sho- t h a t  pH and EC decrease  wi th  t ime under n a t u r a l  
weathering and soi l - forming processes .  However, t h e  t ime per iod  r equ i r ed  t'o 
a l low n a t u r a l  weathering proces'ses t o  improve t h e  p l a n t  growth c h a r a c t e r i s t i c s  
of t he  s h a l e  is  n o t  accep tab le  u'hder p re sen t  environmental and l e g i s l a t i v e  
c o n s t r a i n t s .  Therefore,  i t  is  recommended t h a t  s o i l  covers  be  a n  i n t e g r a l  
p a r t  of f u t u r e  r e t o r t e d  s h a l e  management p lans .  
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The Advanced Environmental Cont ro l  Technology (AECT) program i s  a new 
program w i t h i n  DOE which began i n  FY 1979. The F lue  Gas Cleanup P r o j e c t  
i s  a v i t a l  s h o r t  term p a r t  of t h e  AECT. Its purpose i s  t h e  development, 
improvement, and t e c h n i c a l  and economic e v a l u a t i o n  of e x i s t i n g  and prom- 
i s i n g  new methods f o r  removing undes i r ab l e  p o l l u t a n t s  and wastes r e s u l t i n g  
from t h e  combustion of coal .  

The p r o j e c t  is  d i r e c t e d  toward conduct ing f u l l - s c a l e  v e r i f i c a t i o n  of equip- 
ment and systems t h a t  w i l l  r e l i a b l y  and economically .provide s o l u t i o n s  t o  
environmental  degrada t ion  a s s o c i a t e d  wi th  d i r e c t  c o a l  u t i l i z a t i o n .  The 
o b j e c t i v e  i s  t o  provide  technology t o  meet environmental  r e g u l a t i o n s  i n  t h e  
e a r l y -  and mid-1980's cons ider ing  r e l i a b i l i t y ,  c o s t s ,  and energy e f f i c i e n c y .  

Flue Gas Cleanup (FGC) add re s se s  t h e  removal of gaseous and p a r t i c u l a t e  
po l lu t ion-caus ing  contaminants  from t h e  s t a c k  gases  of combustion un i t s .  
The j u s t i f i c a t i o n  f o r  t h i s  e f f o r t  i s  a s  fo l lows:  

n Cnnventi.onal. combustion i s  t h e  most, a v a i l a b l e  u t i l i t y -  
s c a l e  approach using c o a l  I n  t h e  near-term through 1990. 

o FGC i s  r equ i r ed  i n  most.combustion a p p l i c a t i o n s  (new 
c o n s t r u c t i o n )  t o  meet EPA regu la t i ons .  

o S t r i c t e r  New Source performance S tandards  (NSPS) a r e  a l ready  
i n  f o r c e  f o r  u t i l i t i e s , , a n d :  s t anda rds  a r e  i n  p r e p a r a t i o n  f o r  .. 
indus t ry .  

o The Resource .Conserva t ion  and Recovery 'AC~'(RCRA) nay a f f e c t  
t h e  use of cu r r en t  l ime/ l imes tone  systems due t o  s ludge  
d i s p o s a l  problems. 

o Environmental s tandards  a r e  a moving t a r g e t  which must be 
met through improved c a p a b i l i t y  of conGrol t echnologies .  

o Poor sc rubber  performance, s ludge  d i s p o s a l  problems, o r  h igh  
c o s t  a r e  court-accepted reasons  f o r  exempt ions . to  burn o i l  
o r  exemptions from o i l - to -coa l  conversions.  

o Poor sc rubber  a v a i l a b i l i t y  r e s u l t s  i n  p l a n t  shutdowns w i t h  
subsequent ly  increased  usage of o i l  and gas  i n . t u r b i n e s  and 
p o s s i b l e  power shor tages .  



The primary f o c u s  i n  f l u e  g a s  c leanup  h a s  i n  t h e  p a s t  been i n  t h e  a r e a s  
o f  SO2 and  p a r t i c u l a t e  ( f l y a s h )  c o ~ i t r o l  f o r  e l e c t i c  u t i l i t y  a p p l i c a t i o n s .  
Approximately 16,000 MW o r  6% of  t h e  t o t a l  c o a l  f i r e d  power g e n e r a t i n g  
c a p a c i t y  i s  c o n t r o l l e d  by F l u e  Gas D e s u l f u r i z a t i o n  (FGD). T l ~ i s  w i l l  
i n c r e a s e  t o  abou t  25% by 1986. Most of t h e  i n i t i a l  a p p l i c a t i o n s  were 
r e t r o f i t t e d ,  whereas by 1985 abou t  75% of t h e  o p e r a t i o n a l  FGD sys tems  are 
e x p e c t e d  t o  be new u n i t  o r  p l a n t  a p p l i c a t i o n s .  The v a s t  m a j o r i t y  of  t h e s e  . 
sys tems  w i l l  u t i l i z e  t h e  l i m e  a n d / o r  ' l i m e s t o n e  p r o c e s s e s .  

DISTRIBUTION OF FGD SYSTEMS BY CHEMICAL PROCESS 

FGD C a ~ a c i t v .  MW 
Under 

P r o c e s s  ----.---- p e r a t i o n a l  C o n s t r u c t i o n  Planned T o t a l  -- 
Limes t o n e  
Lime 
Limc/Limee t o n c  
Sodium carbonate 
Magnesium o x i d e  
Wellman Lord 
Dual  A l k a l i  
Aqueous c a r b o n a t e  
C i t r a t e  

.----.- - ----. -̂ ------.-.-------------i---- 

T o t a l  - - 16,054 -----.------ 17,297 17,026 50,377 - 
Source:  PEDCo Environmental ,  Inc . ,  " S t a t u s  o f  F lue  Gas 

D e s u l f u r i z a t i o n  i n  t h e  U n i t e d  S t a t e s , "  March 1979. 

Commendable work i n  t h e  development o f  FGD sys tems  was done by EPA. 
However, a  major g o a l  of EPA was t o  d e m o n s t r a t e  t h a t  e x i s t i n g  s c r u b b e r  
t echno logy  cou ld  meet o r  exceed  e x i s t i n g  and  proposed NSPS. The near-term 
DOE r o l e  is  t o  deve lop  and d e m o n s t r a t e  improved technology t o  encourage  
i n d u s t r y  and t h e  e l e c t r i c  u t i l i t i e s  t,o c o n v e r t  t o  c o a l  by making i ts  u s e  
e n v i r o m e n t a i l y  and economical ly  ' a t t r a c t i v e .  

AECT h a s  p r e p a r e d  p l a n s  t o  implement t h e  FGC p r o j e c t  t o  b e t t e r  meet t h e  DOE 
o b j e c t i v e s .  The b a s i c  ph i losophy  i s  a s  f o l l o w s :  

o Lime/ l imestone sys tems predominate  i n  t h e  u t i l i t y  markek and  
w i l l  c o n t i n u e  t o  do s o  i n  t h e  near-term. 

o FGD sys tems  f o r  i n d u s t r i a l  a p p l i c a t i o n s  must be  improved 
and reduced  i n  cost  i f  i n d u s t r y  i s  t o  c o n v e r t  t o  c o a l .  . 

o I n  t h e  f u t u r e ,  dry  scrubbing may reduce  water  'consumptidn, 
w a s t e  d i s p o s a l  problems,  and c o s t s  i f  sys tems now b e i n g  
demons t ra ted  f o r  low-sulfur  h i g h  a l k a l i  V e s t e r n  c o a l s  c a n  
b e  a d a p t e d  t o  h i g h - s u l f u r  E a s t e r n  c o a l s .  



o Wet and dry regenerable systems reduce land requirements and 
simplify waste d isposal  problems even i f  the  by-products do 
not  have commercial value. 

o R e t r o f i t  app l i ca t ions  should be considered f o r  a l l  systems 
improvements or new systems. 

o NO,/~ar t icula te  systems.removing a l l  contaminants i n  a s i n g l e  
system o r  device should provide env i romenta l ,  technological ,  
and economic breakthroughs. 

The Flue Gas Cleanup Program is divided i n t o  two primary areas:  (1) Flue 
Gas Desul'furization (FGD) Systemswhich a d d r e s s e . ~  SO2 con t ro l  through the  
use of scrubbers; and (2 )  NO, P a r t t c u l a t e  Control which addresses t h e  
removal of NO,, p a r t i c u l a t e s ,  and o the r  contaminants of f l u e  gases i n  an 
InLegraLed sy ste~u.  

Rased on the  philosophy out l ined,  a n t i c i p a t e d  budget l i m i t a t i o n s ,  and 
s t a t e  of e x i s t i n g  technology, the  proposed s t r a t egy  is a s  follows: 

, . 
1. Attempt t o  make near-tern improvements and r e t r o f i t s  t o  . !:., .... . . ,  e x i s t i n g  lime/limestone technology. a 12, .., 

. . .  
' : -, .#I 

2. Expedite the,development and demonstration of dry scrubbers, !.,I 

regenerable systems, and o the r  improved .methods of SO2 
c o n t r o l  which have both i n d u s t r i a l  and u t i l i t y  app l i ca t ions ,  

- and whtch mi t iga te  the  problems of lime/limestone processes. 
I; . . . 2 .  3. A s  rapidly a s  poss ib le ,  develop the  u l t imate  technology t o  , ;(< 'I 

remove a l l  p o l l u t a n t s  - SO2, NO,, p a r t i c u l a t e s ,  t r a c e  elements, . .'.. ,4'i % . .  

. '  3;. e tc. ,  i n  a s i n g l e  economically a t t r a c t i v e  process. . .  :. i!.. , 
, . .,. 

8 4 '. 
, t? 

4. Develop crosscut  technology spplicab. le  t o  the  improvement of 
a l l  systems, such a s  sampling, instrumentat ion,  process 
cont ro ls ,  and waste management. 

Most of the  problem,areas with e a r l y  lime/limestone systems, a r e  now 
being overcome by the  normal fo rces  of the  market and competi t ive 
incent ives .  Vendors a r e  now of fe r ing  both cos t  and performance guarantees. 
However, i n  general ,  the i n s t a l l a t i o n e  with ' the bes t  performance records 
have used low o r  medium s u l f u r  coal. Long-term performance and maintain- 
a b i l i t y  with high-sulfur Eastern coa l s  remains unproven on a l a r g e  scale. . . 

Current lime/limestone FGD u n i t s  a r e  charac ter ized  by chemical p lan t  
r a t h e r  than power p lan t  operation. Those which have operated s u c c e s s ~ u l l ~  
genera l ly  have required l a r g e  crews. Pas t  u n i t s  t y p i c a l l y  d id  not adapt . 

w e ' l l  t o  changes i n  coa l  suppl ies ,  sorbent  limestone grades, o r  p lan t  load 
v a r i a t i o n ,  and a r e  d i f f i c u l t  t o  "chemically" control .  



The secondary p o l l u t i o n  i s s u e  is  becoming inc reas ing ly  severe.  Lime/ 
l imes tone  FGD u n i t s  e s s e n t i a l l y  t r a d e  a i r  p o l l u t i o n  f o r  s o l i d  waste and 
wa te r  p o l l l u t i o n  because of t h e  l a r g e  q u a n t i t i e s  of waste m a t e r i a l  ( s ludge)  
produced b y ' t h i s  nonregenerable  process .  Lime/limestone s ludge  problems 
a r e  p a r t i c u l a r l y  s eve re  i f  t h e  FGD p roces s  does no t  produce an  e a s i l y  
dewatered product  such a s  gypsum- I n  a d d i t i o n ,  i n s t a l l a t i o n  of .a l i m e /  
l imes tone  FGD system which complies wi th  t h e  S02/NSPS may cause  t h e  
power p l a n t  t o  v i o l a t e  t h e  new NSPS r e g u l a t i o n s  f o r  p a r t i c u l a t e  emiss ions ,  
s i n c e  no t e c h n o l o g y . i s  c u r r e n t l y  a v a i l a b l e  f o r  t h e  c o n t r o l  of FGD scrubber-  
gene ra t ed  p a r t i c u l a t e s  which pas s  through t h e  mist  e l imina to r .  The presen t  
c o s t  of s ludge  d i s p o s a l  is' approximately 20 pe rcen t  of FGD ope ra t i ng  cos t s .  

Current  l ime/ l imes tone  FGD c a p i t a l  c o s t s  are approximately $56-140/KW for 
a t y p i c a l  coa l - f i r ed  i n s t a l l a t i o n ;  corresponding annual ized  c o s t s  may be  
a s  h i g h  a s  10 mills/KWH. S t u d i e s  a l s o  show t h a t  t o t a l  energy supp l i ed  t o  
t h e  b o i l e r  must be i nc reased  3 t o  7 pe rcen t  'depending on FGD type,  c o a l  
t ype ,  and o t h e r  va r i ab l e s .  The p l a n t  s i z e  and c a p i t a l  c o s t s  must, there-  
f o r e ,  be  i nc reased  t o  main ta in  t h e  d e s i r e d  e l e c t r i c a l  output .  As a r e s u l t ,  
l ime / l imes tone  FGD systems account  f o r  a lmost  25 pe rcen t  of t h e  c o s t s  of 
new power p l an t s .  

AECT has  p laced  its near-term emphasis on t h e  use  of high-sulfur  c o a l s  i n  
l ime/ l imes tone  systems which predominate i n  t h e  u t i l i t y  area. E x i s t i n g  
tes t  f a c i l i t i e s ,  such a s . F h e  t h r e e  10  MW u n i t s  a t  TVA, w i l l  be u t i l i z e d  t o  
a l a r g e  ex t en t .  Presen t  . i n t e r e s t  i n  a c i d  r a i n  i n d i c a t e s  t h e  d e s i r a b i l i t y  
of improving t h e  e x i s t i n g  systems a b i l i t y  t o  cap tu re  SO2- Major emphasis 
i s  be ing  p laced  on c h a r a c t e r i z i n g  wastes  from a l l  types  of c o a l f i r e d  p l a n t s  
and i n  developing s t anda rd i zed  sampling and test procedures  t o  permit  
i n t e l l i g e n t  compliance w i th  RCRA and o t h e r  ground and water p o l l u t i o n  
r egu la t i ons .  Improved methods of waste d i s p o s a l  and was te  management a r e  
being developed. These i n c l u d e  t h e  use  of o rgan ic  and ino rgan ic  a d d i t i v e s  
and fo rced  o x i d a t i o n  t o  produce s t a b i l i z e d  was tes  o r  p o t e n t i a l  by-products. 
Th i s  near-term l ime/ l imestone sub-task w i l l  phase out  by FY 1986. 

AECT i s  exp lo r ing  so-ca l led  "advanced" systems which may overcome the 
i n h e r e n t  problems of l ime/ l imestone processes .  These i n c l u d e  v a r i o u s  
dry processes ,  dua l  a l k a l i  systems, and wet and dry regenerab le  and 
nonregenerab le  processes ,  some of which produce s u l f u r  o r  s u l f u r i c  a c i d  
a s  by-products. A l l  of t h e s e  a r e  being s t u d i e d  t o  select those  f o r  f u t u r e  
scale-up and t e s t i n g ,  and e v a l u a t i o n  i s  planned a t  industry-owned p i l o t  o r  
p r o t o t y p e  p l a n t s  now i n  o p e r a t i o n  o r  undergoing shakedown. I n d u s t r i a l  
p l a n t s  and second-generation p l a n t s  w i l l . p roduce  unique wastes  and waste 
management problems. So lu t ion  t o  t o  t h e s e  problems w i l l  be con t inua l ly  
sought  i n  t h e  AECT program. cost-shared '  demonstrat ion of i n d u s t r i a l  and 
u t i l i t y  advanced scrubber  technology i s  blanned i n  new and, hopefu l ly ,  i n  
r e t r o f i t  a p p l i c a t i o n s .  

These t echno log ie s  a r e  expected t o  improve SO2 cap tu re ,  be more cost-e'ffec- 
t i v e  t han  l ime/ l imes tone ,  reduce waste problems, and r e q u i r e  less water and 
energy. However, they do no t  add re s s  t h e  problems of NOx c o n t r o l  and 



r e s p i r a b l e  p a r t i c u l a t e  capture. Research i s  needed i n  t h e s s  a r e a s  and is 
being being performed under t h e  AECT program. The goal  is  development and 
demonstration of a cos t -ef fec t ive  environnental ly acceptable ,system o r  
"black box" capable of con t ro l l ing  emissions ~f a l l  p o l l u t a n t s ,  inc luding 
t r a c e  elements, and demonstration of acceptab,le systems f o r  waste management. 
It i s  hoped t h a t  such a system can be developed f o r  demonstration by 1986. 

r 

NOY P a r t i c u l a t e  Control 
4 

The presence of SO2 may cause non-desirable s y n e r g i s t i c  e f f e c t s  on NOx, 
p a r t i c u l a t e ,  and t r a c e  metal removal from coa l  combustion. This e f f o r t  
extends coal  f l u e  gas technology beyond s u l f u r  removal t o  con t ro l  of NO , 
p a r t i c u l a t e s  and t r ace  metals i n  an t i c ipa t ion$  of poss ib le  impacts cause2 
by the  increas ingly  extensive use of coal. The t a r g e t  i s  a more complete 
c o n t r o l  of the  t o t a l  spectrum of p o l l u t a n t s  with technology t o  become 
a v a i l a b l e  i n  t h e  l a t e  1980's period. 

To determine t h e  most cos t -ef fec t ive  route  f o r  N0,'control i n  coa l  combus- 
t i o n ,  a state-of-the-art assessment of e x i s t i n g  methods f o r  NO abatement 
vlll be c a r r i e d  out t o  weigh the  r e l a t i v e  mer i t s  of decompositfon by ammonia 
(NH3) i n j e c t i o n ,  r e t r o f i t  modificat ion of FGD systems, and dedicated NOx 
removal procedures. Dedicated NOx cleanup can c o n s i s t  of decomposition 
methods i n  the  f l u e  gas o r  tai l -end stand-alone techniques. NH3 i n j e c t i o n  
may funct ion  a s  such a method, and e f f o r t s  i n  t h a t  a r e a  w i l l  focus on NOx 
removal e f f i c i ency  and t h e  environmental e f f e c t s  of escaping NH3. I n  
add i t ion ,  innovative conccpto f o r  t a i l - c n d  NO c o n t r o l  w i l l  be evaluated 
f o r  r e t r o f i t  capab i l i ty  on i n s t a l l a t i o n s  whicfi include o the r  cleanup systems. 

Coal combustion r e s u l t s  i n  the  emission of l a r g e  amounts of p a r t i c u l a t e  
matter. P a r t i c u l a t e  cleanup devices inc lude  advanced cen t r i fuges ,  e l e c t r o -  
s t a t i c  p r e c i p i t a t o r s ,  and f a b r i c  f i l t e r s  (baghouse f i l t e r s ) .  Primary needs 
a r e  t o  improve f i l t e r i n g  e f f i c i ency ,  e spec ia l ly  f o r  p a r t i c l e s  of less than 
two microns i n  s i z e ,  and improving t h e  a b i l i t y  t o  opera te  a t  higher 
temperature. 

Developmental e f f o r t s  t o  combine NOx removal with FGD f o r  SO c o n t r o l  w i l l  
be evaluated. The f e a s i b i l i t y  of r e t r o f i t  modif ica t ions  of 1 ime/limestone 
FGD scrubbers f o r  simultaneous NO removal, e i t h e r  by a d d i t i v e  s e l e c t i o n  o r  
by hardware design changes, w i l l  f=  examined. I n  addi t lon ,  new process 
concepts which e f f e c t  simultaneous SO2/NOX removal w i l l  be tes ted .  

Successful accomplishment of these  objectives! r equ i res  the  c lose  coordin- 
a t i o n  and timely support of EPRI, TVA, EPA, oaher groups wi th in  F o s s i l  
Energy, e l e c t r i c  u t i l i t i e s  ( fu l l - sca le  power "pant t e s t i n g ) ,  and indust ry  
(power p l a n t s ,  equipment) through cost-sharing, and the  use of a v a i l a b l e  
opera t ional  and test f a c i l i t i e s .  The end r e s u l t  must be the  commercial 
acceptance of the  new o r  improved technology. Thus, t h e  developers of the  
technology must have credence with industry and the  e l e c t r i c  u t i l i t i e s .  A 
l a r g e  por t ion  of AECT funds w i l l  be spent  on Jppl ied  con t rac t  research and 
development with l imi ted  back-up support from in-house l abora to r i e s .  



Broad program management and development, including i n t e r f a c e  with o t h e r  
Government agencies,  w i l l  be done b y , t h e  DOE Headquarters s t a f f .  Manage- 
ment of individual  t a s k s  and subtasks,  including most procurement.act ions,  
w i l l  be handled through Morgantown, the  l ead  f i e l d  Energy Center . for  t h i s  
projec t .  

I n  summary, t h e  u l t ima te  goal  of DOE'S coa l  s t r a t egy  i s  t o  decrease t h e  
Nation's dependence on imported o i l  through a range .of  cos t -ef fec t ive  uses  
of coal. Because c l o s e  t o  90 percent  of the  coa l  consumed i n  t h i s  country 
is,.. and w i l l  continue t o  be, burned d i r e c t l y ,  the  primary ob ject ivel  of t h e  
,AECT Program i s  t o  a s su re  t h a t  s t a t ionary  f a c i l i t i e s  now burning c o a l  can 
cont inue  t o  do s o  while meeting app l i cab le  environmental s tandards,  and t o  
make c o a l . t h e  p r e f e r r e d  f u e l  f o r  new i n d u s t r i a l  and u t i l i t y  appl ica t ions .  



COAL COMBUSTION CLEANUP TECHNOLOGY DEVELOPMENT 

J. S. Halow 
Department of Energy 

1. INTRODUCTION 

Cleanup technology for conventional coal combustion is being developed under 
the DOE Advanced Environmental Control Technology program to meet the needs 
for environmentally acceptable increased use of coal. The program objective 
is to provide the needed technology to meet environmental regulations and con- 
straints within a framework that considers costs, energy efficiency, and 
acceptability of the technology to the utility and industrial sectors. k 
sub-element of this total program is the Flue Gas Cleanup program area which 
specifically addresses the pollutants associated with gaseous emissions from 
coal combustion. This paper describes the objectives and implement.ation 
approach of the Flue Gas Cleanup program area. 

Conventional combustion offers the most readily available means to.increase 
coal utilization in the near term period through 1990. Cleanup technology is 
needed to insure acceptable environmental impact of increased coa1,use to meet 
existing standards and to anticipate future environmental standards which may 
require technologies with improved control capabilities. 

Under DOE'S Fossil Energy decentralized management approach, the Morgantown 
Energy Technology Center has been designated as the lead center for the pro- 
gram implementation. Technology development needed to meet the program goals 
is being initiated through multiple projects with industry, national labora- 
tories, universities, and other R&D organizations. 

2. BACKGROUND 

Contaminant levels in coal vary considerably wit.h the coai rank. Within a' 
coal rank or even a single coal seam, contaminant levels often vary substan- 
tially creating differing requirements for cleanup of flue gas from combustion. 
Figure 1 illustrates the variability of several important contaminants in U.S. 
coals. A general subdivision between western and eastern coals is indicated 
and average or .typical contaminant levels are indicated by solid dots within 
the range bars. 

Particulate emissions in combustion flue gas arise from high te~per.ature ash 
(HTA) components in the coal. Ash levels can range from about 4 to as high as 
25 percent on a weight basis. While most ash remains in the combustor, sub-. 
stantial levels are carried off with the flue gas requiring control.. Firie ash 
particulates below 10 microns require more costly cleanup equipment and are of 
particular concern. Formation of these fine ash. particles during devolatili- 
zation and char burning stages of combustion and reactions with gas phase 
corriponents involves complex interrelated processes. Understanding these 
processes is needed to define and characterize the size dist.ribut:on. and 
chemical makeup of emitted particles. 
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Hydrocarbon emissions from coal combustion arise from volatiles (VOL) in coal. 
The volatiles make up substantial fractions of the coal. Generally, volatiles 
are consumed during combustion but can be an environmental concern, especially 
when combustion conditions are not properly maintained. Complex chemistry is 
involved in the formation and combustion of volatiles from coal. 

Fuel bound nitrogen (N) varies from about 0.5 to 2 weight percent of the fuel. 
Oxidation of this nitrogen along with atmospheric nitrogen during combustion 
produces NO emissions. Two forms of the oxides, NO and NO2 are toxic and 

X involved in the formation of photochemical smog. Elements 'such as sodium 
(Na), potassium (K), and chlorine (CL) are not usually of environmental con- 
cern but are important considerations for protection of process equipment such 
as gas turbines and scrubbers in systems utilizing this equipment. Sulfur (S) 
levels vary widely with western coals generally somewhat lower in sulfur 
levels than eastern coals. Control of SO2 formed during combustion of coal 
l ~ a s  received exlensive atcencion. 

Current environmental standards which directly affect coal combustion include 
New Source Performance Standards, State Implementation Plans, Ambient Air 
Qualjty Standards, Prevention of Significant Deterioration Regulations, and 
the Resource Conservation and Recovery Act. These standards and regulations 
;set the current requirements for cleanup of various pollutants. Additionally, 
';future regulations may require more stringent control of currently controlled 
+contaminants and may in addition require emission control of other coal con- 
taminants. These current and potential future regulations define the cleanup 
,targets of the Flue Gas Cleanup program. 

The MC'1'  Flue Gas Cleanup program is divided into two primary areas. The 
first primary area is Flue Gas Desulfurization which considers as separate 
subareas for lime/limestone scrubbers and advanced flue gas desulfurization 
'systems. The second primary area is NO /Particulate control. This area 
'addresses technology for NOx and partihate control and, in addition, 
considers hydrocarbons and trace metal contaminants. In discussing specific 
objectives and implementation plans, the two desulfurization subareas and the 
NO /Particulate area are considered separately below. 

X 

LimeILimestone scrubber 'program Subarea 

Lime and limestone scrubber systems are currently installed in many utility 
power plants to control sulfur dioxide emissions to required levels. Experi- 
ence with these scrubbers has indicated a need for improvements in overall 
performance and a need to mitigate the associated sludge management. problems. 
Objectives of the AECT program in this area include: (1) improvement of SO2 
capture performance, (2) improvements in sludge disposal characteristics, and 

. ( 3 )  assuring scrubber availability, particularly with high sulfur coal and 
closed water loop applications. The program aims to provide demonstration and 
encouragement of commercial use of improvements by 1986. 

Figure 2 illustrates the types of development activities and their interrela- 
tionships during the life of the project. Technology improvements are 
expected from R&D activities in scrubber model refinement, prototype testing 
on the lOMW TVA Shawnee Facility, waste management studies, and in refinement e 



FIGURE 2-LIME/LIMESTONE SCRUBBERS 



of process instrumentation. Each of these activities consists of a number of 
individual projects by various organizations. Ultimately, results of these 
projects will be integrated into a demonstration of the improvements resulting 
from the R&D activities. 

Advanced Flue Gas Desulfurization 

Advanced flue gas desulfurization systems will be needed in a longer term to 
minimize the overall environmental impact of coal utilization and to reduce 
costs to consumers for this environmental control. While lime and limestone 
systems essentially trade air pollution for solid waste problem, the amount of 
solid waste that will result from an expanded coal .economy will present more 
serious disposal problems. Advanced flue gas desulfurization systems include 
non-regenerable processes which improve the disposal characteristics of solid 
wastes and regenerable processes which minimize solid waste production. 
Advanced FGD processes vary in their stage of development from demo-ready 
technologies to processes which have yet to be tested on the pilot scale. 

AECT activities from these technologies is aimed at ultimate demonstrations of 
the best of these advanced processes. Figure 3 illustrates the kinds of 
activities which are intended to lead to ultimate demonstrations. Both 
utility and industrial activities are included in this plan. 

NO /Particulate Control 
x 

The second primary area of the Flue Gas Cleanup program considers technology 
development for control of nitrogen oxide emissions and combined control of 
nitrogen and sulfur oxides, control of fine particulates as well as total 
particulates, and control of hydrocarbon and trace elements. Figure 4 illus- 
trates the major activities in these areas. 

Nitrogen oxide formation and control chemistry is being studied in a number of 
projects along with pilot scale testing being done jointly with EPA. This 
work will lead .to assessment of the need and options for development and 
demonstration of advanced NO control methods. 

X 

Fine particulate, hydrocarbon, and trace element emissions includes activities 
on instrumentation development, characterization of emerging coal combustion 
technologies such as fluidized-bed combustion, and, development of'advanced 
particulate control methods. Decisions on pilot and larger scale testing will 
be dependent on future environmental standards and regulations relating to 
these pollutants. 

Limited activities will be carried out to evaluate and assist in potential 
problems of current electrostatic precipitators and baghouses in meeting total 
particulate emission levels. 

Joint Projects 

The AECT program currently has a number of cooperative projects with the Envi- 
ronmental Protection Agency (EPA) and with the Tennessee Valley Authority 
(TVA). The projects are jointly funded and administered by one of the agen- 
cies. Cooperative sponsorship allows each organization to meet its individual . , 
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FIGURE 4 - N O X  AND PARTICULATE CONTROL 
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g o a l s  wh i l e  avoid ing  d u p l i c a t i o n ,  and minimize o v e r a l l  .costs. .  ~ o i n t . 1 ~  wi th  
EPA, t h e  AECT, program i s  funding i n  f i s c a l  year  1980 p r o j e c t s  on dry 
scrubbing ,  a f u l l - s c a l e  a d i p i c  a c i d  a d d i t i o n  demonstrat ion,  a d u a l ' a l k a l i  FGD 
development and demonstrat ion program, f u l l - s c a l e  demonstrat ion of t h e  
Rockwell Aqueous Carbonate F G D  Process , .  development of a . h i g h  temperature and 
h igh  p re s su re  e l e c t r o s t a t i c  p r e c i p i t a t o r ,  low NO burner< development, ' t e s t i n g  
of t h e  Hi t ach i  Zosen NOx reduct ion  process  a n 2  t h e  UOP-Shell cdpper oxide 

. simultaneous NO and SO removal process ,  and technology t r a n s f e r  symposia. 
The Shawnee ~ e s ' t  . ~ a c i l i r ~  has a l s o  been j o i n t l y  funded by EPA and t h e  AECT 
program i n  f i s c a l  ,year  1980. 

4 

3. SUMMARY 

A comprehensive program t o  address  t h e  d i v e r s e  environmental i s s u e s  r e l a t e d  t o  
expanded coa l  u t i l i z a t i o n  i s  being i n i t i a t e d  a s  p a r t  of t h e  DOE Advanced 
Environmental Coritrol Technology program. P r o j e c t  a c t i v i t i e s  ranging from 
s t u d i e d  of  t h e  fundamental processes  involved i n  p o l l u t a n t  formation t o  
demonstrat ions of  w e l l  developed c o n t r o l  methods a r e  being supported.  The 
program aim i s  t o ,  p rovide  t h e  needed cleanup technology t o  meet environmental 
c o n s t r a i n t s  w i th in  a framework t h a t  cons ide r s  c o s t s ,  energy e f f i c i e n c y ,  and 
a c c e p t a b i l i t y  of t h e  technology t o  t h e  u t i l i t y  and i n d u s t r i a l  s e c t o r s .  



ENVIRONMENTAL CONTROLb DEVELOPMENTS IN THE 
DIRECT COMBUSTION OF LOW-RANK COALS 

Robert D. Talty and Harvey M. ~ e s s  
DOE, Grand Forks Energy Technology Center 

Grand Forks, North Dakota 

INTRODUCTION . . 

Grand Forks Energy Technology Center (GFETC) has been designated by 
the ~e~artment of Energy as the lead Center for low-rank coals tech- 
nology, Low-rank coals are generally considered to be coals having less 
than 11,506 Btu/lb (6,390 kcal/kg) heating value on a moist, mineral-' 
matter-free basis. They comprise approximately one-half of the'identi- 
fied coal resources of the U.S.A., and are principally found in the' 
Western states, with major subbituminous coal fields located in Montana, 
Wyoming,'Colorado and New Mexico, and large lignite deposits'situated in 
North Dakota and Texas. 

The average sulfur content in 'these coals is only 0.7% which is an 
attractive feature to coal burnin% plants subject to the 1971 NSPS 
emission standard of 1.2 lb S02/10 Btu. Moreover, the. mol ratio of 
alkali to sulfur (Ca/S) in these coals is often greater than unity, 
suggesting the use of western coal fly ash for removing sulfur .dioxide 
from flue gas. GFETC in 1971. pioneered studies on utilizing the alkali 
in western coal fly ash in flue gas desulfurizing wet scrubbers. . 

One of the challenges facing the environmental control engineer 
reflects the fact that some low-rank coals have both low sulfur and low 
sodium contents, which causes their fly ash to possess high electrical 

I 

. resistivity. This has an adverse effect on the performance of an 
electrostatic precipitator (ESP) collecting the fly ash. 

Another challenge facing the environmental engineer arises from the 
fact that sludges from wet sckubbers using fly ash from low-rank coals 
for flue gas desulfurization' often have high concentrations of soluble 

. . salts, which may be leached out readily. It is possible for these salts 
to enter neighboring ground water, and in certain situations they could 
raise the concentration of salts in the ground water above the maximum 
levels specified in the National Interim Primary, Drinking Water Regu- ' 

lations (NIPDWR). On the positive side, the dominant sulfur form in the. 
scrubber liquor is sulfate, and as a result the sludge is readily de-- 
watered and has above average settling characteristics. Moreover, the. 
sludge has good load bearing charac'teristics, reflecting its residual 
alkalinity which imparts some pozzolanic characteristics to it. 

GFETC has an on-going R&D program investigating a variety of 
environmental control technologies applicable to low-rank coals. One 
facet of the program focuses on flue gas desulfurization (FGD) in a wet 
scrubber using low-rank coal fly ash as the absorbent for sulfur diox- 
ide. " Another project is targeted to flue gas sulfur dioxide cleanup 
using dry sorbents. A third project is directed to the sampling, 
characterizing and control of particulate matter in flue gases emitted 



during the combustion of low-rank coals. A fourth project is the 
characterization of the physical and chemical properties of sludges 
generated during wet scrubbing of flue gases with low-rank coal fly ash. 

GFETC has well-designed pilot plant facilities dedicated to study- 
ing the inherent characteristics and behavior of low-rank coals and 
their combustion products with respect to their effect on the environ- 
m.ent and their interaction with it. Two of the principal pieces of 
equipment specifically designed, constructed and currently operated for 
this use are a 130-scfm wet scrubber used in flue gas desulfurization 
studies, and a 75-lb/hr pulverized coal-fired furnace used in both dry 
sorbent and particulate studies. This furnace is equipped with an ESP 
or, alternatively, with a baghouse. In addition, a 130-scfm combustor 
and experimental hfgh-temperature baghouse are being installed for 
continued studies on the use of dry sorbents for sulfur dioxide control 
in ftue goo,  

Besides the pilot facilities, GFETC has a well-equipped analytical 
department which provides services to the pilot plant effort, and also 
investigates new techniques and procedures applicable to the analysis of 
low-rank coals and their combustion products. In addition, the analyt- 
ical department studies the physical and chemical phenomena underlying 
the combustion process and the potential chemical influence of its pro- 
ducts on the environment. 

Beyond its programs in the pilot plant and laboratory, GFETC works 
closely with low-rank coal fired electric utility companies in field 
testing new environmental control technologies and processes. This work 
occasionally involves sending a team of two to ten GFETC personnel to a 
utility power plant for two to twelve weeks to monitor a new operation 
or process and/or collect specific experimental data. 

WET SCRUBBING 

In 1971, GFETC initiated a research program that resulted in the 
development of technology for using high-alkali fly ash from low-rank 
coals to remove sulfur dioxide from flue gas in wet scrubbers. One of 
the salient findings of these early studies at GFETC was the fact that 
fly ash can be solubilized in an aqueous media, with calcium oxide 
availability increasing as the pH is lowered. 

The pilot plant wet scrubber at GFETC consists of a 130-scfm 
flooded disk venturi atop an absorption tower containing conical "rain 
and draintt trays, as shown in Figure 1. Pressure drop across the scrub- 
ber is controlled by adjusting the height of the flood disk. The scrub- 
ber .system operates in a "closed loopt' mode, with scrubber liquor re- 
turned to a fly ash mix tank equipped with an overflow weir. Overflow 
from the mix tank flows to a settling tank where calcium sulfate precip- 
itates and unreacted fly ash is allowed to settle. A floating overflow 
weir in the settling tank provides scrubbing liquid to the flooded disk,. 
A 33-inch length of removable pipe in the discharge line from the tower 
is provided for use in calcium sulfate scaling experiments. 
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The results of current studies in the pilot plant confirm earlier 
', data (1) which indicated that percent sulfur dioxide removal increases 

with increasing CaO/S02 rnol ratio (mols CaO in incoming fly ash + mols 
SO entering in flue gas). As shown in Figure 2, sulfur dioxide removal 2 increases from about 42% at a CaO/SO rnol ratio of 0.26 to approximately 
86% at a mol ratio of 1.9. These $at; are based on a constant L/G.of 
60, where L refers to slurry flow to the scrubber in gpm, .and G refers 

. . to flue gas flow.through the scrubber in acfm/1,000. 

The.results of these current studies also indicate the same varia- 
: tidn of alkali utilization with CaO/SO rnol ratio.as in previous' 

, . work (1). The results indicate that alkali ugilization drops from 100% 
at a CaO/S02 rnol ratio of 0.5 to 42% at a rnol ratio of 2 -0, :as shown ,in 
Figure 3., which is based 0n.a constant L/G = 60. 

. . 
. . 'A* EPA report on the alkali scrubbil.~g test facility aL thb TVA 

: : . ,  Shawnee Power Station, Paducah, Kentucky, published in 1975, indicated 

, . 
that calcium .sulfate scaling decreased with increasing liquid-to-gas 
ratio' in. a limestone wet scrubbing system (2). A similar result was 
found in the Western fly ash alkali wet scrubbing system in,the present- 
study. Figure 4 shows that the scaling rate in the test pipe section in.; 

. . GFETC's pilot scrubber dropped' from 1.7 gm/hr to almost 0.2 gm/hr as the 
. . L/G was increased from 36 to 80 ga1/1,000 acf flue gas. 

The significance of the information in Figures 2, 3 and 4 is the' 
indication'that power plants burning low-rank coals and utilizing fly 
ash wet scrubbing can meet the'June, 1979 New Source Performance Stand- 
ards on sulfur dioxide emissions if the Ca/S. ratio in their coal exceeds' . 
a certain minimum. Low-rank coals average approximately 0.7% sulfur,', . 

with 70% removal required to meet the June 1979, New Source Performance- 
Standards. Figure 2 indicates that this requirement can be met.in a fly;;. 
ash wet scrubber if the Ca/S rnol ratio in the feedstock exceeds 1.1 and 
L/G in the scrubber is 60 or higher. It should be recognized 'that the ' 

sulfur content in coal is variable, which would probably necessitate use ,. 

of a somewhat .higher Ca/S rnol ratio and/or higher L/G ratio in an actual 
operating situation than indicated above. In addition, it should be 
stressed that the information presented herein is based on a single 
pilot facility using a limited number of low-rank coals and a limited 
range of operating conditions, and results might differ in other units 
depending on the specific situation. 

Currently, five low-rank coal-fired electric power plants are us- 
ing, or are planning-to use, fly ash technology for flue gas desulfur- 
ization. Approximately 3100 MW's of generating capacity are presently 
utilizing fly ash 'technology and an additional 295p MW's ,nf  capacity in 
the planning -or construction- stages is based on the use of fly ash for 
SO2 removal. Table 1 detaili'the .size and location of the current, 
planned and in-construction FGD plants.designed to use fly ash from low- 
rank coals. 

( 1 .  . . . 

. . .  DRY SORBENTS 

. . ' A second approach .at GFETC to flue gas desulfurization is the use . . 

,: of dry sorbents based on sodtum compounds'. A sulfur dioxide removal 

. . 
/ 

. . 
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FIGURE 3. - Fly Ash CaO utilization as a function of CaO/S02 
mole ratio, at L/G = 60. 
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!FIGURE .4 . . . -  Scal i n g  as 'a function of 1 iquid-to-gas (L/G) ratio. 



TABLE FGD Wet Scrubbers U t i l i z i n g  Alka l ine  Western F ly  #sh 

U t i l i t y / S t a t i o n  Capacity S t a t u s  'FGD Design Alka l i  Source 

Northern S t a t e s  Power Co. 
Sherburne County Unit  1 - 700 MW In-Service 

Unit  2 - 700 MW In-Service 

Minnesota Power & Light  Co. 
Clay Boswell Unit  3 - 1 MW 

Unit 4 - 500 MW 

Montana Power Co. 
C o l s t r i p  

Unit  1 - 500 MW 

Unit  1 - 360 MW 
Un i t  2 - 360 MW 
Uni t  3 - 700 MW 
Unit  4 -' 700 MW 

Venturi-marble Subbituminous 
bed f l y  ash  - l imestone 

P i l o t  P l a n t  
Under constrnct iocl  , Venturi-spray Subbituminous 

tower f l y  ash - l ime 

Planned -- Cndeterrnined 
mid-1980's 

In - se rv i ce  
In - se rv i ce  
Planned 
Planned 

l. 'enturi-spray . Subbituminous 
tower f l y  ash  - lime 

Square But te  E l e c t r i c  Coop. 
Mil ton R .  Young Unit 2 - -440 MW In - se rv i ce  Spray tower$< L ign i t e  f l y  

ash  - l ime 

United Power Associat ion-  
Cooperative Power Assoc ia t ion .  

Coal Creek Unit  1 - 550 MW In-Service Spray tower;? L i g n i t e  f l y  
Unit  2 - 550 MW Under cons t ruc t ion  a sh  - l ime 

"These u n i t s  a r e  preceded by e l e c t r o i t a t i e  p r e c i p i t a t o r s  which renove 
p a r t i c u l a t e  ma t t e r  from t h e  f l u e  gas .  



process which requires little or no water would be particularly at- 
tractive to coal-fired-plants located in areas of scarce water supplies. 
Advantages envisioned for a dry FGD system versus a wet scrubber are: 
-1) lower capital investment, 2) simpler operation, 3) faster response to 
changes in sulfur dioxide concentration, 4) better operating reliabil- 
ity, 5) lower operating costs and. 6) the waste product produced would. be 
dry. 

Pure sodium .bicarbonate has been used with good success as a dry 
sorbent for SO2, but cost probably precludes its acceptance on a com- 
mercial basis. Two naturally occurring high-sodium minerals that are 

. . receiving increased attention as candidates for a dry sorbent SO re- 
moval system are nahcolite and trona. 2 

Nahcolite contains about 70% sodium bicarbonate and 7% sodium car- 
bonate, and large deposits are located in the Wyoming Green River form- 
ation and in northwestern Colorado. It is not mined commercially at 

. . present, although interest is mounting as evidenced by a recent article 
(3) which indicated the technical and economic feasibility of mining 
1000 ton/day of nahcolite in the Piceance Basin, Colorado. The mineral 
is normally found admixed with oil shale and large quantities are pro- 
jected to become available when oil shale operations commence on a com- 
mercial scale. 

Trona contains approximately 42% sodium carbonate and 30% sodium 
bicarbonate, and it is currently mined in California and Wyoming for the 
production of soda ash. There does not appear to be much excess pro- 
duction capacity available at the present time. All.current reserves 
are dedicated to soda ash production and, because of existing depletion 
allowance constraints, the exact price structure for alternative mar- 
kets - such as sulfur dioxide control - is not well established (4). 

A laboratory research project was conducted in 1978 under the aus- 
pices of GFETC to examine some of the fundamental variables governing 
the performance of nahcolite and trona as SO2 dry sorbents (5). The 
study examined the effect of temperature, moisture and adsorbent par- 
ticle size on sulfur dioxide removal from a gas stream. The results of 
the study indicated that nahcolite was a more effective dry sorbent for 
sulfur dioxide than trona, reflecting the former's greater specific 
surface area. The investigation also established that sorbent effect- 
iveness increases as particle size decreases. 

GFETC has been conducting a pilot plant, investigation of the dry 
sorbent characteristics of nahcolite and trona for more than a year, 
using a 75-lb/hr pc-fired pilot plant combustor equipped with a bag- 
house. A drawing of the unit appears in Figure 5. The majority of 
recent test runs have been with trona, on the basis that this mineral 
has a greater chance than nahcolite of being commercially available for 
a dry sorbent SO removal system in the near or intermediate future. 

2 The pilot plant tests have evaluated the effect of changes in the enter- 
ing Na O/SO mol ratio on sulfur dioxide removal and alkali utilization. 

2 In addtion, the study has investigated the effect of changes in dry 
,sorbent injection temperature on sulfur dioxide removal.. 



FIGURE 5. - Schematic o f  p i l o t  p l an t  combustor w i t h  baghouse. 
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Figure 6 shows the increase in sulfur dioxide removal with increas- 
ing Na20/S0 mol ratio, for minus 200 mesh trona. This figure indicates 2 that sulfur dioxide removal increases from about 75% to 95% as the mol 
ratio of equivalent Na 0 in the entering trona to the entering SO in- 

2 creases from 0.95 to 1 .%. It should be noted that the curve in Figure 6 
also approximates data for minus 100 mesh nahcolite at the same injec- 
tion temperature and baghouse temperature. 

The utilization of trona in removing sulfur dioxide in the pil'ot 
plant experiments was about 75% at a Na20/SOi mol ratio of 1.0, as shown 
in Figure 7. One of the problems faced in achieving high utilization of 
dry sorbent stems from the fact that the reaction product(s) between the 
dry sorbent and sulfur dioxide tend to remain on the suriace of the dry 
sorbent particles and clog the particle pores, thereby hindering further 
reaction (5)(6). It should be noted that preliminary analysis of the 
pilot plant data indicates 5% to 15% of the dry sorbent reacts with 
nitrogen oxides (expressed as NO) 'in the flue gas, and therefore, over- 
all utilization of the sorbent may be higher than the value calculated 
based on SO removal only. 

2 

The effectiveness of trona and nahcolite for removing sulfur di- 
oxide from flue gas is strongly dependent on temperature. In the pilot 
plant, sulfur dioxide removal increased from about 50% to 80% as the 
flue gas temperature at the injection point was raised from approxi- 
mately 510°F to 700°F. It should be pointed out that a similar corre- 
lation results when sulfur dioxide removal is plotted versus baghouse 
temperature, reflecting the fact that injection temperature and baghouse 
temperature are d irec t ly  related,  aithough not on a 1 : 1 basis. 

The highest baghouse temperature reached was 
490°F, which is near t .e upper operating limit for baghouse fabric 
material normally available today. 

.The injection rate and/or ba.g cleaning cycle appears to signifi- 
cantly influence the effectiveness of' dry sorbents for removing sulfur 
dioxide. Injection procedures investigated in the pilot plant included: 
1) injecting a single large shot of dry sorbent into the flue gas after 
each baghouse cleaning cycle, 2) injecting continuously at a steady rate, 
3.) injecting at a steady rate for 5 minutes out of every 10 minutes, and 
4) injecting continuously at a rate which varied directly with exit sul- 
fur dioxide level. A preliminary analysis of test data indicated that 
the last method listed resulted in the greatest sulfur dioxide removal. 

FLUE GAS CLEANUP AND PARTICULATE CONTROL 

GFETC was one of the early investigators to establish'that high fly 
ash resistivity of certain low-rank coals primarily reflected low con- 
centrations of Na 0 and SO in the ash. Pioneer research at GFETC also 

3 revealed that hig% resistivity fly ash can be "conditioned" by adding 
high sodium fly ash to it. As little as 1% addition of high-sodium fly 
ash to a high resistivity fly ash upstream of the electrostatic precipi- 
tator (ESP) can make a significant improvement in' ESP performance. 



FIGURE 6. - Sulfur  dioxide removal as  a  function of Na20/S02 mol r a t i o  using Trona 
( m i n u s  200 mesh) dry sorbent .  
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FIGURE 7. - Trona (minus 200 mesh) u t i l i z a t i o n  a s  a  function of N ~ ~ I S O ~  ' 

mole r a t i o .  



GFETC has a 75-lb/hr pc-fired combustor equipped with an in-situ 
point-to-plane resistivity measuring instrument and a pilot ESP. The 
ESP is a tubular unit with a nominal I.D. of 8 inches. Inside the tube 
is a 118-inch diameter stainless steel discharge electrode. 

In response to requests for assistance from outside sources, GFETC 
recently undertook two flue gas investigations. One study involved un- 
washed .versus washed coal, and the other dealt with the combustion pro- 
ducts from a boiler fuel comprising a mixture of lignite and sunflower 
hulls. 

The raw versus washed coal study concerned itself with subbitumi- 
nous coal from the Loma mine in Garfield County, Colorado. The finwashed 
coal.contained 16.1% ash which was reduced to 7.9% after washing and 
drying. Both the raw and cleaned coal were tested in GFETC's pilot com- 
bustor, and ESP performance and in-situ resistivities were measured for 
each coal. In addition, the compositions of the two fly ashes collected 
by the ESP were determined by chemical analysis, and the particle size 
distribution of each fly ash'was measured using a Coulter Counter. 

The results of the study indicated that the only significant dif- 
ference between the two types of coal was a substantial reduction in ash 
content in the cleaned coal. This reduction was reflected in a similar 
reduction in the level of emissions from the pilot ESP, but did not ap- 
pear to significantly' affect fly ash particle size distribution or ESP 
collection efficiency which was 90%-94% for both coals. Fly ash resis- 
tivity was high for both the unwashed and washed coals, reflecting a low 
sodium content in both types. 

Proximate and ultimate analyses for the two coals, along with coal 
ash analysis appear in Table 2. ESP operating data, in-situ resistivity 
measurements and fly ash composition data are shown in Table 3. 

The second investigation was a short study conducted in cooperation 
with Basin Electric Power Cooperative (BEPC) to evaluate the suitability 
of burning sunflower hulls with lignitic coal. Two objectives cf the 
study were to determine ESP efficiency and fly ash particle size dis- 
tribution with coal/hull mixtures. The study involved a series cf tests 
in GFETC's pilot plant combuslor, plus participation in a one-week test 
at BEPCts 42-MW, pc-fired William J. Neal Station at Velva, North Dakota. 

Sunflower hulls were determined to have a heating value of approxi- 
mately 7,600 Btullb, and ash and moisture contents of about 7% and 8%, 
respectively. The potassium oxide content of the ash was variable, 
ranging from 12% to 28%. 

The tests in GFETCts pilot unit were conducted using 100% subbitum- 
inous coal, coal with 10% sunflower hulls and pure sunflower hulls. The 
hulls were found to have good combustion characteristics, and there were 

- no difficulties encountered in maintaining a stable flame, even when 
burning 100% hulls. The averqge in-situ resistivity meafbred for the 
100% coal fly ash was 2.3~10 ohm-cm compared to 6.1~10 ohm-cm for 
100% sunflower hulls fly ash. In-situ resistivifz for the 90% coal 110% 
hulls mixture was indicated to be only 1.3~10 ohm-cm, but this low 
value might simply have reflected the variable potassiui~l content of the 
hulls. 



Table  2 .  - Coal and Coal Ash A n a l y s i s  

Coal Sainyle:. 

P rox i r . z te  A n a l y s i s ,  % by W t .  
M o i s t u r e  
~ c l a t i l - e  M a t t e r  
Fixzd Carbon 
Ash 

. . 
U l t i m a t e  A n a l y s i s ,  % by ..--a- W t .  

Hydrogen . 
Carbon 
' ~ i t r o g e n  
Siiif'u'r 
Oxygen 
Ash 

H e a t i n g  Value,  B t u / l b  -- 

Coal  Ash A n a l y s i s ,  % by W t .  
SiO, 

p20; 
CaO 
MgO . 
Na 0  
K . 6  p ,  , 

s6 . 3 

Raw and Washed Coal 
Lorna Mine. Colorado 

Raw - 
A s  -Rec ' d MAF( 

(1) r i F  = t l o i s t u r e  and a s h - f r e e .  

Washed 
As-Rec ' d  MAF( ) 



Table 3. 

Coal Sam~le: 

ESP Operating Data 
Temperature, OF 
,Inlet Loading, gr/dry SCF 
Measured Efficiency, gct Emission Level, lb/10 Btu 

1n-~itu Resistivity . 

Temperature, OF 
Resistivity, ohm-cm 

~1~ Ash Composition, % by Wt. 

SiO, 

Fly;.Ash Particle Size, pct by 
weight Smaller Than Indicated 
Size in Micrometers -- 

5.0 
6.4 
8.0 
10.1 
12.7 
16.0 
20.2 
25.4 
32.0 
40.3 
50.8 
64.0 
80.6 
Mass Mean Diameter, pm 

- Pilot Plant ESP Summary Data 
Raw and Washed Coal 
Loma Mine, Colorado 

Raw - Washed 



ESP collection efficiency in the pilot plant for fly ash produced 
from 100% hulls was only 88% at the start of the run and gradually de- 
creased during the. test. Visual observation of the ESP afterwards re- 
vealed that the wire electrode was coated with sticky ash. When a 90% 
coal/lO% hulls mixture was. burned, initial ESP collection efficiency was 
97% to 99%, which was above the efficiency obtained with 100% coal and 
significantly higher than the 88% efficiency- realized with 100% hulls. 
However, as the test progressed, ESP collection efficiency decreased, 

I 

reaching a low of about 88% after two hours of operation. Visual in- 
spection of the ESP at thet;end of the test disclosed that the electrode' 
was again coated with stickj ash. 

B 

ESP performance duringlthe field test at the William J. Neal Station 
was determined by measuring: the inlet and outlet particulate loads, and 
also by recording the ESP .:operating voltage requirements. ESP effic- 
iency appeared to be improved by the addition of the sunflower hulls to 
the lignite, as shown in Table 4. This improvement was confirmed by a 
decrease in voltage requirements which were about 15% lower in all tests 
wi th t h ~  h ~ l l l s .  

Table 4. - ESP Particulate Removal Efficiency 
Power Load 
ESP Efficiency % 
0% Hu1.l~ (Baseline) 
5% Hulls 
10%. Hulls 

98.3 98.0 
99.6 98.5 
99.0 Not 

Determined 

There was no indication during the field test of a decrease in ESP 
collection efficiency with time, caused by a sticky-ash buildup on t.he 
electrodes. However, each test involving sunflower hulls lasted only 
about four hours, and the buildup may not have been observed. Addition- 
al tests, of extended duration, will have to be conducted to determine 
long-term ESP operational reliability. 

Particulate size .measurements on samples aspirated at the ESP out- 
let during the field "test indicated an increase in particle size with 
increasing amounts of hulls in the lignitelhulls fuel mixture. For ex- 
ample, at 50% power load, the mass mean diameter .of. the fly ash parti- 
cles increased from 40 pm to 62 pm as the percentage of hulls in the 
fuel mixture increased from 0% to lo%, as shown in Table 5, a similar 
trend existed at 75% load. Table 5 indicates a difference in particle 
mass mean diameter between 50% load baseline and 75% load baseline, which 
may be attributah1.e to different boiler operating conditions and ESP 
time-temperature histories Gt the two load conditions considered herein. 

Table 5. - Fly Ash Particle Size 
Power Load 
Mass Mean Diameter, pm 
0% Hulls (Baseline) - 
5% Hulls 
10% Hulls 

6. 
20. 
Not. 

Determined 



WASTE MANAGEMENT 

Wet scrubbing in the most widely used and commercialized method 
employed today for desulfurizing flue gas. Through research, it has 
been developed into a feasible, reliable and efficient process. Although 
wet scrubbing has its values, it also has its problems. One of these 
problems is the production of a waste sludge that is saturated with po- 
tential pollutants. 

Concomitant with increased coal usage in future years, there will 
be an increase in the amounts of flue gas desulfurization sludge pro- 
duced. Study of the disposal of this waste material is important be- 
cause of the possible increase in solid and liquid pollution problems 
associated with its production. 

To date, sludge waste is frequently disposed of in mine landfill or 
by ponding. Efforts are' being made to uncover possible uses for sludge 
and thereby avoid disposal. Irrespective of what method is available to 
remove sludge, it must be tested for its pollutant potential and treated 
accordingly. The migration of trace elements through soil or aqueous 
media must be altered or eliminated, to minimize contamination of the 
environment. Therefore, it is important to assess and characterize the 
chemical and physical properties of these wastes. 

A study was recently completed of sludge material obtained during a 
test of a pilot wet scrubber located at Minnkota Power Cooperative's 
Milton R. Young Generating Station at Center, North Dakota. The 5,000- 
acfm pilot ocrubber (equivalenL to about 1.4 MW) was operated on a slip 
stream of flue gas collected downstream of the ESP on Center Unit #I, a 
238-MW cyclone-fired boiler. Fly ash from the power plant ESP'was used 
in the scrubber as absorbent to remove sulfur dioxide from the flue gas. 
During the test period from August, 1976 to March, 1977, a parametric 
study was conducted in which SO removal efficiency was investigated as 
a function of liquid-to-gas (L/G$ ratio, inlet SO concentration, CaO to 
SO mol ratio, and recirculated suspended solids. 2 

2 

Sludges from ten segments of the scrubber test program were se- 
lected for characterization. Variations in scrubber operating condi- 
tions for the ten test periods are summarized in Table 6. A number of 
laboratory analyses were performed 'to physically characterize the 
sludges. These analyses included density, moisture, permeability, void 
ratio, specific surface area, and unconfined compressive strength. The 
results of the physical characterization study appear in Table 7. 

The physical property that most significantly affects the pollution 
potential of a waste material is permeability, and disposal techniques 
such as chemical fixation are designed to minimize this physical charac- 
teristic. The permeabilities reported in Table 7 represent the maximum 
percolation rate through each of the sludge materials. Review of the 
data in Table 7 and the operating data in Table 6 indicate that sludge 
permeability is decreased by the addition of sodium and magnesium ions 
to the scrubber solution, or by operating the scrubber -at low pH. 



Table 6.  - Operating Data from Parametr ic  Study 
of Wet Scrubbing a t  Center ,  North Dakota 

CaO/SO ") SO, ,ppm-dry P c t  So F ly  Fish CaO Suspended 
T e s t  Scfm-dry - L/G(') ~ 1 ~ A s h i . e  --- I n l b t  Ou t l e t   emo oval U = i l i z a t i o r , %  S o l i d s ,  p c t  @ 

1 )  Gallons o f  r e c i r c u l a t e d  s l u r r y  p e r  1000 acf  ( s a t u r a t e d )  f l u e  gas .  
2 )  M o l r a t i o  based on i n l e t  SO2 concent ra t ion .  
(3)  High sodium test  (4.5% Na) 
(4)  High magnesium t e s t  (3.0% Mg) 



Table 7. - Physical Characterization Data for Sludges 
from Parametric Study of Wet Scrubbing 
Using Center, North Dakota Fly Ash 

Bulk Dry 
Densit 3 Densit 3 Test (gm/cm ) (gm/cm ) 

(1) High sodium test (4 
(2) High magnesium test 

Permeability Void 
(cn/sec) Ratio 

Surface 
Are? 

(meters /gm) 

Unconfined 
Compression 
Strength 
(kg/sq. ft) 

2.78 
2.54 
2.62 
1.56 
3.20 
3.25 
2.23 
2.34 
2.74 
Not 

Determined 



P e r m e a b i l i t y  c o e f f i c i  n t s  f o r  l i m e  and l i m e s t o n e  m a t e r i a l s  a r e  r e -  -f -5 
p o r t e d  t o  rang% from 10 t o  cm/sec . ,  t y p i c a l  o f  s i l t y  sand t o  
sandy c l a y  (10 cm/sec.  and 5x10 cm/sec.  , r e s p e c t i v e l y )  ( 7 ) .  Values  
r e p o r t e d  f o r  t h e  a l k a l i  a s h  s l u d g e  o f  t h i s  s t u d y  a r e  s i m i l a r  t o  t h o s e  
f o r  sandy c l a y .  A l l  o f  t h e  p e r m e a b i l i t y  v a l u e s  shown i n  Tab le  7 a r e  
w i t h i n  t h e  range  o f  v a l u e s  r e p o r t e d  f o r  l i m e / l i m e s t o n e  was te  (7) (8) ,  o r  
m a t e r i a l  s l i g h t l y  l e s s  permeable .  

I n  a d d i t i o n  t o  p h y s i c a l l y  c h a r a c t e r i z i n g  t h e  s l u d g e ,  column l e a c h -  
i n g  t e s t s  were conducted a t  GFETC t o  de te rmine  t h e  m o b i l i t y  o f  p o t e n t i a l  
chemica l  p o l l u t a n t s  i n  t h e  s l u d g e  samples .  These t e s t s  were des igned  t o  
r e a l i s t i c a l l y  d u p l i c a t e  t h e  p o t e n t i a l  env i ronmenta l  impact  o f  chemica l s  
r e l e a s e d  from a s h  a l k a l i  FGD s l u d g e .  

The restilrs of rhese column leachfr lg  L e s t s  have lrccr~ zepurLed else- 
where ( 9 ) ;  and a r e  t o o  l e n g t h y  t o  i n c l u d e  h e r e .  They may he summarized 
by s t a t i n g  t h a t  t h e  c o n c e n t r a t i o n  o f  most chemical  s p e c i e s  i n  t h e  
l e a c h a t e  d e c r e a s e d  t o  10% of  t h e  i n i t i a l  l e a c h a t e  c o n c e n t r a t i o n ,  o r  l e s s ,  
by t h e  f i f t h  p o r e  volume d i s p l a c e m e n t  (PVD). Only f o u r  chemica l s  ap- 
p e a r e d  i n  t h e  l e a c l i a t e  a t  c o n c e n t r a t i o n  l e v e l s  exceed ing  e x i s t i n g  U.S. 
P u b l i c  H e a l t h  S e r v i c e  w a t e r  s t a n d a r d s  o r  N a t i o n a l  I n t e r i m  P u b l i c  Drink- 
i n g  Water R e g u l a t i o n s .  The d a t a  i n d i c a t e d  t h a t  b o t h  s u l f a t e  and i r o n  
were i n  v i o l a t i o n  o f  t h e  s t a n d a r d s  th roughout  t h e  l e a c h i n g  t e s t  (50 
PVD's). Cadmium was i n  v i o l a t i o n  d u r i n g  t h e  f i r s t  5  PVD's and manganese 
d u r i n g  15 PVD's. However, t h e  d a t a  r e p r e s e n t e d  o n l y  l e a c h a t e  q u a l i t y  
from t h e  s l u d g e ,  and exc luded  c o n s i d e r a t i o n  o f  i o n  exchange c a p a c i t y  by 
s u r r o u n d i n g  s o i l s  i n  a n  a c t u a l  l a n d f i l l  d i s p o s a l , s i t e ,  o r  s i t e  s p e c i f i c  
h y d r o l o g i c  c h a r a c t e r i s t i c s .  The r e s u l t s  d i d  d e m o n s t r a t e ,  however, t h a t  
some chemical  s p e c i e s  have c o n s i d e r a b l e  m o b i l i t y .  

FUTURE PLANS 

GFETC's f u t u r e  env i ronmenta l  c o n t r o l  a c t i v i t i e s  r e l a t e d  t o  low-rank 
c o a l s  c a l l  f o r  c o n t i n u a t i o n  and expans ion  o f  t h e  programs o u t l i n e d  i n  
t h i s  r e p o r t .  I n  t h e  wet s c r u b b e r  f l u e  gas  d e s u l f u r i z a t i o n  program, an  
i n v e s t i g a t i o n  w i l l  be made i n  t h e  p i l o t  p l a n t  o f  chemical  a d d i t i v e s  t o  
i n c r e a s e  s u l f u r  d i o x i d e  removal a n d / o r  f l y  a s h  u t i l i z a t i o n .  Adip ic  a c i d  
h a s  been  r e p o r t e d  t o  be  b e n e f i c i a l  i n  t h i s  r e s p e c t  i n  p i l o t  p l a n t  t e s t s  
a t  TVA's Shawnee Power S t a t i o n  t e s t  f a c i l i t y  and i n  EPA's p i l o t  p l a n t  a t  
t h e  I n d u s t r i a l  Environmental  Research  L a b o r a t o r y ,  Research T r i a n g l e  P a r k ,  
North  C a r o l i n a  (IERP-RTP) i n  FGD systems based  on l i m e / l i m e s t o n e  
( 1 0 ) ( 1 1 ) ( 1 2 ) .  T e s t s  i n  GFETC's f l y  a s h  a l k a l i  wet s c r u b b e r  w i l l  be  made 
t o  d e t e r m i n e  i f  a d i p i c  a c i d  i s  of e q u a l  b e n e f i t  i n  a  f l y  ash-based system.  

The r e s e a r c h  program on d r y  s o r b e n t s  w i l l  be expanded t o  h i g h e r  
t e m p e r a t u r e s  p rov ided  a s a t i s f a c t o r y  f a b r i c  f i l t e r  can b e  o b t a i n e d  t h a t  
w i l l  w i t h s t a n d  500°F t o  800°F. S t u d i e s  a r e  a l s o  planned f o r  u s i r ~ g  d r y  
s o r b e n t s  f o r  NO c o n t r o l ,  w i t h  a t t e n t i o n  f i r s t  g i v e n  t o  n a h c o l i t e  and 
t r o n a .  I n  a d d i t % o n ,  l a b o r a t o r y  exper iments  w i l l  be  under taken  t o  d e t e r -  
mine t h e  r e a c t i o n  k i n e t i c s  o f  d r y  s o r b e n t s  w i t h  s u l f u r  d i o x i d e  and n i -  
t r o g e n  o x i d e .  The l a b o r a t o r y  i n v e s t i g a t i o n  w i l l  a l s o  s t u d y  t e c h n i q u e s  
t o  r e a c t i v a t e  s p e n t  d r y  s o r b e n t  m a t e r i a l s .  



I n  t h e  immediate f u t u r e ,  t h e  p a r t i c u l a t e  c o n t r o l  program a t  GFETC 
w i l l  emphasize f l y  a s h  sampling and c h a r a c t e r i z a t i o n ,  p a r t i c u l a r l y  i n  
t h e  submi&on range .  Inc luded  i n  t h i s  work i s  a  program t o  deve lop  and 
e v a l u a t e  methods o f  f l y  a s h  sample c o l l e c t i o n ,  p r e s e r v a t i o n  and r e d i s -  
p e r s i o n ,  and methods f o r  d e t e r m i n i n g  p a r t i c l e  s i z e '  d i s t r i b u t i o n ,  an.d 
p a r t i c l e  b u l k  and s u r f a c e  compos i t ion .  Also i n c l u d e d  i n  t h i s  program i s  
a  s t u d y  o f  t h e  d i s t r i b u t i o n  o f  e lements  w i t h i n  p a r t i c l e s  ( i . e . ,  a s  a  
f u n c t i o n  o f  d e p t h  below t h e  s u r f a c e )  and a  s t u d y  o f  e lement  v a r i a t i o n  
w i t h  p a r t i c l e  s i z e  and morpholog ica l  c h a r a c t e r i s t i c s .  

GFETC's immediate o b j e c t i v e  i n  t h e  a r e a  o f  was te  management i s  t o  
o b t a i n  a d d i t i o n a l  d a t a  on t h e  p h y s i c a l  and chemical  c h a r a c t e r i s t i c s  o f  
was te  m a t e r i a l s  g e n e r a t e d  by t h e  combustion o f  low-rank c o a l s .  The de-  
velopment o f  s u i t a b l e  t e c h n i q u e s  f o r  p r o v i d i n g  e n v i r o n m e n t a l l y  s a t i s -  
f a c t o r y  d i s p o s a l  o f  t h e s e  was te  m a t e r i a l s  w i l l  r e c e i v e  h i g h  p r i o r i t y .  
I n  a d d i t i o n ,  a  f i e l d  t e s t  i s  p lanned  o f  a  f l y  a s h  a l k a l i  FGD s l u d g e  d i s -  
p o s a l  s i t e  t o  de te rmine  t h e  l e a c h i n g  c h a r a c t e r i s t i c s  o f  t h e  major  and 
minor t r a c e  e l e m e n t s .  
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FLUE GAS CLEAN-UP RESEARCH AT THE PITTSBURGH ENERGY 
TECHNOLOGY CENTER 

J..P. Strakey, J. I. Joubert, J. R. Ruether, and W. C. Peters 
U. S. Department of Energy 

Pittsburgh Energy Technology Center 

1. INTRODUCTION 

Research is underway at PETC on several aspects of advanced flue gas 
clean-up technology. This research is reviewed briefly in this paper. 
Processes being investigated include dry scrubbing, a fluidized bed copper 
oxide process for simultaneous S02/N0 removal, direct reduction of SO2 to 

X sulfur, absorption/steam stripping, and several aspects of the Resource Con- 
stirvation and Recovery Act. Further details are available from the authors. 

Dty Scrubbing 

PETC began a program in dry scrubbing in fiscal year 1979. The initial 
effort is concentrating on injection of dry alkali sorbents into the flue gas 
from a coal-fired furnace with subsequent collection of spent sorbent and fly 
ash in a baghouse. Data are being generated for low, medium, and high sulfur 
coals with a variety of sorbents including sodium bicarbonate, nahcolite (a 
sodium bicarbonate mineral), and trona (a sodium carbonatelbicarbonate 
mineral). 

The dry sorbent tests are being conducted in a 500 lb coallhr (6x10~ 
Btdlhr) combustion test facility designed to simulate the performance of an 
industrial steam generator. Pulverized coal (70% minus 200 mesh) is burned 

0 in the furnace and the combustion products exit at 1800-2000 F, pass through 
a convective heat transfer section, a recuperative heat exchanger, and a 
baghouse filter. The temperature of the flue gas leaving the air preheater 
can be controlled between 300-47 5OF. 

In most of the tests, dry sorbent was injected into the 12 inch diameter 
flue-gas duct at the exit of the preheater, 26 feet upstream of the baghouse. 
A few tests were conducted while injecting sorbent at the inlet of the 
baghouse. 

The baghouse is,a Mikro-Pulsaire model manufactured by the Pulverizing 
Machinery Division of the Slick Corporation. It contains 57 Nomex bags, 
8 feet long x 4-112 inches OD. The unit is normally operated at airlcloth 
ratios of 4-4.5 ft/min. 

A number of operating variables have been examined including baghouse 
temperature and cycle rate, sorbent particle size, and stoichiometric ratio 
of alkali to sulfur. In all tests, the excess air levels were maintained 
at 20%. 

Figure 1 shows some results for Pittsburgh seam coal (1.6% S) while 
injecting nahcolite with a mean particle size of 37 microns. Data at 400'~ 
and 420'~ fall on the curve confirming tests which show removal to be fairly 
independent of temperature above 400'~. Likewise, results are independent 
of baghouse cycle rate for all sorbents tested. 
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Note t h a t  f o r  90% SO2 removal, a  Na2/S r a t i o  of 1.1 i s  needed which 
corresponds t o  an  82% sorbent  u t i l i z a t i o n .  

F igure  2 shows t h e  e f f e c t  of sorbent  p a r t i c l e  s i z e  on SO2 removal wi th  
sodium b ica rbona te"a t  a  Na2/S r a t i o  of 2  and a  baghouse temperature of 
400'~. It should be noted t h a t  t h e  SO2 removal v a r i e s  approximately l i n e a r l y  
wi th  t h e  mean p a r t i c l e  diameter  of t h e  sorbent .  

The d a t a  i n d i c a t e  t h a t  SO2 removals of 90 percent  a r e  ach ievab le  a t  mean 
sorbent  d iameters  of 65 microns o r  l e s s .  For a  s to i ch iome t r i c  r a t i o  of 2, 
t h i s  corresponds t o  a  sorbent  u t i l i z a t i o n  of 45 percent .  However, i n  a  
s e r i e s  of t e s t s  wi th  No. 3 ,sodium bicarbonate  (32 micron d i ame te r ) ,  i t  was 
found t h a t  90 percent  SO2 removal could be a t t a i n e d  a t  a  Na2/S r a t i o  of 1 .3,  
corresponding t o  about 70 percent  sorbent  u t i l i z a t i o n .  

F igure  3 compares t h e  e f f e c t i v e n e s s  of n a h c o l i t e  and t rona  'while burning 
3..1% S coa l .  The n a h c o l i t e  was c l e a r l y  more e f f e c t i v e  over t h e  e n t i r e  range 
of Na2/S r a t i o s  considered.  

A spray  d rye r  has  been purchased t o  add t o  t h i s  system t o  enhance gas /  
s o l i d  con tac t ing .  Such a  system has been shown t o  provide g r e a t e r  sorbent  
u t i l i z a t i o n  of v a r i o u s  so rben t s  when i n j e c t e d  as s o l u t i o n s  o r  s l u r r i e s  r a t h e r  
t han  dry.powders.  Emphasis w i l l  be  on l ime scrubbing of f l u e  gas from 

.medium and h igh  s u l f u r  e a s t e r n  coa l s .  The spray  d rye r  w i l l  be  i n s t a l l e d  i n  
J u l y  of 1980. 

F lu id i zed  Bed Copper Oxide Process  

A r e g e n e r a t i v e  f l ~ i i d i z ~ d  bed process f o r  simultaneous S02/N0 removal is  
X 

being i n v e s t i g a t e d .  A t y p i c a l  conceptua l  des ign  i s  shown i n  F igure  4.  I n  
0 

t h i s  concept,  f l u e  gas taken be fo re  t h e  a i r  p rehea te r  a t  350-400 C i s  con- 
t a c t e d  wi th  a  supported copper ,oxide sorbent  i n  a  f l u i d i z e d  bed where t h e  
fo l lowing  r e a c t i o n  t a k e s  p lace :  

cuo + SO2 + 112 o2 -t CuSOL, 

The sorhent  i s  t r anspor t ed  cont inuous ly  t o  a  f l u i d i z e d  bed s o l i d s  h e a t e r  
where i t  i s  heated t o  about 4 4 0 ' ~  and then  t o  a  r egene ra to r  where it is  
contac ted  wi th  methane o r  o t h e r  reducing gases  t o  produce concent ra ted  SO2 
v i a :  

The sorbent  i s  r e c i r c u l a t e d  t o  t h e  absorber  f o r  another  c y c l e  and i t  
immediately r e a c t s  w i th  oxygen t o  reform t h e  CuO v i a :  

Cu + 112 o2 + cuo 

and t h e  c y c l e  i s  repea ted .  NO removal i s  accomplished by i n j e c t i n g  ammonia 
X 

upstream of t h e  copper oxide c a t a l y s t  bed where s e l e c t i v e  c a t a l y t i c  r educ t ion  
of t h e  NO t a k e s  p l ace  by r e a c t i o n s  such a s :  

X 



FIGURE 2 - EFFECT OF SORBENT PARTICLE SIZE ON SO2 REMOVAL 
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The concentrated SO2 from the regenerator can be converted to sulfuric acid 
by commercially available methods or to elemental sulfur using processes 
currently under development. 

The Shell copper oxide process is based on similar chemistry but uses a 
cyclic fixed-bed contactor in which the supported copper oxide sorbent is 
contained in parallel trays. Flue gas containing flyash passes between the 
trays and SO2 diffuses into the sorbent where it is captured. When the bed 
becomes saturated it is isolated and regenerated wit educing gas. This 
process has been described in numerous publications. The process is 
licensed by the UOP Process Division in this country and is'referred to as 
the UOB/Shell Process. 

The fluidized bed design has several significant advantages over a 
fixed-bed design: 

0 The absorber and regenerator can operate at different temperatures. 
Thus turndown can be easily accommodated as the flue gas temperature 
drops off. Also, retrofitted applications can be handled where the 
flue gas may be at temperatures significantly below the regeneration 
temperature. 

0 No valve problems. No large diameter valves are needed to isolate the 
absorption from theeregeneration as in the fixed bed design. 

0 Constant regenerator offgas. Fixed beds produce a cyclic feed to the 
sulfur recovery unit, necessitating an intermediate absorption system 
to smooth out the feed. 

0 Flyash should pass through the fluidized bed due to the much smaller 
particle size, eliminating plugging that can occur in fixed beds and 
the need for a hot electrostatic precipitator. This assumption has not 
been tested. 

THe main disadvantages are: 

0 Higher pressure drop than in the parallel passage reactor. 

0 Potential for attrition of the sorbent. Data to date show.that this 
is controllable. 

Currently a 45 scfm fluidized bed PDU is being operated at PETC. Flue 
gas is generated by combustion of natural gas spiked with NH3 to generate 
800 ppm of NOx SO2 is added to the flue gas to give 3000 ppm, simulating 
high-S coal combustion. To date, no fly ash has been added. 



The absorber  i s  a 6-inch diameter  f l u i d i z e d  bed opera ted  wi th  bed dep ths  
t o  t h r e e  f e e t .  The sorbent  (1116" UOP alumina spheres  impregnated wi th  
CuO) i s  f e d  cont inuously through t h e  bed and is  regenera ted  batch-wise. 

Typica l  d a t a  on SO2 removal i s  shown i n  F igure  5. C lea r ly ,  removals 
w e l l  above 90% a r e  ach ievab le  wi th  bed h e i g h t s  of on ly  t h r e e  f e e t .  

NO removal i s  shown i n  F igure  6. Removals i n  excess  of 90% a r e  a l s o  
X t y p i c a l .  Curren t ly ,  t e s t s  a r e  i n  progress  t o  a s s e s s  t h e  unreacted ammonia 

pas s ing  through t h e  bed which can be of concern due t o  formation of ammonium ' 

sa l t s  which can cause plugging o i  an a i r  p rehea te r .  

Es t imates  of a t t r i t i o n  a r e  q u i t e  low - about 0.02% of t h e  bed inventory  . . 

p e r  hour (5000 h r  sorbent  l i f e ) .  This  w i l l  be  confirmed by d i r e c t  a t t r i t i o n  . . 
. . de te rmina t ions  i n  t h e  c u r r e n t . t e s t  program. F ly  a sh  w i l l  a l s o  be  a d d e d , t o  

s e e  i f  i t  has  any d e t r i m e n t a l  a f f e c t s  on t h e  process .  . . 

Fur the r  d e t a i l s  a r e  a v a i l a b l e  i n  b t h e r  p u b l i c a t i o n g ( 3 ' 4 ) .  

D i r ec t  Keduction o t  SO2 t o  ~lemental Sul fu r  

The o b j e c t i v e  of , t h i s  e f f o r t  i s  t o  improve and s imp l i fy  t h e  process  f o r .  
d i r e c t  r educ t ion  of s u l f u r  d iox ide  t o  e lementa l  s u l f u r  us ing  bituminous c o a l  
s o  t h a t  i t  i s  economically v i a b l e  f o r  a p p l i c a t i o n s  i n  l a r g e  u t i l i t y  power 
p l a n t s .  It should .be  noted t h a t  a l l  d i r e c t  r educ t ion  processes  c u r r e n t l y  
under development r e q u i r e  a n  upstream p rocess  t o  concen t r a t e  t h e  s u l f u r  
d iox ide  occu r r ing  i n  t h e  f l u e  gas. The proposed process  i s  no except ion:  
t h e  concent ra ted  off-gas from t h e  upstream process  i s  t h e  feed  gas  t o  t h e  
d i r e c t  r educ t ion  process .  Elemental s u l f u r ,  formed by t h e  r e a c t i o n  of SO2 
w i t h  carbon, i s  conveyed from t h e  r e a c t o r  a s  a vapor and is subsequent ly 
separa ted  from t h e  gas u s ing  a s u l f u r  condenser.  

The i n i t i a l  e f f o r t  i s  t o  provide thermodynamic equ i l i b r ium c a l c u l a t i o n s  
on which t o  base r e a c t o r  ope ra t ing  cond i t i ons ,  o r  t o  e s t a b l i s h  from published 
d a t a  t h a t  d i r e c t  r educ t ion  i s  p r imar i ly  c o n t r o l l e d  by chemical k i n e t i c s .  

I n  l a t e r  work, a bench-scale r e a c t o r  w i l l  be cons t ruc t ed ,  and t e s t s  
w i t h  noncaking bituminous o r  subbituminous c o a l  w i l l  be conducted. E f f o r t s  
w i l l  b e  made t o  i n c r e a s e  SO2 conversion e f f i c i e n c y ,  c o a l  u t i l i z a t i o n ,  and 
s u l f u r  p u r i t y  over  e x i s t i n g  processes .  The s u l f u r  p u r i t y  has  a pronounced 
e f f e c t  on t h e  p r i c e  t h a t  can  be obta ined  f o r  t h e  s u l f u r  from a f u l l - s c a l e  
r e a c t o r .  

I n  t h e  l a t e r  phase, t h e  bench-scale r e a c t o r  w i l l  be opera ted  on caking 
bituminous c o a l  and process  f e a s i b i l i t y  w i l l  be  assessed .  

SO2 Absorption/Steam-Stripping E q u i l i b r i a  

  he o b j e c t i v e  of t h i s  r e s e a r c h  i s  t o  provide  d a t a  on SO2. vapor p re s su re  :: 

v e r s u s  absorbed SO2 concen t r a t ion  f o r  v a r i o u s  o rgan ic  absorbents  considered 



FIGURE 5 - REMOVAL EFFICIENCY IN COPPER OXIDE PDU. 
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to be promising candidates for SO2 absorptionlsteam-stripping systems for use 
in large utility power plants. These data are necessary to optimize the 
process to reduce energy.requirements. Much of the data on such absorbents 
is proprietary or nonexistent, making it difficult to judge the merits of 
various proposed absorption/steam-stripping systems. 

The experimental program will utilize two techniques to obtain the 
required data. The first technique involves measurement of SO2 vapor 
pressure curves for several absorbents using a ' reflux'conde,nser/absorber 
system. The tentative list of candidate absorbents includes citric acid, 
glycolic acid, ethylenediamine, diethylenetriamine, glyoxalic acid, tri-n- 
butyl phosphate, and 1-methyl-2-pyrrolidinone. The second technique is based 
on estimation of'the SO2 vapor pressure from the activity coefficient at 
infinite dilution obtained from a gas chromatograph. This method should be 
much faster than the first so may prove useful for screening candidate 
absorbents. 

An economic analysis of SO2 absorption/steam stripping will be conducted 
to aid in guiding the experimental program. In addition, theoretical analyses 
will be carried out to assist in explaining and correlating the experimental 
vapor pressure curves. 

Resource Conservation and Recovery Act (RcRA) Activities 

PETC research activities related to assessing the impact of RCRA include 
the following elements: 

0 Complete analysis of the legislation and proposed regulations and 
guidelines for non-hazardous waste disposal, hazardous waste disposal, 
and resource recovery. 

0 
I Assessment of the potential impact of RCRA on conventional combustion 

and coal conversion programs. 

0 Evaluation of hazardous waste generation and disposal at PETC and 
development of a site hazardous waste management program. 

0 Analysis of leachate extraction procedures through participation in 
American Society for Test,ing and Materials (ASTM) and DOE-sponsored 
collaborative test programs. 

0 Identification of potential problems and solutions relating to solid 
waste disposal from large scale/commercial coal conversion facilities. 

0 Participation in the DOE organic and inorganic characterization program 
of fossil fuel waste materials. 

Further details of the PETC activities are available in two other papers 
in these proceedings and will not be repeated here. 
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ENVIRONMENTAL CONTROL IMPLICATIONS OF COAL USE 

K.E. ~ i l z b a c h ,  C.D. Livengood, and P.S. Farber  
Argonne Nat iona l  Laboratory 

1 INTRODUCTION 

One of t h e  g r e a t e s t  cha l lenges  f a c i n g  t h e  United S t a t e s  today is  t h e  
product ion  of energy from c o a l  i n  ways t h a t  a r e  compatible wi th  our  environ- 
mental  goa ls .  I f  w e  a r e  t o  s u c c e s s f u l l y  meet t h i s  cha l lenge ,  i t  w i l l  r e q u i r e  
t h e  t imely  development and jud ic ious  a p p l i c a t i o n  of environmental c o n t r o l  
t echno log ie s  t h a t  a r e  capable of reducing p o t e n t i a l l y  adverse  impacts t o  
accep tab le  l e v e l s .  Howcver, t h e  optimum s e l e c t i o n  of c o n t r o l  technologies  is 
a complex t a s k  s i n c e  t h e r e  a r e  many d i f f e r e n t  techniques ,  numerous p o s s i b l e  
combinations, and g r e a t  unce r t a in ty  regard ing  i n t e r a c t i o n s  between p o l l u t a n t s  
and t h e  anvironmcnt. 

The Environmental Control  Technology f o r  Coal U t i l i z a t i o n  program at  
Argonne Nat iona l  Laboratory (ANL) is  a s s i s t i n g  DOE by provid ing  informat ion  
r equ i r ed  i n  t h e  planning and guidance of R&D programs f o r  c o a l  u t i l i z a t i o n  
t echno log ie s  and t h e  a s s o c i a t e d  environmental  c o n t r o l s .  It i s  a cont inuing  
program, begun i n  1976, wi th  t h e  fo l lowing  o b j e c t i v e s :  

Provide in-depth engineer ing  eva lua t ions  of c ,ontrol  
technologies  

I d e n t i f y  e x i s t i n g  o r  potential problem a r e a s  

Provide DOE wi th  informat ion  independent of r e g u l a t o r  
and developer  viewpoints  

We ana lyze  both  a v a i l a b l e  and developing technologies  f o r  t h e  e n t i r e  
energy system from t h e  mine mouth through u l t i m a t e  waste d i sposa l .  The t o o l s  
of technology assessment and systems a n a l y s i s  a r e  used t o  provide balanced 
e v a l u a t i o n s  of t h e  engineer ing ,  environmental ,  and economic, a s p e c t s  of t h e  
t echno log ie s ,  as w e l l  a s  i d e n t i f i c a t i o n  of s y n e r g i s t i c  e f f e c t s  and secondary 
o r  i n d i r e c t  impacts. 

The remainder of t h i s  paper d e a l s  with t h r e e  t o p i c s .  F i r s t ,  we w i l l  
b r i e f l y  review t h e  assessments  performed t o  d a t e  and i n d i c a t e  t h e  n a t u r e  
of ou r  cu r r en t  work. Next, t h e  computerized models and d a t a  bases  u t i l i z e d  
i n  ou r  assessments  w i l l  be descr ibed .  L a s t l y ,  some of t h e  r e s u l t s  from a 
major ongoing s tudy  of environmental c o n t r o l s  f o r  i n d u s t r i a l  hoi l .ers  wil-1 be 
presented  and t h e i r  imp l i ca t ions  d iscussed .  

2 TECHNOLOGY ASSESSMENTS 

Our approach t o  eva lua t ing  technologies  begins w i th  ga the r ing  informa- 
t i o n  on t h e  c o s t ,  r e l i a b i l i t y ,  energy requirements ,  e f f i c i e n c y ,  and secondary 
e f f e c t s  of p o l l u t i o n  c o n t r o l  systems from r e p o r t s  and d i scuss ions  wi th  manu- 
f a c t u r e r s ,  u s e r s ,  and developers  of t h e  processes .  I n  t h i s  e f f o r t ,  t h e  
c a p a b i l i t i e s  of t h e  in-house s t a f f  a r e  supplemented by cons iderable  use of 
subcon t r ac to r s  and c o n s u l t a n t s  w i t h  s p e c i a l  c a p a b i l i t i e s  and e x p e r t i s e .  
Evalua t ion  of t h i s  in format ion  l e a d s  t o  t h e  i d e n t i f i c a t i o n  of problems, 



i nhe ren t  process  l i m i t a t i o n s ,  and high payoff a r e a s  f o r  r e sea rch  and develop- 
men t . 

For many technologies ,  ex t ens ive  short- term s t u d i e s  .have been performed 
t o  provide a  base of in format ion  f o r  t he  program. However, t h e  e v a l u a t i o n  
process  is  a  cont inuous one dr iven  by t h e  evo lu t iona ry  n a t u r e  of technology 
and environmental r e g u l a t i o n s .  Thus, a  con t inua l  updat ing of in format ion  i s  
i m p l i c i t  i n  t h e  fo l lowing  d i scuss ion ,  a l though we w i l l  be  p r i m a r i l y  d e s c r i b i n g  
d i s c r e t e  s t u d i e s  t h a t  have been performed. 

2 .1  PRECOMBUSTION CONTROLS 

Precombustion encompasses a l l  o p e r a t i o n s  from t h e  mine mouth up t o  the  
f u e l  u t i l i z a t i o n  s t e p  ( t h e  b o i l e r  i n  convent iona l  systems).  Our eva lua t ions  
i n  t h i s  a r e a  have inc luded:  

The use  of low-sulfur c o a l  

e Coal c l ean ing  

Solvent r e f i n i n g  of c o a l  

e The use  of coa l -o i l  mix tures  

Coal t r a n s p o r t a t i o n  

Low-sulfur coa l  use was one of t h e  f i r s t  compliance s t r a t e g i e s  s t u d i e d  
under t h e  program. (Ref.1) Although r ecen t  r egu la to ry  developments ( i . e . ,  
u t i l i t y  NSPS) have tended t o  reduce t h e  use of western low-sulfur  c o a l s  i n  
new powfr p l a n t s ,  it remains an  a t t r a c t i v e  op t ion  f o r  many e x i s t i n g  f a c i l i t i e s  
and may be an important  f a c t o r  i n  t h e  inc reased  i n d u s t r i a l  use of c o a l .  This  
is  d iscussed  i n  more d e t a i l  i n  Set. 4. 

For some coa l s  of h ighe r  s u l f u r  conten t ,  phys i ca l  c o a l  c l ean ing  
(washing) can achieve s i g n i f i c a n t  r educ t ions  fn p o t e n t i a l  SO2 emiss ions ,  a s  
w e l l  as reducing t h e  a sh  content .  A n  ex tens ive  s tudy  of c u r r e n t  and developing 
Indus t ry  c l ean ing  p r a c t i c e s  ( i nc lud ing  chemical methods) was performed w i t h  
t h e  a i d  of t he  Bechte l  Corporation. (Ref.2) Costs f o r  s e v e r a l  l e v e l s  o r  
degrees of c l ean ing  were es t imated  and problems, such a s  t hose  a s s o c i a t e d  
w i t h  f ine-coa l  handl ing,  were i d e n t i f i e d .  

More ex tens ive  c o a l  process ing  i s  r ep resen ted  by t h e  so lven t - r e f ined  
c o a l  (SRC) process .  A pre l iminary  survey of t h e  product ion and use of SRC 
was performed by A i r  P roducts  and Chemicals, Inc .  f o r  our  program. (Ref.3) 
Recent e f f o r t s  have been concent ra ted  on e v a l u a t i n g  t h e  environmental c o n t r o l  
imp l i ca t ions  of  SRC and comparing i t s  use w i t h  o t h e r  c o n t r o l  op t ions  ( s ee  
Sec. 4 ) .  

Coal-oi l  mix tures  (CON) may prove t o  be an important  f u e l  op t ion  f o r  
e x i s t i n g  f a c i l i t i e s  i n  t h e  n e a r  term. Our program i s  concen t r a t ing  on d e t e r -  
mining t h e  environmental c o n t r o l  requirements  a s  i n d i c a t e d  by t h e  combustion 
t e s t s  now underway o r  planned. 



Fuel  t r a n s p o r t a t i o n  i s  being s tud ied  because t h e  a s soc i a t ed  c o s t s  can 
s t r o n g l y  in f luence  t h e  choice of f u e l  a t  a  given loca t ion .  Also, as w i l l  be 
shown l a t e r ,  the  energy consumption and environmental r e s i d u a l s  from t r ans -  
p o r t a t i o n  can be a s i g n i f i c a n t  p o r t i o n  of t he  t o t a l  system va lues .  

2.2 INTEGRAL CONT ROLS 

c h a r a c t e r i s t i c s  i n h e r e n t  i n  ' a  given ' p r o c e s s  ,' as d i s t i n c t ' . £  rom add-on 
dev ices  o r  f u e l  changes, can sometimes be used t o  achieve  environmental con- 
t r o l  goa l s .  One widely app l i ed  example i s  combustion mod i f i ca t ion  f o r  NOx 
c o n t r o l .  We have analyzed t h e  a v a i l a b l e  modi f ica t ion  techniques f o r  coal-  
f i r e d  u t i l i t y  and i n d u s t . r i a 1  b o i l e r s  with t h e  a i d  of KVB, Inc .  (Ref s.  4 and 5)  . 
Reductions i n  NOx i n  t h e  v i c i n i t y  o f  30% can be achieved w i t h  minimal c o s t s ,  
bu t  t h e  r e s u l t s  a r e  h igh ly  v a r i a b l e ,  p a r t i c u l a r l y  f o r  i n d u s t r i a l  b o i l e r s .  

Low NO l e v e l s  can a l s o  be achieved by f luidized-bed combustion (FRC) 
and h igh  SO2 removal e f f i c i e n c i e s  a r e  poss ib l e .  I n  o rde r  t o  o b t a i n  a  measure 
of t h e  developmental s t a t u s  of FBC, we r e c e n t l y  had MITRE Corporat ion prepare  
an assessment based on t h e  papers  of t h e  5 t h  I n t e r n a t i o n a l  Conference.   he 
r e s u l t s  and t h e  unique methodology employed a r e  presented  i n  a r e p o r t  now i n  
p re s s .  (Ref. 6 )  

Gasif ication/combined-cycle (G/CC) power systems o f f e r  t he  promise of 
h igher  degrees  of p o l l u t i o n  con t ro l .  However, t hese  ga ins  a r e  obta ined  a t  
t h e  expense of g r e a t e r  system complexity and presume t h e  a v a i l a b i l i t y  of ad- 
vanced gas t u r b i n e s  and improved g a s i f i e r s .  Never the less ,  a  r ecen t  economic 
comparison of 500 MWe systems prepared by our  program from d a t a  suppl ied  by 
United Technologies Research Center found s e v e r a l  G/CC systems t o  be competi t ive 
wi th  a convent iona l  power p l a n t  equipped wi th  scrubbers .  

A combined-cycle approach i s  a l s o  used w i t h  magnetohydrodynamic (MHD) 
power systems t o  achieve  h igh  e f f i c i e n c y .  However, t h e  unique na tu re  of t h i s  
system provides  some unusual environmental c o n t r o l  cha l lenges .  We a r e  cu r r en t -  
l y  e v a l u a t i n g  t h e  n a t u r e  and magnitude of t hese  problems, w2th p a r t i c u l a r  em- 
phas i s  on c o n t r o l  s t r a t e g i e s  f o r  f i n e  p a r t i c u l a t e s .  

2 .3  POSTCOMBUSTION CONTROLS 

Technologies f o r  t h e  "clean up" of f l u e  gases  cont inue t o  be a t  t h e  
h e a r t  of most env2ronmental c o n t r o l  deba tes .  Our program has  i n v e s t i g a t e d :  

P a r t i c u l a t e  c o n t r o l  

8 Flue-gas d e s u l f u r i z a t i o n  

Combined SO2 and NO removal 
X 

Sol id  waste  d i s p o s a l  

Engineering and economic ana lyses  of both convent ional  (Ref.8) and ad- 
vanced (Ref. 9) p a r t ~ c u l a t e - c o n t r o l  devices  have been ,made under t h e  program. 
Based on p ro j ec t ed  r egu la to ry  reqnfrements,  the  i n c r e a s i n g  use of baghouses 
was p r e d i c t e d  a t  an e a r l y  s t a g e  i n  t h e  program. Our cu r r en t  a c t i v i t i e s  a r e  
focused on t h e  c o n t r o l  of r e s p i r a b l e  p a r t i c u l a t e s  and on t h e  development of 



models f o r  con t ro l  systems (see  Sec. 3).  

The c o s t s  and performance of flue-gas desu l fu r i za t ion  (FGD) systems 
have been highly con t rovers i a l  and sub jec t  t o  continued change. An i n i t i a l  
survey of t h i s  technology (Ref.10) is  now being updated, and app l i ca t ion  of 
FGD t o  i n d u s t r i a l  b o i l e r s  is  being analyzed (Sec.4). S i g n i f i c a n t  e f f o r t s  
have a l s o  been devoted t o  modeling these  complex systems so  a s  t o  f a c i l i t a t e  
t radeoff  s tud ies .  

Combined S02-NO removal processes have been surveyed i n  a n t i c i p a t i o n  
of poss ib le  lowering of  NOx emission l eve l s .  (Ref.11) An inves t iga t ion  of 

, . the  chemical k i n e t i c s  of NO,-removal processes is  now being conducted i n  order  
t o  determine t h e  ex ten t  of p resen t  knowledge and t h e  need f o r  new b a s i c  re-. 

' 

search.  

Las t ly ,  the use of flue-gas treatment systems br ings  about a  c rans fe r  
of p o l l u t a n t s  from one medium t o  another. Salable  products  may be produced, 
but  i n  most cases s o l i d  wastes a r e  generated. Disposal of these  s o l i d s  can 
be a major problem, p a r t i c u l a r l y  i f  they should be c l a s s i f i e d  a s  hazardous 
under t h e  Resource Conservation and Recovery Act (RCRA). The engineering . 
and cos t  impl ica t ions  of r egu la t ions  developed under RCRA a r e  being analyzed , .  . 

, . 4 .:- 
i n  t h e  program and w i l l  be f ac to red  i n t o  f u t u r e  t radeoff  s tud ies .  , -2 j: 
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3 COMPUTER MODELS AND DATA BASES .. :. 
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.The comparative assessment phase of our  program can involve t h e  e n t i r e  
coal  t o  power production system, o r  i t  may focus on s p e c i f i c  system elements. 
A modular approach is  used wherein each module r ep resen t s  a  s i g n i f i c a n t ,  and 
t echn ica l ly  separable,  component of the  system. These modules a r e  gradually 
being computerized a s  s u f f i c i e n t  da ta  become a v a i l a b l e  and adequate models 
a r e  developed. This computerization permits  the  r ap id  evaluat ion  of s i t e -  
s p e c i f i c  control/coal-technology combinations i n  o rde r  t o  i d e n t i f y  t h e  poten- 
t i a l  r o l e  of the  technologies a s  a  func.tion of environmental r egu la t ions ,  
loca t ion ,  and s t a t e  of development. I n  many cases  i t  is  poss ib le  t o  i d e n t i f y  
c e r t a i n  c r i t i c a l  process parameters t h a t  can a l t e r  the  e x i s t i n g  balance o r  
a r e  e s p e c i a l l y  s e n s i t i v e  t o  changes i n  environmental c o n s t r a i n t s .  

3.1 PART1 CULATE CONTROL 

The ANL s t a f f  has under development an advanced p a r t i c u l a t e  c o n t r o l  
model incorpora t ing  performance and'economic d a t a  f o r  cyclones, ho t  and cold 
e l e c t r o s t a t i c  p r e c i p i t a t o r s ,  baghouses, and scrubbers.  This model, named 
PARTIC 11, computes design c h a r a c t e r i s t i c s  and c o s t s  f o r  both  i n d u s t r i a l -  
and u t i l i t y - s c a l e  pa r t i cu la te -con t ro l  equipment as a funct ion  of coa l  com- 
pos i t ion ,  combustor type,  e m i s s i o n ~ r e g u l a t i o n s ,  and economic c r i t e r i a .  

An important f e a t u r e ' o f  t h e  program is i ts  a b i l i t y  t o  c a l c u l a t e  pre- 
c i p i t a t o r  c o l l e c t i o n  e f f i c i e n c y  based on an i n t e g r a t i o n  of a s p e c i f i c  i n l e t  
p a r t i c l e - s i z e  distribution and size-dependent f r a c t i o n a l  c o l l e c t i o n  e f f i c i e n c i e s .  



I n  add i t ion  t o  determining t h e  required p r e c i p i t a t o r  s i z e  f o r  a  given emission 
c o n s t r a i n t ,  the  size-dependent ca lcu la t ions  pred-tct t h e  s+ze d i s . t r ibu t ion  of 
pa r t i ' c l e s  th,at escape k ~ l l e c t i o n .  

The program can b e  used f o r  d e t a i l e d  s t u d i e s  of the  t echn ica l  and 
economic - impl ica t ions  of p a r t i c u l a t e  c o n t r o l  f o r  coa l  u t i l i z a t i o n .  For 
example, t h e  program has been used i n  an examination of the  e f f e c t s  t h a t  
d i f f e r i n g  coa l  combustor types have on t h e  opera t ion  of p a r t i c u l a t e  con t ro l  
equipment. Some r e s u l t s  from t h i s  s tudy a r e  shown i n  Table 1. 

Table 1. I n d u s t r i a l  Bo i l e r  
P a r t i c u l a t e s  Control 

6 Coal F i r i n g  Rate - 20 TPH (489 x 10 Btu/hr)  
Coal Type - I l l i n o i s  #6 

Percent of Energy Control 
Outlet  i n  Required cos tC  

Eff ic iency Respirable (kWh/ton 
b 

($ / ton  coa l  
Combustor Type ' Required a Range coa l  burned) burned) 

Pulverized Coal 

Cyclone-Fired 

Fluid ized Bed 

spreader  Stoker 

6 a. Based on 0.03 lb/10 Btu emission l i m i t  
b. Respirable range of  p a r t i c u l a t e s  is 15pm t o  0.2vm 
c. Based on 3U year  system l i f e  

The use of a spreader  s toker  f o r  i n d u s t r i a l  coal  combustion c l e a r l y  is  
favored,  not  only due t o  i t s  low l i f e -cyc le  cos t  f o r  con t ro l ,  but  a l s o  due t o  
i ts lower energy usage. One i n t e r e s t i n g  f a c e t  of t h i s  s tudy t h a t  deserves 
mention is  the  f a c t  t h a t  i t  has been found t h a t  v i r t u a l l y  a l l  the  fly-ash 
leaving t h e  c o l l e c t o r s ,  r ega rd less  of combustor type,  3s: tn t h e  r e s p r r a b l e  
range (15 micrometers t o  0.2 micrometers). This is i l l u s t r a t e d  i n  Fig. 1 
f o r  a  spreader  s toker .  The e f f e c t  t h a t  any contemplated emissions l i m i t a t i o n  
on r e s p i r a b l e  p a r t i c u l a t e s  w i l l  have on c o n t r o l  c o s t s  is ,  a t  t h i s  t ime,  
d i f f i c u l t  t o  determine. However, one conclusion can be s t a t e d  with some 
c e r t a i n t y  -- any at tempt t o  cons t ra in  emission of r e s p i r a b l e  p a r t i c l e s  w i l l  
r e s u l t  i n  d r a s t i c  inc reases  i n  con t ro l  cos ts .  
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Pig. 1. Effec t  of a  P r e c i p i t a t o r  on t h e  Size  of Fly Ash Emissions. 

3.2 FLUE-GAS DESULFURIZATION 

Comparative assessments of flue-gas d e s u l f u r i z a t i o n  (FGD) systems have 
thus  f a r  been c a r r i e d  out  a t  ANL using a  w e t  l imell imestone scrubbing design 
and cos t  generator  developed by the  Tennessee Valley Authority (TVA). The 
TVA FGD program al lows evaluat ion  of performance and c o s t s  as a  funct ion  of 
v a r i a t i o n s  i n  coal  composition, emissions r egu la t ion ,  scrubber parameters,  
and economic c r i t e r i a .  I n  add i t ion ,  d i f fer ing .modes  of sludge d i sposa l  a r e  
of fered ,  including pending, f  i l t r a t i o n ,  f i x a t i o n ,  and c m b h e d  f i l t r a t i o n  
and f ixa t ion .  Argonne National  Laboratory has  suppl ied  Its p a r t i c u l a t e  
c o n t r o l  performance and cos t  models t o  TVA. These models have been incor- 
porated i n t o ,  and form an i n t e g r a l  por t ion  o f ,  the  most recent  TVA scrubbing 
program. A s  both organiza t ions  continue t o  upgrade t h e  c a p a b i l i t f e s  of t h e i r  
r e spec t ive  .computer programs, a  cont inuing interchange of information is  taking 
p lace .  Argonne vfews t h i s  ongoing r e l a t i o n s h i p  wi th  TVA i n  t h e  development 
of environmental con t ro l  assessment models a s  one of t h e  s i g n i f i c a n t  ach$eve- 
ments of t h e  program. 



Another FGD model derigned s p e c i f i c a l l y  f o r  comparison of advanced o r  
second generat ion systems w a s  developed f o r  the  program by B a t t e l l e  Columbus 
Laboratories .  Seven d i f f e r e n t  processes a r e  modeled, as w e l l  a s  f i v e  re- 
hea t  opt ions  and f i v e  waste d isposal  options.  This  model is  p resen t ly  under- 
going eva lua t ion  before  being re leased f o r  genera l  use. 

3.3 SYSTM MODEL 

Development of a t o t a l  coa l  energy system model f o r  our prograxp has  
been underway f o r  s e v e r a l  yea r s  i n  cooperation wi th  Carnegie-Mellon University. 
A t  the  present  time, the  model can p r e d i c t  c o s t s ,  environmental r e s i d u a l s  t o '  
a i r ,  land,  and water ,  and energy consumption f o r  systems employing a v a i l a b l e  
technologies.  Models of s e v e r a l  advanced technologies a r e  being in teg ra ted  
i n t o  t h e  computer program during t h i s  year.  

-3.4 DATA BASES 

Ready access  t o  adequate d a t a  i s  e s s e n t i a l  i f  models a r e  t o  be f u l l y  
u t i l i z e d .  In o rde r  t o  achieve t h i s ,  we a r e  now maintaining two on-si te  da ta  +. 
bases. These a r e  based on f i l e s  obtained from t h e  U.S. Bureau of Mines. ' 4  
One conta ins  analyses  of approximately 269,000 coal  samples from producing i 
mines, c o a l  loading opera t ions ,  commercial shipments, and unmined depos i t s ,  i 

a s  w e l l  a s  a f i l e  of U.S. c o a l  reserves  ( t abu la ted  by s t a t e ,  county, and 
coa l  bed). This d a t a  w a s  r e c e n t l y  used i n  an a n a l y s i s  of U.S. reserves  a s  
a func t ion  of s u l f u r  content  on a state by s t a t e  bas i s .  (Ref.12) Such +. 2 

information i s  e s s e n t i a l  f o r  determining the  impacts of d i f f e r e n t  regula tory  : 
,I' opt ions  f o r  SO2 con t ro l  on t h e  coa l  production i n  ind iv idua l  s t a t e s .  +I) 
, Q  

i; a 
Another d a t a  base conta ins  the  r e s u l t s  of merging coa l  r e se rve  d a t a  

and coa l  washabi l i ty  d a t a  on a seam by seam b a s i s .  About 77.5 b i l l i o n  tons  ': 
of t h e  demonstrated U.S. r e se rves  of 436.7 b i l l i o n  tons have been success- 
f u l l y  cha rac te r i zed  i n  t h i s  manner. 
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4  ENVIRONMENTAL CONTROLS FOR INDUSTRIAL BOILERS 

A major  o b j e c t i v e  of t h e  program d u r i n g  t h e  p a s t  y e a r  h a s  been . the  
development of i n f o r m a t i o n  on t h e  a p p l i c a b i l i t y ,  performance,  and c o s t s  af 
t e c h n i q u e s  f o r  c o n t r o l l i n g  e m i s s i o n s  of a tmospher ic  p o l l u t a n t s  from in -  
d u s t r i a l  b o i l e r s .  I n  a c c o r d  w i t h  p r o v i s i o n s  o f  t h e  Clean A i r  Act Amendments 
(CAAA) of 1977 r e q u i r i n g  t h e  promulgat ion o f  performance s t a n d a r d s  f o r  major  
i n d u s t r i a l  emitters, EPA h a s  been rev iewing  i n f o r m a t i o n  on industrial b o i l e r  
e m i s s i o n s  and  c o n t r o l s  w i t h  t h e  i n t e n t  o f  p r o p o s i n g  i n d u s t z i a l  b o i l e r  new 
s o u r c e  performance s t a n d a r d s  (IBNSPS) i n  October  1980. E x i s t i n g  s t a n d a r d s  
f o r  new b o i l e r s  w i t h  h e a t  i n p u t s  g r e a t e r  t h a n  250 m i l l i o n  B t u / h r  are a l s o  
b e i n g  reviewed t o  de te rmine  t h e  need f o r  r e v i s i o n .  I n  o r d e r  t o  meet i t s  
o b l i g a t i o n  t o  comment c o n s t r u c t i v e l y  on t h e  EPA p r o p o s a l s ,  DOE must have 
a c c e s s  t o  an  independent  e v a l u a t i o n  o f  t h e  impac t s  o f  p o s s i b l e  r e g u l a t o r y  
i n i t i a t i v e s  upon f u e l  use  p a t t e r n s  and t h e  development of emerging tech-  
n o l o g i e s .  It is  t h i s  need t h a t  o u r  program h a s  addressed .  

I n  t h e  l a t t e r  h a l f  o f  1978, we engaged t h e  M i t t e l h a u s e r  Corpora t ion  
t o  conduct a survey  of f u e l  u s e  i n  t h e  i n d u s t r i a l  s e c t o r  and o f  t h e  p r v s p e s t s  
f o r  d i sp lacement  o f  g a s  and o i l  by c o a l  w i t h o u t  s e r i o u s  d e g r a d a t i o n  o f  t h e  
environment.  The u l t i m a t e  o b j e c t i v e  of t h i s  s t u d y  w a s  t o  i d e n t i f y  energy 
sys tems  worthy of s t u d y  i n  g r e a t e r  d e t a i l .  Impor tan t  o b s e r v a t i o n s  p r e s e n t e d  
i n  t h e  s t u d y  are t h a t :  1 )  t h e  most p romis ing  p r o s p e c t s  f o r  i n c r e a s e d  c o a l  use  
l i e  i n  t h e  f i v e  two-digi t  SIC c a t e g o r i e s  t h a t  account  f o r  more t h a n  75% 
(8.5  q u a d s l y r )  of i n d u s t r i a l  f u e l  consumption,  a s  shown i n  Tab le  2;  2 ) . t h e  
most p romis ing  c o n t r o l  s t r a t e g i e s  w i t h  r e s p e c t  t o  near- term a v a i l a b i l i t y  
and c o s t - e f f e c t i v e n e s s  are post-combustion c leanup  (PCC) and a t m o s p h e r i c  
f l u i d i z e d - b e d  combustion (AFBC); 3) gaseous  and l i q u i d  s y n f u e l s ,  such  a s  
s u b s t i t u t e  n a t u r a l  g a s  (SNG) and s o l v e n t  r e f i n e d  c o a l  (SRC-11), from 
commercial-scale p l a n t s  o f f e r  promise  i n  some a p p l i c a t i o n s ,  and ;  4 )  low-Btu 
and medium-Btu g a s i f i c a t i o n  a r e  c o s t - e f f e c t i v e  o n l y  i n  s p e c i a l  c a s e s .  (Ref .13) .  

Tab le  2 .  I n d u s t r i a l  Fue l  U s e  

SIC I n d u s t r y  
Code Group 

- 

1974 F u e l  U s e ,  P e r c e n t  
~ u a d s ~  of T o t a l  

2  8 Chemicals,  2 . 5  22 " 
A l l i e d  P r o d u c t s  

33 Primary Metal 2 . 1  18 
I n d u s t r i e s  

29 Pe t ro leum and 1 . 5  1 3 .  . 
Coal P r o d u c t s  

32 S tone ,Clay ,  and 1 . 2  li ; 

Glass P r o d u c t s  
2  6 Paper  and A l l i e d  1 . 2  11 

P r o d u c t s  

a One quad e q u a l s  10'' Btu 



I n  d e f i n i n g  t h e  scope of  a  more d e t a i l e d  s tudy ,  we f i r s t  used information 
from recent  b o i l e r  surveys  (Ref.14) t o  t a b u l a t e  b o i l e r  popula t ion  and capac i ty  
a s  a  func t ion  of b o i l e r  h e a t  r a t e  and f u e l  consumed. The r e s u l t s ,  shown 
g raph ica l ly -  i n  Fig. 2,  i n d i c a t e  peaks i n  b o i l e r  c a p a c i t y  i n  t h e  s i z e  ranges 
of 1.5-10, 25-50 and 100-250 m i l l i o n  Btu/hr .  They a l s o  r e v e a l  t h a t  t h e  
b b i l e r  popula t ion  p e r  s i z e  category i n c r e a s e s  markedly (by 12,000 b o i l e r s ) '  
below 50 m i l l i o n  B tu lh r ,  and d rama t i ca l ly  (by 183,000 b o i l e r s )  below 10 m i l l i o n  
Htu/hr.  In  view o f  t h i s  d i s t r i b u t i o n ,  we e l e c t e d  t o  confine ou r  a t t e n t i o n  
t o  b o i l e r s  w i t h  hea t  i n p u t  r a t e s  of 30, 75, 150 and 400 m i l l i o n  B tu lh r .  
Because of t h e  l a r g e  v a r i a t i o n  i n  e x t e n t  of b o i l e r  use  i n  d i f f e r e n t  i n d u s t r i e s ,  
we saw a  need t o  cons ider  no t  only a  t y p i c a l  load  f a c t o r  (50%) b u t ' a l s o  a  
h igh  one ,  30%, r e p r e s e n t a t i v e  of  - new b o i l e r  use  i n  the  petroleum and chemical 
i n d u s t r i e s  . 

1 O O K  

Fig. 2. Comnercial and I n d u s t r i a l  B o i l e r  Popula t ion .  



Other a s p e c t s  of t h e  s tudy  r e f l e c t  t h e  importance we a t t a c h  t o  t o t a l  . 
system a n a l y s i s  and t o  t h e  d e s i r a b i l i t y  of bas ing  c o s t s  and impacts on hea t  
ou tput  r a t h e r  than inpu t  ( t o  provide  an i n c e n t i v e  f o r  e f f i c i e n t  ope ra t ion ) .  
The systems a n a l y s i s  approach imp l i e s  t h e  i d e n t i f i c a t i o n  of s p e c i f i c  s i t e s  . 

and system components, and thus  g ives  due cons ide ra t ion  t o  t h e  c o s t s  and im-  
p a c t s  of f u e l  t r a n s p o r t a t i o n .  We decided t o  l o c a t e  t he  b o i l e r s  i n  Chicago 
and i n s t a l l  them i n  an e x i s t i n g  p l a n t  t h a t  lacked f a c i l i t i e s  ' f o r  coal-handling 
and on-s i te  d i s p o s a l  of wastes .  The s e l e c t i o n  of f u e l s ,  p o t e n t i a l  SO2 emission 
. r a t e s ,  and e s t i m a t e s  of de l ive red  p r i c e s  i n  1985 d o l l a r s  (40% g r e a t e r  than  
i n  c u r r e n t  d o l l a r s )  are .shown i n  Table 3. Note t h a t  t h e  p r i c e s  o f , I l l i n o i s  
h igh-su l fur  c o a l  and Montana low-sulfur c o a l  a r e  cons iderably  lower than  those 
of t he  f u e l  o i l s  o r  coal-derived f u e l s .  Three l e v e l s  of emission l i m i t a t i o n s ,  
a s  shown i n  Table 4 ,  a r e  considered i n  t he  a n a l y s i s .  The l e a s t  s t r i n g e n t ,  
Level 1, corresponds t o  l i m i t a t i o n s  found i n  a number of S t a t e  Implementation 
P lans  (SIP).  Level 2 l i m i t a t i o n s  a r e  s i m i l a r  t o  t hose  i n  t h e  e x i s t i n g  NSPS 
f o r  b o i l e r s  wi th  g r e a t e r  than 250 m i l l i o n  ~ t u / h r  i n p u t ,  b u t  do inc lude  a-  
percentage removal requirement f o r  SO2 emissions.  The Level 3 requirements ,  
i n  t u r n ,  a r e  s i m i l a r  t o  t h e  r e c e n t l y  adopted NSPS f o r  u t i l i t y  b o i l e r s ,  bu t  
inc lude  a NO, l i m i t  t h a t  is n o t  a t t a i n a b l e  by c u r r e n t l y . a v a i l a b l e  technology. 
This  r e f l e c t s  both t h e  1985 time frame f o r  t h i s  s tudy  and t h e  c u r r e n t  EPA 
review of NOx e f f e c t s  and c o n t r o l  technology t o  determine t h e  need f o r  a ,. 

:$ short- term s tandard  f o r  ambient concent ra t ions  of NO, ( a s  r equ i r ed  by t h e  
i. CAAA). 

Table 3 .  Fuels  Considered i n  t h e  Analysis  

Fuel  
P o t e n t i a l  SO2 Delivered P r i c e  
( lb/1o6 Btu) ( $ / l o 6  Btu) 

I l l i n o i s  Coal 8.05 2.66 

Montana Coal 1.16 3.04 

SNG (Montana P l a n t )  - 8.00 

SRC-I1 ( I l l i n o i s  P l a n t )  0.35 7.22 

D i s t i l l a t e  Fuel  O i l  0 .51  6.19 

Residual  Fuel  O i l  3.14 5.18 
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Table 4 . Emission Limits  Used i n  t h e  Analysis  

- - 

Control  
Level  SO7 NO, P a r t i c u l a t e s  

2.5a (Coal) 0.6 
1.2 (O i l )  

0.25 (Coal) 
0.10 (Oi l )  

2  1.2170% (Coal) 0 .5 (Coal) 0.10 (Coal) 
1 .0  (O i l )  0.4 (O i l )  0.07 (Oi l )  

90% (Coal) 
0.'8 ( O i l )  

a 
6 lb110 Btu un le s s  a  percent  removal i n d i c a t e d  

The c o n t r o l  s t r a t e g i e s  t h a t  we have adopted f ~ r  t h e  v a r i o u s  p o l l u t a n t s  
and f u e l s ,  and t h e  h i g h e s t  l e v e l  of c o n t r o l  considered achievable  f o r  each 
s t r a t e g y , a r e  shown i n  Table 5. Note t h a t  Level 3 c o n t r o l  f o r  SO2 emissions 
r e q u i r e s  t h e  use  of a  w e t  FGD system o r  of AFBC (wi th  a  ca lc ium/sul fur  r a t i o  
of t h r e e ) .  The importance a t t ached  t o  r e l i a b i l i t y  i n  i n d u s t r i a l  ope ra t ions  
l e d  t o  t h e  s e l e c t i o n  of t h e  double a l k a l i  proces's over  l ime/l imestone scrubbing.  
Note a l s o .  t h a t  a t ta inment  of Level  3 NO, l i m i t s  f o r  t h e  d i r t i e r  f u e l s  r e q u i r e s  
t h e  use  of  e i t h e r  t h e  DeNO, o r  s e l e c t i v e  c a t a l y t i c  r educ t ion  (SCK) processes  
i n  a d d i t i o n  t o  combustion mod i f i ca t ions .  The more expensive SCR process  is  
requ i r ed  i n  t h e  case  of AFBC b e c a u s e ' t h e  low f lue-gas temperatures  prec lude  
use  of t h e  DeNOx process .  

Some pre l iminary  conclus ions  drawn from t h e  a s  y e t  incomplete s tudy  a r e  
presented  below. (Ref.15) The c o s t  of steam, i n  1985 $ /mi l l l un  Btu, i s  shown 
i n  Fig. 3 as a func t ion  of  SO2 emission r a t e  f o r  s e l e c t e d  systems w i t h  h e a t  
i n p u t s  of 150 m i l l i o n  ~ t u / h r  and load  f a c t o r s  of 50% and 90%. Note t h a t  a  
low SO2 emission r a t e  is  achieved a t  least: c o s t  by impor t ing  low s u l f u r  coa l .  
A t  t h e  h ighes t  requPred l e v e l  of c o n t r o l  and t h e  h ighe r  load  f a c t o r ,  AFBC and 
wet FGD a r e  t h e  favored technologies .  The d i f f e r e n c e  i n  c o s t s  between them is 
regarded t o  be w i t h i n  t h e  u n c e r t a i n t y  i n  t h e s e  e s t ima te s .  A t  t h e  h ighes t  
l e v e l  of c o n t r o l  and t h e  lower load  f a c t o r ,  t h e  s y n f u e l s  (and d i s t i l l a t e  
o i l ,  which is  no t  p l o t t e d )  become compet i t ive  economically and favored en- 
v i ronmenta l ly  because of t h e  lower SO2 emissions.  A s i m i l a r  p l o t  of steam 
c o s t s  vs .  SO2 emission r a t e s  is  given f o r  s m a l l e r  b o i l e r s ,  w i t h  a h e a t  i npu t  
of 3U m i l l i o n  B tu lh r ,  i n  F ig .  4. Note aga in  t h a t  use of low s u l f u r  coa l  is  
t h e  l e a s t - c o s t  op t ion ,  bu t  t h a t  t h e  syn fue l s  a r e  riow economically competi t ive 
w i t h  FGD and AE'BC even at  t h e  h ighe r  l oad  f a c t o r  and a r e  l e s s  expensive a t  
t h e  lower load  f a c t o r .  

. > i  

. d 



Table 5.  .Control Technology Appl ica t ions  i n  t h e  Study 

Fuel  S02 P a r t i c u l a t e s  

Coal Low-Sulf u r  Coal (1) a Combustion Cyclone/ESP (3):.;. 
' Dry FGD (2)  Modif ica t ion  (2)  Cyclone/Baghouse (3)  ' 

Double A l k a l i  DeNOx (3Ib 
- FGD (3) SCR (3)  

AFBC (3)  

SNG 

D i s t i l l a t e  O i l  - 

Combustion 
Modif ica t ion  (3) 

Combust i on  - 
Modif ica t ion  (3) 

Residual  O i l  Double A l k a l i  Combust i o n  ESP 
FGD (3) Modif ica t ion  (2) 

DeNO, (3) 

a 
Highest c o n t r o l  l e v e l  f o r  a p p l i c a t i o n  

b 
Required f o r  AFBC only 

The reasons f o r  t h e  cos t - e f f ec t iveness  o f  s y n f u e l s  i n  the sma l l e r  
b o i l e r  a r e  r e a d i l y  apparent  i n  Fig. 5 ,  which shows the  r e l a t i v e  c o n t r i b u t i o n s  
of c a p i t a l  charges,  f u e l  c o s t s ,  and o t h e r  o p e r a t i o n a l  c o s t s  t o  t h e  c o s t s  of 
producing steam i n  SRC-fired b o i l e r s  and coal--fired/FGD systems. For t he  
l a r g e r  b o i l e r s  and h ighe r  load  f a c t o r s ,  t h e  c o s t s  due t o  f u e l ,  which a r e  
r e l a t i v e l y  i n s e n s i t i v e  t o  b o i l e r  s i z e  o r  load  f a c t o r ,  account f o r  75% of 
o v e r a l l  steam c o s t s  i n  t h e  case  of SRC. Because t h e  p e n a l t i e s  due t o  c a p i t a l  
charges and ope ra t ing  c o s t s  a s s o c i a t e d  wi th  scale-down are smal l  i n  abso lu t e  
tenas for SRC, incrementa l  c o s t s  f o r  t h e  s m a l l e r  b o i l e r  and t h e  lower load 
f a c t o r  amount t o  l e s s  than  50%. I n  t h e  FGD case ,  on t h e  o t h e r  hand, c a p i t a l  
charges and ope ra t ing  c o s t s  account  f o r  almost two-thirds  of t h e  o v e r a l l  c o s t  
of steam f o r  t he  l a r g e r  b o i l e r .  A s  a  r e s u l t ,  t h e  c o s t  o f  steam f o r  t h e  sma l l e r  
b o i l e r  a t  t h e  low load  f a c t o r  is  more than  doubled. 

The c o n t r i b u t i o n  of c o n t r o l  c o s t s  t o  t h e  o v e r a l l  cos t  of steam a s  a  
func t ion  of b o i l e r  s i z e  and load f a c t o r  can be seen i n  Fig.  6 ,  which p r e s e n t s  
t h e  c o s t s  a s s o c i a t e d  w i t h  uncont ro l led  coa l - f i r ed  b o l l e r s  and t h e  incrementa l  
c o s t s  of .meeting Level 3 requirements .  The c o n t r o l  c o s t s  i nc lude  those  a t -  
t r i b u t a b l e  t o  double a , l k a l i  FGD, combustion mod i f i ca t ions ,  DeNO,, and par- 
t i c u l a t e  c o l l e c t i o n  .v ia  a baghouse f o r  t h e  sma l l  b o i l e r  ,and an e l e c t r o s t a t i c  
p r e c i p i t a t o r  f o r  t h e  l a r g e r  b o i l e r .  Note t h a t  t h e  c o n t r o l  c o s t s  r ep re sen t  
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Fig. 3.  Steam Cost a s  a  Function of Control. Re u i rements ,  2 S t r a t e g y ,  and Load Fac to r  f o r  a 150x10 B tu /h r  Boiler. 
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Fig.  4. Steam Cost as a  Function o f  Control  Requirements, 
S t r a t e g y ,  and Load Fac to r  f o r  a  30x106 Btu/hr Boi l e r .  
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LOAD FACTOR, Ye 50 9 0  5 0  90 
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Fig .  5 .  v a r i a t i b n  of Cost Components w i t h  B o i l e r  S i z e  and 
Fuel Choice. 

LOAD FACTOR, TO 50 , 90 50 QO 

SIZE, lo6 BtulHR 30 150 

Fig .  6 .  Cont r ibu t ion  of Environmental Cont ro ls  
(Level 3)  t o  T o t a l  Steam Cost. 



an i n c r e a s i n g l y  l a r g e r  f r a c t i o n  of o v e r a l l  s team c o s t s  a s  t he  b o i l e r  s i z e  and 
load  f a c t o r  decrease ,  and t h a t  i n  abso lu t e  terms c o n t r o l  cmsts i n  t h e  sma l l e r  
b o i l e r  become comparable t o  t h e  t o t a l  steam genera t ion  c o s t s  i n  t h e  l a r g e r  
b o i l e r .  

W e  have thus  f a r  been d i scuss ing  t h e  f a c t o r s  t h a t  i n f luence  steam 
product ion  cos t s .  It should be noted ,  however, t h a t  t h i s  s tudy addresses  a  
number of o t h e r  system parameters ,  inc luding:  

T o t a l  c o a l  consumption ( a  func t ion  of system e f f i c i e n c y )  
Non-coal energy consumption 
Water use . 

Product ion of  c r i t e r i a  p o l l u t a n t s  
So l id  waste  product ion 

. . 

These f a c t o r s  must be known i f  one is  t o  a s s e s s  t h e  t r u e  c o s t s  of energy 
product ion.  

The use of a t o t a l  systems pe r spec t ive  can be q u i t e  r evea l ing .  A s  an 
example, we have p l o t t e d  c r i t e r i a  p o l l u t a n t  product ion  f o r  t h e  FCD and SNC 
systems (150 x  l o 6  Btu lhr ,  90% load f a c t o r ,  Level 3 c o n t r o l )  i n  F ig .  7. 
(Refs. 15,  16 and 17 ) .  A t  t h e  b o i l e r  s i t e ,  t h e  SNG system i s  indeed much 
c l e a n e r ,  emi t t i ng  only  NOx i n  app rec i ab le  q u a n t i t i e s  whi le  t h e  b o i l e r  wi th  
FGD e m i t s  a  cons ide rab le  amount of SO2 and some p a r t i c u l a t e  ma t t e r .  However, 
bo th  t r a n s p o r t a t i o n  ( p i p e l i n e  compressors) and process ing  ( g a s i f i c a t i o n )  
account f o r  s i z a b l e  NOx emissions i n  t h e  SNG system whi le  t h e  corresponding 
r e l e a s e s  i n  t h e  FGD c a s e  a r e  i n s i g n i f i c a n t .  We thus  have n e a r l y  equa l  t o t a l  
emissions wi th  t r a d e o f f s  between SO2 and NO, and between l o c a l i z e d  and d i s -  
t r i b u t e d  sources.  I f  t h e  boundaries  of our  system were extended f a r t h e r  t o  
i nc lude  such t h i n g s  a s  t h e  product ion of e l e c t r i c i t y  o r  t h e  r e f i n i n g  of 
d i e s e l  f u e l ,  t h e  p o l l u t a n t  burdens would be inc reased  s t i l l  more. Other 
f a c t o r s ,  such a s  h e a l t h  and s a f e t y  cons ide ra t ions  i n  mining and t r anspor t a -  
t i o n ,  may a l s o  s i g n i f i c a n t l y  a f f e c t  t h e  r e l a t i v e  c o s t l b e n e f i t  r a t i o s  of such 
systems. 

These cons ide ra t ions  make i t  impera t ive  t h a t  DOE b r i n g . t h i s  systems 
pe r spec t ive  t o  t h e  roundtable  where r egu la to ry  i s s u e s  a r e  d iscussed  wi th  
t h e  EPA and o the r s .  I n  t h a t  way, t h e  p e r i l s  of a  fragmented approach can 
be avoided and balanced r e g u l a t o r y  p o l i c i e s  can be developed t h a t  a r e  t r u l y  
c o s t  e f f e c t i v e .  
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1 INTRODUCTION 

Fluidized-bed combustion (FBC) i s  one of a  number o f  energy  o p t i o n s  
under s t u d y  i n  t h e  Environmental  C o n t r o l  Technology f o r  Coal U t i l i z a t i o n  
program a t  Argonne N a t i o n a l  Labora to ry  (ANL) .  Th i s  program, which was 
d e s c r i b e d  a t  t h e  p r e v i o u s  symposium i n  t h i s  s e r i e s ,  i s  a  c o n t i n u i n g  e f f o r t  
sponsored .by  t h e  D i v i s i o n  o f  Environmental  C o n t r o l  Technology under  t h e  
A s s i s t a n t  S e c r e t a r y  f o r  Environment,  U.S. Department o f  Energy (DOE). The 
program g e n e r a t e s  in-depth  assessments  and compara t ive  e v a l u a t i o n s  of t h e  
e n g i n e e r i n g ,  env i ronmenta l ,  and economic a s p e c t s  of c o n t r o l  t e c h n o l o g i e s  f o r  
coal-based energy  systems.  l 

I.  

FBC, an  a l t e r n a t i v e  t o  c o n v e n t i o n a l  c o a l  combustion,  a p p e a r s  t o  be 
c a p a b l e  of c o n t r o l l i n g  SO2 and NO, e m i s s i o n s  t o  meet c u r r e n t  r e g u l a t o r y  
s t a n d a r d s  w i t h o u t  add-on d e v i c e s  such  a s  s c r u b b e r s .  Combining m u l t i - f u e l  
c a p a b i l i t y  w i t h  t h e  promise  of h i g h  e f f i c i e n c y  and c o m p e t i t i v e  c o s t s ,  FBC 
i s  p o t e n t i a l l y  a t t r a c t i v e  f o r  bo th  u t i l i t y  and i n d u s t r i a l  a p p l i c a t i o n s .  

F i g u r e  1 shows s i m p l i f i e d  s c h e m a t i c s  of a n  a tmospher ic -p ressure  
f lu idized-bed-combust ion (AFBC) power p l a n t  and t h r e e  d i f f e r e n t  t y p e s  o f  
p r e s s u r i z e d  f lu idized-bed-combust ion (PFBC)/combined-cycle power p l a n t s  
t h a t  s e r v e  t o  i l l u s t r a t e  t h e  p r i n c i p l e s  o f  t h e  t echnology .2  I n  t h i s  f i g u r e ,  
" a d d i t i v e "  means s o r b e n t  and "ash" i n c l u d e s  s p e n t  s o r b e n t .  The b a s i c  f e a -  
t u r e s  o f  FRC a r e  i l l u s t r a t e d  i n  t h e  AFBC schemat ic  (F ig .  l a ) :  ( i )  t h e  upward 
f low of combustion a i r  m a i n t a i n s  f l ~ l i d i  z a t i o n  o f  t h e  bed;  ( i i )  SO2 r e l e a s e d  
from t h e  b u r n i n g  of c o a l  r e a c t s  chemica l ly  w i t h  t h e  l i m e s t o n e  o r  do lomi te  
s o r b e n t  i n  t h e  bed;  ( i i i )  t h e  combustion t empera tu re  i s  main ta ined  i n  t h e  
r e l a t i v e l y  low range  o f  1500-1700°F, t h u s  r e d u c i n g  NO fo rmat ion  and t r a c e -  
e lement  v o l a t i l i z a t i o n  and p r e c l u d i n g  s l a g  fo rmat ion ;  arid ( i v )  b o i l e r  t u b e s  
a r e  submerged i n  t h e  bed and may a l s o  be s i t u a t e d  i n  t h e  f r e e b o a r d  r e g i o n  
above t h e  bed. Combustion e f f i c i e n c y  i s  enhanced by t h e  carbon-burnup c e l l  
(CBC), which burns  c o a l  p a r t i c l e s  and s o o t  e l u t r i a t e d  from t h e  pr imary com- 
b u s t o r  and c o l l e c t e d  i n  t h e  pr imary cyc lone .  

For t h e  purpose  o f  g e n e r a t i n g  e l e c t r i c  power, t h e  energy-convers ion 
e f f i c i e n c y  can be  i n c r e a s e d . s t i l 1  f u r t h e r  by p r e s s u r i z i n g  t h e  f l u i d i z e d - b e d  
combustor ( s a y  t o  - 1 0  atm) and g e n e r a t i n g  a d d i t i o n a l  power by expanding t h e  
h o t ,  p r e s s u r i z e d  combustion g a s e s  through a  t u r b i n e .  A l l  t h r e e  combined- 
c y c l e  d e s i g n  c o n f i g u r a t i o n s  shown i n  t h e  f i g u r e  r e q u i r e  hot-gas c leanup  t o  
p r o t e c t  t h e  g a s  t u r b i n e  from c o r r o s i o n ,  e r o s i o n ,  and d e p o s i t i o n .  With t h e  
water-cooled system ( F i g .  l b ) ,  s team g e n e r a t i o n  o c c u r s  i n  t h e  bed ,  a s  i n  t h e  
AFBC system. I n  c o n t r a s t ,  t h e  a d i a b a t i c  sys tem (F ig .  I d )  h a s  no h e a t - t r a n s -  
f e r  s u r f a c e  i n  t h e  combustor,  and t empera tu re  c o n t r o l  i s  main ta ined  by 
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employing - 300% excess  a i r .  The a i r -cooled  PFBC system (Fig.  l c )  i s  s i m i l a r  
t o  t h e  a d i a b a t i c  system. i n  t h a t  no steam genera t ion  occurs  i n  t h e  bed. I n  
t h i s  system, on ly  about one t h i r d  of t he  p re s su r i zed  a i r  i s  fed  t o  t h e  com- 
bus t ion  chamber; t h e  remaining two t h i r d s  passes  through h e a t - t r a n s f e r  tubes  
l o c a t e d  i n  and above the  f l u i d i z e d  bed,  and t h e  r e s u l t i n i  c l e a n ,  h o t ,  p ressur -  
i z ed  a i r  is  mixed w i t h  t h e  combustion-gas s t ream between t h e  p a r t i c u l a t e -  
removal equipment and t h e  gas t u rb ine .  O 

2 A CONFERENCE-BASED TECHNOLOGY ASSESSMENT 

A comprehensive assessment of t h e  developmental s t a t u s  of coa l - f i r ed  
FBC technology f o r  e lec t r ic -power  gene ra t i on  has  r e c e n t l y  been completed, em- 
p loying  a  sys t ema t i c  methodology developed by t h e  Metrek Div is ion  of The 
MITRE Corporat ion.  Based on a n a l y s i s  of t h e  115 i n d i v i d u a l  papers  presen ted  
a t  t h e  F i f t h  I n t e r n a t i o n a l  Conference on ~ l u i d i z e d - ~ e d  Combastion'held i n  
December, 1977, i n  Washington, D . C . ,  t he  assessment d e p i c t s  t h e  s t a t u s  of in-  a 

formation f o r  each element of  t h e  technology and i d e n t i f i e s  t h e , m a j o r  i s s u e s ,  
problems, and informat ion  gaps t h a t  need t o  be addressed.  

A f u l l  r e p o r t  on t h i s  s t udy ,  prepared j o i n t l y  by The MITRE Corporat ion 
and Rrgonne Nat iona l  Laboratory has  been p ~ b l i s h e d . ~  Only a  b r i e f  de sc r ip -  
t i o n  of  t h e  methodology and summary of t h e . r e s u l t s  w i l l  be presen ted  here .  

2 . 1  ASSESSMENT METHODOLOGY 

FBC technology was f i r s t  reso lved  i n t o  i t s  fundamental e lements  (termed 
t e c h n i c a l  c l a s s i f i c a t i o n s ~ ,  encompassing t h e  fo l lowing  c o n s t i t u e n t  t o p i c a l  
a r e a s :  f u e l  u t i l i z a t i o n ,  hea t  t r a n s f e r ,  emission c o n t r o l ,  equipment configu- 
r a t i o n ,  dynamic response,  m a t e r i a l s  of c o n s t r u c t i o n ,  c o s t  f a c t o r s ,  and pros- 
p e c t s  f o r  c o m e r c i a l i z a t i o n .  

Next, t h e  conference papers  were reviewed, and a t o t a l  of  450 informa- 
, 

t i o n  s t a t e m e n t s ' b e a r i n g  on t h e  developmental s t a t u s  of FBC technology were 
c u l l e d  from t h e  papers .  Each such s ta tement  was ass igned  an access ion  number 
and was coded t o  i n d i c a t e  t h e ' t e c h n i c a l  c l a s s i f i c a t i o n  o r  c l a s s i f i c a t i o n s  t o  
which t h e  in format ion  p e r t a i n e d ,  t h e  r e l e v a n t  p r e s su re  mode (AFBC, PFBC, o r  
b o t h ) ,  and t h e  a p p r o p r i a t e  information-source c l a s s i f i c a t i o n  (such a s  hard- 
ware o p e r a t i o n ,  mathematical  modeling, e t c ? ) .  The ' in format ion  s t a t emen t s  
were then  s t o r e d  i n  a computer-managed f i l e . f r o m  which l i s t i n g s  of s t a t e -  
ments bea r ing  any p a r t i c u l a r  codlng o r  combination of codings could be ob- 
t a i n e d  r e a d i l y .  

The d i s t r i b u t i o n  of  in format ion  s t a t emen t s  among t h e  v a r i o u s  t e c h n i c a l  
c l a s s i f i c a t i o n s  and information-sourc,e c l a s s i f i c a t i o n s  i s . conven2en t ly  d i s -  
played i n  ma t r ix  format ,  a s  i l l u s t r a t e d  i n  Fig.  2. The numbers appear ing  i n  
any i n t e r s e c t i o n  of t h i s  m a t r i x  a r e  acces s ion  numbers of those  in format ion  
s t a t emen t s  t h a t  a r e  coded. t o  t h e  corresponding t e c h n i c a l  c l a s s i f i c a t i o n  (row) 
and information-source c l a s s i f i c a t i o n  (column). The information-management 
ma t r ix  shown p e r t a i n s  t o  AFBC; a  s i m i l a r  ma t r ix  e x i s t s  f o r  PFBC. 



F+g. 2. Portion,$-frJnformationrManagement Matrix f o r  AFBC 



For each  t e c h n i c a l  c l a s s i f i c a t i o n ,  t h e  cor respond ing  i n f o r m a t i o n  s t a t e -  
ments were ana lyzed  and summarized i n  o r d e r  t o  c h a r a c t e r i z e  t h e  s t a t u s  of  
i n f o r m a t i o n  p e r t a i n i n g  t o  t h a t  a s p e c t  of  t h e  t echno logy  and t o  i d e n t i f y  r e l -  
e v a n t  e l e m e n t s  o f  u n c e r t a i n t y  ( i s s u e s ,  p rob lems ,  and i n £  ormat i o n  gaps )  t h a t  
need t o  b e  r e s o l v e d .  A l e v e l  of  s i g n i f i c a n c e  ( h i g h ,  medium, o r  low) w a s  
a s s i g n e d  t o  each  such  i s s u e ,  problem,  o r  i n f o r m a t i o n  gap,  based  i n  p a r t  on 
i t s  r e l a t i o n s h i p  t o  a  s e t  of  p o w e r - g e n e r a t i ~ n ' t o ~ i c s  embodying t h e  r e q u i r e -  
ments and concerns  of p o t e n t i a l  u s e r s  o f  t h e  t echno logy .  These u s e r - o r i e n t e d  
t o p i c s  i n c l u d e  c o s t ,  e n v i r o n m e n t a l  compl iance ,  f u e l s ,  c o n f i g u r a t i o n ,  down- 
t ime ,  l o a d i n g ,  s u p p l i e r s ,  and manpower. 

2 .2  ASSESSMENT RESULTS 

The i s s u e s ,  problems,  and i n f o r m a t i o n  gaps  i d e n t i f i e d  i n  t h e  c o u r s e  o f  
t h i s  s t u d y  s e r v e  a  d u a l  purpose .  They a r e ,  f i r s t  o f  a l l ,  a n  e s s e n t i a l  e l e -  
ment i n  t h e  c h a r a c t e r i z a t i o n  of t h e  p r e s e n t  developmental  s t a t u s  of FBC 
techno logy .  Also ,  they  p o i n t  t o  t h o s e  a r e a s  of t h e  t echno logy  where in  f u t u r e  
r e s e a r c h ,  development,  and d e m o n s t r a t i o n  a c t i v i t i e s  may most p r o f i t a b l y  be 
c o n c e n t r a t e d .  

D e s p i t e  t h e i r  impor tance ,  i t  is  n o t  f e a s i b l e ,  i n  t h e  p r e s e n t  p a p e r ,  
t o  enumerate  and d i s c u s s  e a c h  of  t h e  approx imate ly  50 i s s u e s  and problems 
and 45 i n f o r m a t i o n  gaps  b rough t  t o  l i g h t  d u r i n g  t h i s  a s sessment  of  t h e  
deve lopmenta l  s t a t u s  of FBC techno logy .  S u f f i c e  i t  t o  p o i n t  o u t  h e r e  t h a t  
c r i t i c a l  e l e m e n t s  of u n c e r t a i n t y  were r e v e a l e d  i n  t h e  f o l l o w i n g  a r e a s :  

Fuel and  sovben t  f e e d i n g ,  

Combustion e f f i c i e n c y ,  

Cor ros ion  and e r o s i o n  c o n t r o l ,  

Sorben t  s e l e c t i o n  and u t i l i z a t i o n ,  

Load-following c a p a b i l i t y ,  

Emission c h a r a c t e r i z a t i o n  and c o n t r o l ,  and 

So l id -was te  d i s p o s a l .  

3 CURRENT RESEARCH, DEVELOPMENT, AND DEMONSTRATION PROGRAMS 

S e l e c t e d  r e s u l t s  from c u r r e n t  r e s e a r c h ,  development ,  and demons t ra t ion  
programs w i l l  now be c i t e d  t o  i l l u s t r a t e  p r o g r e s s  b e i n g  made i n  r e s o l v i n g  t h e  
u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  f i r s t  f o u r  of t h e  a r e a s  i n  t h e  above l i s t .  
A d d i t i o n a l  r e s u l t s  b e a r i n g  on t h e s e  and o t h e r  a r e a s  o f  u n c e r t a i n t y  i n  FBC 
w i l l  be  p r e s e n t e d  i n  subsequen t  p a p e r s  i n  t h i s  s e s s i o n  of  t h e  symposium. 

Tab le  1 c o n t a i n s  a list o f  some o f  t h e  more i m p o r t a n t  FBC u n i t s  t h a t  
a r e  c u r r e n t l y  i n  s e r v i c e  o r  schedu led  f o r  e a r l y  comple t ion .  T h i s  l i s t  con- 
t a i n s  bo th  u t i l i t y - o r i e n t e d  and i n d u s t r y - o r i e n t e d  u n i t s ;  however,  t h e  o u t p u t -  
power r a t i n g s  o f  t h e  u n i t s  a r e  a l l  g i v e n  i n  t e rms  of  an e q u i v a l e n t  e l e c t r i c a l  
o u t p u t .  Not i n c l u d e d  i n  t h i s  t a b l e  a r e  numerous s m a l l e r  process-development 
u n i t s  (PDUs) t h a t  a r e  p r o v i d i n g  v a l u a b l e  s u p p o r t  d a t a ,  as w e l l  as v a r i o u s  



TABLE 1. ROSTER OF SELECTED FBC FACiLITIES 

INSTALLATiOH TYPE RAPED POWER, 
'EQUIVALENT ELECTRIC STATUS ( 1-80) 

ATMOSPHERIC-PRESSURE FBC FACILITZES 

1. POPF, EVANS 8. ROBBINS, INC. 
RIVESV!LLE. W.V. (DOE) 

PILOT PLANT 30 MWe. OPERATlONAL AFTER 
REPAIRS FOR FIRE. 

2. MORGANTOWN f NERGY TECHNOLOGY CENTER 
'MCRGANTOWN, W.V. (DOE) 

CTlU 6 MWe UNDER CONSTRUCTION; 
COMPLETION IN 198 1. 

3. BABCQCK 8 'NILCOX CO. 
ALLIANCE, OHlO (EPRI) 

PDU 2 MWe OPERATIONAL. 

4. GEORGETOWN UNIVERSITY 
WASHINGTON, D.C. (DOE) 

DEMONSTRATION 
PLANT 

10 MWe OPERATIONAL, 

5. GREAT LAKES NAVAL STATION 
OREAT LAKES. IL 
(DOE. STATE OF ILLINOIS) 

DEMONSTRATION 
PLANT 

5 MWe UNDER CONSTRUCTION; 
COMPLETlON IN 1980. N 

P 

6. TVA SHAWNEE STEAM PLANT 
PADUCAH. KY (TVA) 

PlLOT PLANT 20 MWe 
N 

CONSTRUCTION TO START 
OCTOBER 1980. 

7. CENTRAL OHlO PSYCHIATR1C HOSPITAL 
COLUMBUS, OHlO (OHIO DOE) 

COMMERICAL 
PLANT 

6 MWe UNDER CONSTRUCTION; 
OPERATlON IN MAY 1980. 

PRESSURIZED FBC FACILITIES 

8. CU'7TISS- WRIGHT CORP. 
WOOD-RIDGE , N.J. (DOE) 

PILOT PLANT 13 MWe UNDER CONSTRUCTION; 
COMPLETION IN 198 1. -'- 

0.  INTERNATIONAL ENERGY AGENCY FLEXIBLE 27 M W e  UNDER CONSTRUCTION; 
QRIMETHORPE, ENGLAND (IEA) TEST FACILITY COMPLETION IN 1981. 

i 
ABBREVIATIONS: CTlU = COMPONENTS TEST AND INTEGRATION UNlT 

PDU = PROCESS DEVELOPMENT UNlT 



l a rge r - sca l e  u n i t s  i n  t h e  conceptual-design s t a g e .  However, t h i s  t a b l e  s e r v e s  
t o  i l l u s t r a t e  t h e  n a t u r e  of p re sen t  a c t i v i t y  i n  terms of FBC developmental 
e f f o r t . a n d  w i l l  be  r e f e r r e d  t o  i n  t h e  fol lowing d i scuss ion  of p rog res s  toward 
r e so lv ing  u n c e r t a i n t i e s  i n  FBC technology. 

3 .1  FUEL AND SORBENT FEEDING 

Two of t h e  FBC f a c i l i t i e s  l i s t e d  i n  Table 1 can be c i t e d  a s  i n s t a n c e s  
of progress  i n  the  c r i t i c a l  a r e a  of f u e l  and so rben t  feeding.  

The Babcock & Wilcox Company AFBC PDU, which con ta ins  a  6-f t  x 6-f t  . , 
bed, was o r i g i n a l l y  equipped wi th  f o u r  under-bed feed  p o i n t s ,  i n  accordance 
wi th  convent ional  design c r i t e r i a ;  However, t h i s  u n i t  has  s i n c e  been opera ted  
e f f i c i e n t l y  w i t h  only one under-bed feed  po in t  ( f o r  36 f t 2  of bed a r e a ) ,  ixi- 
d i c a t i n g  t h a t  t h e  r equ i r ed  feed  system can be s i m p l i f i e d  ~ i g n i f i c a n t l y . ~  

The Georgetown u n i v e r s i t y  AFBC b n i t ,  which w i l l  be d iscussed  i n  d e t a i l  
i n  a  l a t e r  paper  i n  t h i s  s e s s i o n ,  completely avoids t h e  plugging and o t h e r  ' 

problems a s s o c i a t e d  w i t h  under-bed feed  systems.S This  u n i t  u s e s  an off- the-  
' s h e l f  mechanical s t o k e r  t h a t  d i s t r i b u t e s  t h e  coa l  evenly ac ros s  t h e  top  sur- : 

f ace  of t h e  bed. The l imestone feed  system employed -- a s i n g l e  g rav i ty -  
. , 

.:; feed  p ipe  i n t o  each of t h e  two side-by-side beds, .where t h e  l imestone i s  
: : . d i s t r i bu ted  by t h e  f l u i d i z i n g  motion -- shows s i m i l a r  s i m p l i c i t y .  
*: 

The same two u n i t s  can be r e f e r r e d  t o  i n  d iscusking  t h e  c r i t i c a l  a r e a  
. of combustion e f f i c i e n c y .  Nei ther  u n i t  employs a  carbon-bumup c e l l ,  s o  

.'; a s i g n i f i c a n t  c a p i t a l  and ope ra t ing  expense is  avc!.ded. 
_ '  ' 

I n  t h e  Babcock & Wilcox u n i t ,  unburned carbon and unreac ted  l imestone 
a r e  simply recyc led  from t h e  f i r s t  cyclone back t o  t h e  main combustor. This 
char  r ecyc l ing  o r  f ly-ash  r e i n j e c t i o n ,  a s  i t  i s  c r ~ e t i m e s  c a l l e d ,  i s  r epor t ed  
to r e s u l t  i n  combustion e f f i c i e n c i e s  of 98% o r  I t . .  Ater. 

A f ly-ash  r e i n j e c t i o n  system is a l s o  employed i n  t h e  Georgetown Univer- 
s i t y  u n i t .  However, t h i s  u n i t  does no t  r e l y  on cyclones but  i n s t e a d  employs. 
b a f f l e  p l a t e s  t o  r o u t e  t h e  combustion gases  through a s e r i e s  of 180' t u rns .  
A t  t h e . f i r s t  such t u r n ,  unburned carbon p a r t i c l e s  drop ou t  and a r e  r e tu rned  
t o  t h e  combustor. Eighty-to-85% combustion e f f i c i e n c y  is  achieved on t h e  ' 

f i r s t  pass ,  and t h e  cha r  r ecyc l ing  i s  expected t o  raise t h i s  l e v e l  t o  g r e a t e r  
than 95%. 

3 . 3  CORROSION AND EROSION CONTROL 

As mentioned previous ly ,  one aspec t .  o f  cor ros ion  and e ros ion  c o n t r o l :  . . . 
involves  hot-gas cleanup f o r  coa l - f i r ed  PFBC/combined-cycle systems. Recent 
t e s t  r e s u l t s  obtained by Curtiss-Wright Corporat ion,  which is  developing t h e  
air-cooled type  of system shown i n  Fig.  l c ,  demonstrate t h a t  such a  system 
can be made t o  ope ra t e  f o r  a t  l e a s t  1000 hours wi thout  i n c u r r i n g  s i g n i f i c a n t  
co r ros ion  o r  e ros ion  of t he  gas- turbine blades.  15 9' 



The system t e s t e d  was a  1-We coa l - f i r ed ,  a i r-cooled PFBC r i g  employ- 
i n g  f o u r  s t a g e s  of hot-gas cleanup and a  Rover IS-60 s ing le - s t age  gas t u rb ine .  
The h o t ,  p r e s su r i zed  combustion gas from t h e  PFBC passed f i r s t  through a  p r i -  
mary cyclone of  convent iona l  des ign ,  whose purpose was t o  c o l l e c t  and r e c y c l e -  
back t o  t h e  bed r e l a t i v e l y  l a r g e  p a r t i c l e s  of so rben t  and unburned coa l .  The 
second through f o u r t h  s t a g e s  of hot-gas cleanup employed more s o p h i s t i c a t e d  
cyclone-type dev ices ,  namely: a Dynatherm "Whirlaway" s e p a r a t o r ,  a  Ducon high- 
e f f i c i e n c y  t angen t i a l - en t r ance  cyclone,  and an Aerodyne dual-$low cyclone,  i n  
t h a t  o r d e r .  Fo.r t h i s  t e s t ,  t h e  v o r t e x  chamber of t h e  Ducon cyclone w a s  modi- 
f i e d  t o  improve t h e  aerodynamic desfgn,  and' a  p o r t i o n  of t h e  c l ean  a i r  from 
t h e  in-bed h e a t  exchanger was used f o r  t h e  secondary .gas  flow i n  t h e  Aero- 
dyne cyclone. 

During t h i s  t e s t ,  t he  t u r b i n e .  d r i v e  gas ,  a  mixture of t h e  cleaned com- 
b u s t i o n  gas and the  c lean  aiit fYC)iii the In-bed heat ,exchanger,  had a t o t a l  
p a r t i c u l a t e  loading  of about 0.05 g r a i n l s c f ,  a  mean p a r t i c l e  s i z e  of  1 .4 Ilm, 
and a maximum p a r t i c l e  s i z e  of about 8 pm. Af t e r  1000 hours of coa l - f i r ed  
o p e r a t i o n ,  i n s p e c t i o n  revea led  no s i g n i f i c a n t  e r o s i o n  o r  co r ros ion  of t h e  
t u r b i n e  b lades .  

For purposes of comparison, i t  may be mentioned t h a t  i n  an e a r l i e r  
t e s t ,  run be fo re  t h e  mod i f i ca t ion  of t h e  Ducon cyclone and us ing  combustion 
gas r a t h e r  than  c l ean  a i r  f o r  t h e  secondary flow i n  t h e  Aerodyne cyclone,  t h e  
t u r b i n e  d r i v e  gas had a t p t a l  p a r t i c u l a t e  loading  of 0.15 g r a i n l s c f ,  a mean 
p a r t i c l e  s i z e  of 3.2 pm, and a  maximum p a r t i c l e  s i z e  of about  27 pm. Under 
t hose  cond i t i ons ,  s i g n i f i c a n t  e r o s i o n  of t h e  t r a i l i n g  edges of t h e  t u r b i n e  
b l ades  was noted  a f t e r  on ly  150 hours  of ope ra t ion .  

3.4 SORBENT SELECTION AND UTILIZATION 

The last  examples chosen t o  i l l u s t r a t e  r e c e n t  p rog res s  d e a l  w i th  t h e  
a r e a  of so rben t  s e l e c t i o n  and u t i l i z a t i o n .  An important  parameter  of  any FBC 
system i s  t h e  molar r a t i o  of calcium i n  t h e  sorbent  t o  s u l f u r  i n  t h e  c o a l  
t h a t  is  r equ i r ed  t o  achieve  t h e  necessary  c o n t r o l  of SO2 emission i n  a c t u a l  
ope ra t ion .  Th i s  r a t i o  v a r i e s  w i t h  d i f f e r e n t . s o r b e n t s  and combustor des igns ,  
b u t  va lues  i n  t h e  range of  t h r e e  t o  f i v e  have been considered t y p i c a l  f o r  
AFBC systems. 

The f a c t  t h a t  t h e  r equ i r ed  Ca/S molar r a t i o  .is g r e a t e r  than  u n i t y  ind i -  
c a t e s  t h a t  on ly  a f r a c t i o n  of t h e  calcium i n  t h e  sorbent  i s  be ing  u t i l i z e d  i,n 
SO2 capture .  Thus t h e  spent-sorbent  waste  product  from FBC con ta ins  unused 
CaO. This  r e p r e s e n t s  an economic pena l ty  and an environmental  de t r imen t ,  i n  
terms of both t h e  amount of so rben t  r eqb i r ed  and t h e  volume of s o l i d  waste  
t o  be disposed o f .  , 

The f i r s t  example concerns r e s u l t s  ob ta ined  wi th  t h e  Babcock & Wilcox 
AFBC PDU. It is r epor t ed  t h a t  t he  r e c y c l i n g  of cha r  and , l imes tone  d u s t  from 
t h e  f i r s t  cyclone back to. t h e  combustor r e s u l t e d  n o t  on ly  i n  h ighe r  combustion 
e f f i c i e n c y  b u t  a l s o  i n  improved so rben t  u t i l i z a t i o n .  S p e c i f i c a l l y ,  90% 5.02 
removal was achieved wi th  a Ca/S molar r a t i o  of only 2-3, and u t i l i z a t i o n  
of t h e  calcium i n  t h e  so rben t  was increased  from - 20% t o  - 40%. 



The second example i nvo lves  a  new method, under development a t  Argonne 
Nat iona l  Laboratory,  f o r  i n c r e a s i n g  t h e  u t i l i z a t i o n  of calcium i n  t h e  sor-  
ben t .  * It has  been found t h a t  spen t  so rben t  can be  r e a c t i v a t e d  r a t h e r  simply 
by t rea tment  w i t h  wa te r ,  and t h e  r e a c t i v a t e d  so rben t  can be f ed  back t o  t h e  
combustor t o  p i c k  up a d d i t i o n a l  SO2 from t h e  combustion gases .  This  p roces s  
can be r epea t ed  s e v e r a l  t imes ,  e f f e c t i v e l y  reduc ing  both t h e  amount o f  f r e s h  
so rben t  t h a t  must be supp l i ed  t o  t h e  combustor and t h e  q u a n t i t y  of s o l i d  
waste u l t i m a t e l y  produced. 

This  r e a c t i v a t i o n  procedure (no t  t o  be confused w i t h  so rben t  regenera-  
t i o n ,  i n  which CaS04 is reconver ted  t o  CaO) depends upon a  combination of 
chemical and phys i ca l  p roces se s ,  a s  i l l u s t r a t e d  i n  Fig.  3. I n  t he  hyd ra t ion  
s t ep ;  which can be c a r r i e d  o u t  a t  room tempera ture ,  CaO remaining i n  t h e  i n -  
t e r i o r  of t h e  spent-sorbent  p a r t i c l e  r e a c t s  w i t h  water  f o r  form Ca(OH)2, w i t h  
a  r e s u l t a n t  expansion of t h e  p a r t i c l e  and c rack ing  of t h e  CaS04 s u r f a c e  l a y e r .  
Upon be ing  r e tu rned  t o  t h e  combustor, t h e  Ca(OH)2 i s  converted back t o  CaO 
and a  completely new, more open pore s t r u c t u r e  i s  developed. This  r e s u l t s  
i n  an i n c r e a s e  i n  bo th  t h e  gas  pe rmeab i l i t y  and t h e  exposed s u r f a c e  a r e a  of  
CaO i n  t h e  p a r t i c l e ,  thereby  making i t  p o s s i b l e  f o r  a d d i t i o n a l  s u l f a t i o n  t o .  
t ake  p l ace .  As  i n d i c a t e d  i n  Fig.  3 ,  t h e  so rben t  can be r e a c t i v a t e d  and re- 
used more than once, s u b s t a n t i a l l y  i n c r e a s i n g  t h e  u t i l i z a t i o n  of t h e  calcium 
i n  t h e  so rben t .  

I n  l abo ra to ry - sca l e  experiments ,  t h i s  method h a s  been app l i ed  t o  a  
l a r g e  number of d i f f e r e n t  l imes tones  and dolomites .  A l l  s t o n e s  t e s t e d  showed 
a  marked i n c r e a s e  i n  s u l f a t i o n  a f t e r  a s i n g l e  such r e a c t i v a t i o n .  Moreover, 
those  s t o n e s  t h a t  exh ib i t ed  t h e  lowest  e x t e n t  of  s u l f a t i o n  upon i n i t i a l  ex- 
posure t o  SO2 seemed t o  b e n e f i t  t h e  most i n  terms of  i nc reased  s u l f a t i o n  
capac i ty  a f t e r  r e a c t i v a t i o n .  

Grove l imes tone  ( a  r e l a t i v e l y  un reac t ive  s o r b e n t )  was pu t  through f i v e  
su l f a t i on -hydra t ion  cyc l e s  i n  a  sma l l  AFBC having an i n s i d e  diameter  of  15.5 
cm and burning c o a l  con ta in ing  5.46% s u l f u r .  The o v e r a l l  calcium u t i l i z a t i o n  
i nc reased  from 22% a f t e r  t h e  f i r s t  pa s s  of t h e  s t o n e  through t h e  combustor t o  
- 90% a f t e r  t h e  f i f t h  cyc le .  Moreover, t h e  molar r a t i o  of  a v a i l a b l e  (un- 
s u l f a t e d )  calcium i n  t h e  s t o n e  t o  s u l f u r  i n  t h e  c o a l  r e q u i r e d t o  main ta in  
SO2 emission a t  t h e  c o n s t a n t - l e v e l  chosen f o r  t h i s  test a c t u a l l y  decreased 
from 3 va lue  of 3 . 3  f o r  t h e  v f r g i n  s t o n e  t o  a nominal va lue  of  2 .0  i n  c y c l e s  
one through four . ,  

Opt imizat ion s t u d i e s  of t h i s . p r o m i s i n g  new method of enhancing sorbent  
u t i l i z a t i o n  a r e  i n  p rog re s s ,  .and p l a n s  are be ing  f i n a l i z e d  t o  test t h e  pro- 
c e s s  a t  a  s u i t a b l e  l a r g e r - s c a l e  FBC f a c i l i t y .  

4  ECONOMIC COMPARISON OF 'FBC AND OTHER POWER-GENERATION TECHNOLOGIES 

I n  t h i s  s e c t i o n ,  c a p i t a l -  and opera t ing-cos t  e s t i m a t e s  f o r  both atmos- 
p h e r i c  and p re s su r i zed  'FBC power-generation systems a r e  compared w i t h  t hose  
f o r  pulverized-coal-combustion and low-Btu-gasification/combined-cycle systems. 
The base  case  f o r  t h e  conceptual  des ign  and d e t a i l e d  eng inee r ing  c o s t  s t u d i e s  
is  an approximately 500-We ( n e t )  u t i l i t y  power p l a n t  u s ing  a  r e p r e s e n t a t i v e  
I l l i n o i s  bituminous coal. wi th  a s u l f u r  conten t  (dry)  of about f o u r  weight 



. . 
Fig .  3. Enhancement of ~ i m e ~ t o n ' e  Sulfation by Hydration 



p e r c e n t  . 
  he pulver ized-coal-combust ion b o i l e r  and i t s  a u x i l i a r i e s  are of 

commercial u t i l i t y  d e s i g n s .  The p l a n t  u s e s  an  e l e c t r o s t a t i c  p r e c i p i t a t o r  
(ESP) t o  remove p a r t i c u l a t e  m a t t e r  from t h e  f l u e - g a s  s t r e a m  p r i o r  t o  f lue -gas  
d e s u l f u r i z a t i o n  (FGD). S u l f u r - d i o x i d e  emiss ion  c o n t r o l  i s  performed by a 
l imestone-based FGD system.  Normal d i s p o s a l  o f  FGD s l u d g e s  i s  o f f s i t e ,  w i t h  
an o n s i t e  a s h  pond i n c l u d e d  t o  r e t a i n  s c r u b b e r  s l u d g e s  produced d u r i n g  p e r i o d s  
when o f f s i t e  d i s p o s a l  i s  n o t  a v a i l a b l e .  

The low-Btu-gasification/combined-cycle p l a n t  i s  an  i n t e g r a t e d  f a c i l i t y  
i n  t h a t  i t  i n c l u d e s  a l l  t h e  components t o  c o n v e r t  c o a l  i n t o  e l e c t r i c i t y .  A 
s i m p l i f i e d  p l a n t  f low schemat ic  i s  shown i n  F i g .  4. Three  t y p e s  o f  g a s i f i e r s  
have been c o n s i d e r e d  i n  t h i s  a n a l y s i s  : L u r g i  f ixed-bed,  IGT f lu id ized-bed  , 
and Texaco en t ra ined- f low.  Water. washing and low-temperature  hydrogen-sul-  
f i d e  removal p r o c e s s e s  a r e  employed t o  c o n d i t i o n  t h e  raw f u e l  g a s  from t h e  
g a s i f i e r .  Moderate ly  advanced (2,400°F and 16-to-1 p r e s s u r e - r a t i o )  gas  t u r -  
b i n e s  a r e  s e l e c t e d  because  o f  t h e i r  l i k e l y  a v a i l a b i l i t y  around 1985. 

A l l  of  t h e  power p l a n t s  have been des igned  t o  comply w i t h  t h e  U.S. EPA 
New Source Performance S t a n d a r d s  (NSPS) promulgated i n  J u n e ,  1979. These 
s t a n d a r d s  s e t  t h e  f o l l o w i n g  l i m i t s  on a i r  p o i l u t a n t s  from power p l a n t s  f i r i n g  . . 
t h e  d e s i g n  c o a l :  

P o l l u t a n t  

Sill f iir di-nxide,  SO2 

Nit rogen  o x i d e s  a s  NO2 

P a r t i c u l a t e  matter 

Emission L imi t  
(30-day r o l l i n g  average)  

30% pernova1 

0 .6  l b / 1 0 6  Btu 

0 .03  l b / 1 0 6  Btu 

I n  t h e  c a s e  of t h e  AFBC, a  l i m e s t o n e  s o r b e n t  i s  used w i t h  a ca lc ium- to-su l fu r  
molar  r a t i o  of 3.5. For t h e  p r e s s u r i z e d  FBC, do lomi te  is  used as t h e  s o r b e n t  
w i t h  a  ca lc ium- to-su l fu r  r a t i o  of two. The low-Btu-gas2fication/combined- 
cy.cle p l a n t s  a c h i e v e  a h i g h  degree  o f  s u l f u r  removal by u s i n g  s t a n d a r d  i n -  
d u s t r i a l  H2S-removal p r o c e s s e s ,  such  as t h e  S e l e x o l  P r o c e s s  w i t h  a Claus- 
su l fur . -p lan t l ta i l -gas-c leanup system. 

A s o u t h e r n  I l l i n o i s  p l a n t  s i t e . h a s  been chosen f o r  e s t i m a t i n g  purposes .  
T h i s  would p l a c e  t h e  p l a n t  n e a r  s e v e r a l  demand c e n t e r s  and i n  c l o s e  p r o x i m i t y  
t o  e x t e n s i v e  c o a l  f i e l d s ,  t h u s  minimizing t r a n s p o r t a t i o n  c o s t s .  

Based on t h e  t e c h n i c a l  c r i t e r i a  b r i e f l y  d e s c r i b e d  above,  t h e  h e a t  r a t e  
f o r  each  of t h e  power-generation t e c h n o l o g i e s  was determined.  These r a t e s ,  
which were used f o r  c a p i t a l  c o s t i n g  and revenue-requirement  c a l c u l a t i o n s ,  
a r e  g iven  i n  t h e  f o l l o w i n g  t a b l e .  
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OVERALL HEAT RATES 

Technology 
Heat Rate  
(Btu/kWh) 

AFB C 

PFBC 

PCC/FGD 

LBG/CC 

L u r g i  

I GT 

Texaco 

4 . 1  ECONUMlC ASSUMPTIONS 

C The p l a n t  l i f e  f o r  each of t h e  sys tems c o n s i d e r e d  i n  t h i s  a n a l y s i s  i s  
assumed t o  be 30 y e a r s .  The d e s i g n  and c o n s t r u c t i o n  p e r i o d  f o r  t h e s e  p l a n t s  
i s  f i v e  y e a r s .  Design and c o n s t r u c t i o n  a r e  assumed t o  b e g i n  i n  January  1980, 
w i t h  p l a n t  s t a r t u p  i n  January  1985. A l l  c o s t s  a r e  c a l c u l a t e d  i n  January-1980 

, d o l l a r s .  

4 . 1 . 1  I n d i r e c t  Investment  Charges 

T h i s  i n c l u d e s  t h e  m a t e r i a l s  and l a b o r  f o r  equipment and i n s t a l l a t i o n  
and a l l  c o s t s  ( such  a s  a r c h i t e c t  and e n g i n e e r i ~ ~ g  f e e s ,  c o n t r a c t o r  expenses ,  
c o n s t r u c t i o n  expenses ,  and in-house e n g i n e e r i n g )  t h a t  a r e  n e c e s s a r y  f o r  con- 
s t r u c t i o n  of a g r a s s - r o o t s  power p l a n t .  The e n g i n e e r i n g  des ign  and con t ingen-  
cy f a c t o r s  a r e  based on t h e  developmental s t a t u s  of t h e  t echnology  and ex- 
p e r i e n c e  w i t h  e n g i n e e r i n g  p r o j e c t s .  

The con t ingency  f o r  a l l  of t h e  t e c h n o l o g i e s  h a s  been t a k e n  a s  15% o f  
t h e  o v e r a l l  p r o j e c t  investment,  p l u s  an  a d d i t i o n a l  10% on equipment c9sL.s 
f o r  t h e  f ixed-bed g a s i f i e r ,  ac id -gas  removal,  t h e  a tmospher ic -p ressure  FBC 
b o i l e r ,  and high-temperature/high-pressure p a r t i c u l a t e  removal ;  and a n  
a d d i t i o n a l  20% f o r  . t h e  f l u i d i z e d - b e d  and e n t r a i n e d - f l o w  g a s i f i e r s  as w e l l  
as t h e  p r e s s u r i z e d  FBC b o i l e r .  The i n t ' e r e s t  d u r i n g  c o n s t r u c t i o n  h a s  been 
e s t i m a t e d  a s  30.5% of  t h e  s u b - t o t a l  f i x e d  inves tment  f o r  e a c h  of t h e  p r o c e s s e s ,  
based on a compounded i n t e r e s t  r a k e  o f  102 p e r  y e a r .  

4 .1 .2  Working C a p i t a l  - 

Working c a p i t a l  c o n s i s t s  o f  t h e  money i n v e s t e d  i n  c o a l  and o t h e r  raw 
m a t e r i a l s  c a r r i e d  i n  s t o c k ,  a c c o u n t s  r e c e i v a b l e ,  and c a s h  k e p t  on hand f o r  
payment of o p e r a t i n g  expenses .  For  t h e s e  c o s t  e s t i m a t e s ,  working c a p i t a l  



has  been taken a s  equ iva l en t  t o  t h r e e  weeks of raw-material  c o s t s ,  seven 
weeks of a ' i rect  c o s t s ,  and seven weeks of overhead c o s t s .  

4.1.3 Fixed-Charge Rate 

The f i x e d  charges i nc lude  i n t e r e s t  on money borrowed t o  b u i l d  a p l a n t ,  
,income t a x e s  on . t h e  e q u i t y  i n t e r e s t  ' ( i f  t h e  u t i l i t y  is  p r i v a t e l y  owned), 
p rope r ty  and o t h e r  t a x e s ,  and insurance.  Subt rac ted  from t h i s  a r e  whatever 
income-tax c r e d i t s  might be allowed, such a s  investment-tax c r e d i t  and de- 
p r e c i a t i o n  c r e d i t .  For t h i s  a n a l y s i s ;  t he  annual fixed-charge rat .e was 
assumed t o ' b e  18% of t h e  t o t a l  c a p i t a l  requirement ,  w i t h  working c a p i t a l  
t r e a t e d  t h e  same- a s  dep rec i ab le  c a p i t a l .  

4.1.4 Overheads 

P l a n t ,  a d m i n i s t r a t i v e ,  aind warkering uverl~earls are coats whieh vary  
from company t o  company. With cons ide ra t ion  of t h e  va r ious  methods used i n  
i n d u s t r y  and i l l u s t r a t e d  i n  a v a r i e t y  of cos t -es t imat ing  sources ,  t h e  
fo l lowing  method f o r  e s t ima t ing  overheads i s  used. 

P l a n t  overhead i s  .es t imated  a s  ' 50% of t h e  sub - to t a l  conversion c o s t s  
l e s s  u t i l i t i e s , . a n d  i t  inc ludes  t h e  p ro j ec t ed  c o s t s  f o r  l a b o r ,  maintenance, 
and ana lyses .  Adminis t ra t ive  overhead i s  es t imated  a s  10% of ope ra t ing  l a b o r  
and superv is ion .  Marketing t h e  product i s  considered i n  t h e  e s t ima t ion  of 
overheads and i s  def ined  a s  10% of  s a l e s  revenue. 

4 

4.1.5 By-product Sales 

I n . t h e  eva lua t ion  of t h e  annual  revenue requirements ,  c r e d i t  from s a l e  
of by-products (such a s  ammonia o r . s u l f u r  recovered from low-Btu combined- 
cyc l e  g a s i f i e r s )  i s  deducted'  from t h e  annual ope ra t ing  c o s t s  t o  o b t a i n  t h e  
n e t  annual  revenue requirements .  

4.1.6 Raw-Material Costs  

Costs  f o r  l imestone and dolomite (needed f o r  su l fur -oxides  removal i n  
f lu id ized-bed  u n i t s )  have been taken a s  $10 pe r  ton. For t h e  b a s i s  of ca l -  
c u l a t i n g  annual  revenue requirements ,  a c o a l . p r i c e  of $1 per  m i l l i o n  Btu has 
been assumed. , T h i s  r e s u l t s  i n  a n e t  c o a l  p r i c e  'of $22.50 pe r  ton  of coa l .  
I n  a d d i t i o n  t o  t h i s  f i x e d  c o a l  p r i c e ,  a p r i c e . r a n g e  of $0.75-$2.00 p e r  
m i l l i o n  Btu w a s  a l s o  used i n  o rde r  t o  s t u d y  t h e  s e n s i t i v i t y  of busbar power 
c o s t s  t o  f u e l  c o s t s .  

4.2 CAPITAL REQUIREMENTS 

The c a p i t a l  requirements  f o r  t he  atmospheric and p re s su r i zed  f l u i d i z e d  
bed as w e l l  a s  t h e  pulverized-combustion/FGD power p l a n t ,  a r e  given i n  Table 
2. The e s t i m a t e  f o r  t h e  pulverized-combustion/FGD system was based on in- 



TABLE 2. AFBC, PFBC AND PCClFGD BASE PLANT CAeITAL COST BREAKDOWN 

CATEGORIES 

- -- - 

COSTS (MILLIONS OF DOLLARS) ($1980) 

AFBC 

- -- 

PFBC PCClFGD 

STEAM GENERATORS 79.8 . 54.6 83.8 

TURBINE GENERATORS 

PROCESS MECHANICAL EQUIPMENT 

ELECTRICAL . 43.2 3 1.8 43.4 

CIVIL AND STRUCTURE 39.6 33.1 45.5 

PROCESS PIPING AND INSTRUMENTATION 30.8 49.0 , 43.8 

YAROWORK AND MISCELLANEOUS 

AIE HOME OFFICE 8 FEE@ 10% OF BOP 

CONTINGENCY 

INTEREST DURING CONSTRUCTION 

TOTAL .PLANT INVESTMENT. 466.4 . 464.7 519.1 

START UP AND MODlFlCATlON 46.6 46.5 5 1.9 

WORKING CAPITAL 

TOTAL CAPITAL REQUIREMENT 

UNIT CAPITAL REQUIREMENT,'$I~W~ 



f o r m a t i o n  developed a t  Argonne N a t i o n a l  Labora to ry .  For t h e  FBC sys tems ,  
c a p i t a l  c o s t s  were de te rmined  on t h e  b a s i s  of d e t a i l e d  c o s t  e s t i m a t e s  p re -  
pa red  by Westinghouse c o r p o r a t i o n 9  and Burns and Roe, Inc .1°  

The c a p i t a l  r e q u i r e m e n t s  f o r  t h e  t h r e e  low-Btu-gasification/combined- 
c y c l e  p l a n t s  a r e  shown i n  Tab le  3. A l l  o f  t h e  p l a n t s  i n c l u d e  f a c i l i t i e s  f o r  
ac id -gas  removal and e l e m e n t a l - s u l f u r  recovery ,  and a l s o  ammonia recovery  
( e x c e p t  f o r  t h e  Texaco p r o c e s s ) .  These e s t i m a t e s  were p repared  based on y e t -  
to-be-publ ished i n f o r m a t i o n  s u p p l i e d  by Uni ted Technologies  Research Cente r  
t o  Argonne N a t i o n a l  Labora to ry .  l 1  

The Chemical Engineer ing  c o s t  i n d e x  was u s e d ,  where n e c e s s a r y ,  t o  
b r i n g  some of t h e  p r e v i o u s  c a p i t a l  e s t i m a t e s  up t o  January-1980 d o l l a r s .  

4 .3  ANNUAL REVENUE REQUIREMENTS 

The a n n u a l  revenue r e q u i r e m e n t s  f o r  a l l  of  t h e  power-generation t ech-  
n o l o g i e s  c o n s i d e r e d  i n  t h i s  economic a n a l y s i s  a r e  shown i n  T a b l e s  4  and 5. 
Two c a s e s  were c o n s i d e r e d  f o r  each  technology' ;  one is  f o r  a  0 .7  c a p a c i t y  
f a c t o r  (6150 hours  p e r  y e a r )  and t h e  o t h e r  f o r  a  0.45 c a p a c i t y  f a c t o r  (3950 
h o u r s  p e r  y e a r ) .  

The Lurg i  combined-cycle sys tem i s  c l e a r l y  t h e  most c o s t l y  of t h e  
power-generat ion a l t e r n a t i v e s  a d d r e s s e d ,  b e i n g  abou t  10Z more c o s t l y  t h a n  
t h e  c o n v e n t i o n a l  combustion system with.FGD. On t h e  o t h e r  e n d ,  t h e  IGT 
combined-cycle sys tem was f o u n d , t o  be t h e  l e a s t  c o s t l y  and i s  about  15% 
cheaper  t h a n  t h e  c o n v e n t i o n a l  s y s t e m ;  however, i t  shou ld  be p o i n t e d  o u t  
t h a t  t h e  IGT g a s i f i e r  i s  s t i l l  i n  an e a r l y  s t a g e  o f  development.  For  t h e  
r e s t ,  t h e  Texaco combined-cycle sys tem shows about  t h e  same c o s t  a s  t h e  
c o n v e n t i o n a l  PCC/FGD system,  w h i l e  t h e  AFBC and PFBC systems a r e ,  r e s p e c t i v e l y  
abou t  5% and 10% cheaper .  

To i n v e s t i g a t e  f u r t h e r  t r a d e o f f s  between t h e  t echnol .og ies ,  t h e  u n i t  
c o s t  of power is  p l o t t e d  as a f u n c t i o n  of f u e l  c o s t  i n  F ig .  5. A change 
i n  t h e  c o s t  of c o a l  from Oi5 t o  2 d o l l a r s  p e r  m i l l i o n  Btu i s  shown t o  have 
l i t t l e  e f f e c t  on t h e  economic r a n k i n g s ,  a l t h o u g h  t h e  d i f f e r e n t  t e c h n o l o g i e s  
do e x h i b i t  v a r i o u s  d e g r e e s . o f  s e n s i t i v i t y  t o  f u e l  c o s t .  

It shou ld  be  n o t e d ,  however, t h a t  a v a r i a t i o n  o f  up t o  20 p e r c e n t  i n  
t h e  c o s t  o f  power i s  w i t h i n  t h e  u n c e r t a i n t i e s  i n h e r e n t  i n  t h e  c o s t i n g  of 
d e v e l o p i n g  t e c h n o l o g i e s .  I n  a d d i t  i o n ,  a l i  of t h e  advanced p r o c e s s e s  i n c l u d e d  
i n  t h i s  a n a l y s i s  a r e ,  a t  b e s t ,  i n  t h e  p i l o t  o rademons t ra t ion  s t a g e  i n s o f a r  
as power g e n e r a t i o n  i s . c o n c e r n e d .  Problems w i t h  sca le -up ,  d i s c o v e r i e s  d u r i n g  
development ,  o r  changes i n  r e g u l a t o r y  c o n s t r a i n t s  cou ld  s i g n i f i c a n t l y  a l t e r  
t h e  r e s u l t s  t h a t  have been shown h e r e .  

T a b l e  6  summarizes t h e  o p e r a t i n g  and economic c h a r a c t e r i s t i c s  o f  t h e  
s i x  power-generat$on t e c h n o l o g i e s  t h a t  have been c o n s i d e r e d  i n  t h i s  a n a l y s i s ,  



TABLE 3. GASIFICATION COMBINED-CYCLE BASE PLANT 
CAPITAL COST BREAKDOWN 

COSTS (MILLIONS OF DOLLARS) ($1980) 

CATEGORIES 
IGT 

(523 MWe) 
TEXACO 

(426 MWe) 

COAL HANDLING 

OXIDANT FEED 

QASIFICATION AND ASH HANDLING 

GAS COOLING 

ACID GAS REMOVAL AND SULFUR RECOVERY 

PROCESS CONDENSATE TREATING 

STEAM. CONDENSATE AND BFW 

SUPPORT FACILITIES 

COMBINED CYCLE 

TOTAL 

CONTINGENCY 71.2 

INTEREST DURING CONSTRUCTION 162.6 - 
TOTAL PLANT INVESTMENT . . 646.3 507.3 504.8 

START UP AND MODIFICATIONS 

WORKING CAPITAL 

TOTAL CAPITAL REQUIREMENT 

UNIT CAPITAL REQUIREMENT. $/kWe 



TABLE 4. TOTAL ANNUAL REVENUE REQUIREMENT FOR AFBC, PFBC AND PCCfFGD PLANTS 

500 MWe NET OUTPUT 

6,150 HRfYR 
(0.7 CAPACITY) 

ANNUAL C0,STS $ x lo3 

3,950 HR/YR 
(0.45 CAPACITY) 

AFBC PFBC PCCIFGD AFBC PFBC PCCIFGD 

DIRECT COSTS 

COAL ($1 IMBtu) 29,907.6 , 26,706.4 30,288.8 19.208.9 17,152.9 19.453.8 

SORBENT 

ASH AND SLUDGE DISPOSAL 

OPERATION AND MAINTENANCE 

TOTAL DIRECT COSTS 

INDIRECT COSTS 

CAPITAL CHARGES , 18% OF TOTAL 
CAPITAL REQUIREMENT 

OVERHEADS 

PLANT, 50% OF 0 8 M  

ADMINISTRATIVE, 10% OF 
OPERATING LABOR 

TOTAL INDIRECT COSTS 

TOTAL ANNUAL REVENUE REQUIREMENT 

UNIT REVENUE REQU'IREMENT, mills1kWh 



- 
DIRECT COSTS 

TABLE 5. TOTAL ANNUAL REVENUE REQUIREMENT FOR LURGI, IGT AND TEXACO COMBINED-CYCLE PLANTS 

6,150 HRlYR 
(0.7 CAPACITY) 

3,950 HRlYR 
(0.45 CAPACITY) 

COAL ($l/MBtu) . 

CATALYST 8 CHEMICALS , 

UTILITIES 

ASH DISPOSAL . 

OPERATION AND MAINTENANCE 

SULFUR CREDIT ($60/TON) 

AMMONIA CREDIT ($1001TON) 
. *  - 

TOTAL DIRECT COSTS 

INDIRECT COSTS 

CAPITAL CHARGES, 18% OF TOTAL 
CAPITAL REQUIREMENT 

OVERHEADS 

PLANT. 50% OF 0 8 M  

ADMINISTRATIVE, 10% OF 
OPERATING LABOR 

TOTAL INDIRECT COSTS 

TOTAL ANNUAL REVENUE REQUIREMENTS 

UNIT REVENUE REQUIREMENT, mlllslkWh 

IGT TEXACO LURGl IOT 
(523 MWe) (428 MWe) (533 MWe) (523 MWe) 

TEXACO 
(426 MWe) 



BUS BAR 
COST, 

mills/kWh 

COAL COST, $/MBtu 

F i g .  5 .  .Effect of Coal P r i c e  on power Cost , 



TABLE 6. CHARACTERISTICS OF POWER GENERATION TECHNOLOGIES 

- - - 

GASIF. COMB.-CYCLE SYSTEM 

AFBC PFBC PCCIFGD 

LURGl IGT TEXACO 

MWe NET 5 0 0  

OVERALL HEAT RATE 9.720 

B t u l  k w h  

UNIT CAPITAL 

REQUIREMENT 

$1 kW 

CAPITAL COST a 

mi l l s l kwh  

FUEL COST 

mi l ls lk  Wh 

TOTAL POWER COST 
46.0 

m i l l s l kwh  

a 
BASED ON 18% OF TOTAL CAPITAL REQUIREMENT. 

BASED ON $ l .OIMglu  BASE COAL COST. 

C 
FIRST YEAR COST (IN 1980  DOLLARS), 6,150 HOURS OPERATION. 
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INTRODUCTION 

Over the past  three years the Inha la t ion  Toxicology Research I n s t i t u t e  
( ITRI)  and the Morgantown Energy Technology Center (METC) have been engaged i n  
a co l labora t i ve  research e f f o r t  t o  character ize the po ten t ia l  emissions from 
the atmospheric pressure f l u i d i z e d  bed combustion (AFBC) o f  coal . The primary 
purpose o f  the research i s  t o  determine the po ten t i  a1 heal t h  r i s k s  t o  man from 
increased use o f  t h i s  technology. The research e f f o r t ,  involves the chemical 
and physical character izat ions o f  po ten t ia l  e f f l uen t s  from an experimental 18- 
inch  AFBC being operated a t  METC. Emphasis has been placed on character iz ing \ 

the potent i  a1 ai rborne pa r t i cu l a te  and hydrocarbon emissions from the AFBC. 
Character izat ion i s  f o l  lowed by toxic01 ogical  t es t i ng  o f  the po ten t ia l  e f f l  u- 
ents a t  ITRI. The approach being used t o  assess the po ten t ia l  t o x i c i t y  o f  the 
mater ia ls  co l lec ted  a t  METC i s  the u t i l i z a t i o n  o f  i n  v i t ro  and i n  vivo screen- 
i ng  tes ts  f o r  t o x i c i t y  and mutagenicity. The screening resu l t s  are being used 
t o  se lec t  mater ia ls  f o r  longer term inha la t ion  studies i n  experimental animals, 
i nc lud ing  exposures o f  rodents over t h e i r  t o t a l  1 i f e  span t o  aerosols o f  se- 
lec ted  AFBC e f f l uen t s  t o  character ize t h e i r  po ten t ia l  f o r  producing chronic 
resp i ra to ry  disease as wel l  as cancers o f  the resp i ra to ry  t r a c t  and other 
organs. 

The purpose o f  t h i s  r epo r t  i s  t o  summarize the cu r ren t l y  ava i lab le  data 
from the physicochemical character izat ion and the tox ico log ica l  t es t i ng  o f  
samples t h a t  have been obtained from the 18-inch AFBC a t  METC whi le  i t  was 
burning several coal types and operat ing under various condi t ions.  More de- 
t a i l  ed presentat ions o f  the data have been pub1 i shed previously (1-12). 

It should be recognized t h a t  the AFBC a t  METC i s  a r e l a t i v e l y  small exper- 
imental u n i t  and t h a t  such things as cont ro l  technology f o r  f i n e  p a r t i c l e s  have 
no t  been optimized. However, the data from t h i s  u n i t  may be used t o  approxi- 
mate the emissions o f  a f u l l  scale AFBC and w i l l  supply informat ion on needed 
cont ro l  technology u n t i l  sampling o f  l a r g e r  u n i t s  i s  possible. 

MATERIALS AND METHODS 

Figure 1 i s  a simp1 i f i e d  block diagram o f  the METC 18-inch atmospheric 
f l u i d i z e d  bed combustor. Inside the combustor a bed o f  coal and limestone i s  
supported by a conical p l a t e  per fora ted by 118-inch holes through which the 
f l u i d i z i n g  a i r  passes. Water passing through a heat exchanger bank bur ied i n  
the bed ext rac ts  heat from the bed. A screw conveyor meters pre-sized coal 
i n t o  a pneumatic feed tube which conveys fue l  i n t o  the combustor near the 



Figure  1. Simp1 i f i e d  b lock diagram o f  METC experimental  atmospheric pressure 
f l u i d i z e d  bed coal combustor. Samples were obta ined a t  p o s i t i o n s  noted. 
Pos i t i ons  1 and 2 i nvo l ved  sampling f rom the  same p o r t  w i t h  the  baghouse b 

swi tched i n  ( P o s i t i o n  1 )  o r  o u t  ( P o s i t i o n  2 )  o f  the exhaust stream. P o s i t i o n  
1 represented the  stack breech w i t h  the  e f f l u e n t  going through the baghouse. 
P o s i t i o n  2 represented samples taken when the  baghouse was bypassed (baghouse 
i n l e t )  . P o s i t i o n  3 was between the  cyclones. P o s i t i o n  4 represented 'sampl i ng 
a t  the top o f  the  combustor f reeboard ( i n l e t  t o  the pr imary cyc lone) .  
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The AFBC was sampled a t  f o u r  p o s i t i o n s  (1-4, i n  F ig .  1 ) .  Samples obta ined 
a t  P o s i t i o n  1 (s tack  breech) were o f  g rea tes t  i n t e r e s t  as an approximation o f  
atmospheric releases. Samples from Pos i t i ons  2, 3 and 4 were rep resen ta t i ve  
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o f  source mate r ia l  f o r  p o t e n t i a l  f u g i t i v e  emissions t o  the  work p lace envi ron-  
ment. Samples from a l l  f o u r  p o s i t i o n s  prov ide  an engineer ing assessment o f  
t h e  combustion process and the  e f fec t iveness o f  cleanup devices. Major emphasis 
has been placed on aerodynamic s ize-se l  e c t i  ve sampl i n g  because o f  the  c r i t i c a l  
importance of aerodynamic s i z e  i n  p r e d i c t i n g  lung depos i t ion  o f  i nha led  p a r t i -  
c l  es. S i m i l  a r l y ,  chemical and b i o l o g i c a l  cha rac te r i za t i on  o f  aerodynamical 1y 
s ized samples i s  a major goal. A d e t a i l e d  d iscussion o f  t he  sampling system 
used i n  these s tud ies  has been pub1 ished (1,2). 

Sampl i n g  probes i n  the  FBC exhaust system withdrew 15-25 l i t e r s  per  minute 
(LPM) of AFBC exhaust aerosol which was d i l u t e d  w i t h  100 LPM o f  d r y  ambient a i r .  
Immediately a f t e r  the  d i l u t e r ,  a p o r t i o n  o f  t he  sample was passed through the  
Tenax (13)  adsorbent t o  co l  1 e c t  vapor phase hydrocarbon samples . The remaining 
sample was conveyed t o  a sampling chamber. A b a t t e r y  o f  aerosol samplers a t -  
tached t o  the  chamber c o l l e c t e d  p a r t i c l e s  (1) .  These instruments could be 
changed a t  w i l l  dur ing  sampling t o  supply t h e  mix o f  samples requ i red  f o r  char- 
a c t e r i z a t i o n  and b i o l o g i c a l  t e s t i n g .  Excess sample i s  passed through a cleanup 
sys tern and exhausted. 

I t i s  emphasized t h a t  t he  sampling system was designed t o  have an upper 
s i z e  1 i m i t  o f  about 10 pm aerodynamic diameter. The sampling system i s  thus 
n o t  d i r e c t l y  comparable t o  the  Environmental P ro tec t i on  Agency's compl i ance 
type sampling devices. 

Samples from the above sampling system as we l l  as coal,  bed mate r ia l ,  cy- 
clone ash, bag f i l t e r  ash, and bottom ash have been c o l l e c t e d  when the  AFBC was 
opera t ing  under var ious  cond i t ions  w i t h  several coal types and bed mate r ia l s .  

Inorgan ic  ana lys i s  o f  t he  samples from the  aerosol sampling system used 
f o r  t h e  AFBC was done by spark source mass spectrometry (SSMS)t us ing rhodium 
and indium as i n t e r n a l  standards. The methods f o r  organic ana lys is  o f  the  
pa r t i c le -assoc ia ted  and vapor phase hydrocarbons have been presented elsewhere 
(5,6). P a r t i  c l  es were u l  t rason ica l  l y  ex t rac ted w i t h  methyl ene c h l o r i d e  wh i l  e 
Tenax mate r ia l  was Soxhlet ex t rac ted  with.pentane. Gas chromatography and gas 
chromatography/mass spectrometry were used t o  charac ter ize  the  samples. 

Mutagen ic i ty  t e s t i n g  o f  t he  p a r t i c l e  o r  Tenax ( a  polymeri  c absorbant used 
t o  t r a p  vapor phase hydrocarbons) e x t r a c t s  was done w i t h  s t r a i n s  TA1535, TA100y 
TA1537, TA1538 and TA98 of SaZmoneZZa typhimuriwnt* Homogenates f o r  enzyme 
a c t i v a t i o n  were prepared from the l i v e r s  o f  r a t s  t rea ted  w i t h  A roc lo r  1254 (500 
mg/kg IP )  (14).  For mutagenic i ty  tes t i ng ,  samples of p a r t i c l e s  were ex t rac ted  
u l  t rason ica l  l y  w i t h  methylene ch lo r ide ,  bu t  Tenax samples were Soxhlet ex- 
t r a c t e d  w i t h  pentane. The e x t r a c t s  were evaporated t o  dryness a t  room tempera- 
t u r e  and r e c o n s t i t u t e d  i n  DMSO f o r  t h e  Ames t e s t  (14) .  The c y t o t o x i c i t y  o f  f l y  
ash f rom the FBC was evaluated i n  a1 veo lar  macrophages by a m o d i f i c a t i o n  o f  the  
methods o f  Waters e t  aZ. (15) .  

* A l l  SSMS analyses were done by CDM/Accu Labs, Wheatridge, CO. 
**Obtained from B. N. Arnes. 



RESULTS AND DISCUSSION 

Mass concentrat ions and s i z e  parameters o f  r e s p i r a b l e  f l u e  gas aerosols 
produced by the  AFBC have been determined f o r  t he  f u e l s  shown i n  Table 1 (2 ) .  
The r e s p i r a b l e  aerosol re leased i n t o  the  stack breech ranged from 2.2 t o  2.8 pm 
mass median aerodynamic diameter (MMAD) f o r  a l l  f u e l s  and AFBC opera t ing  condi- 
t i o n s  studied. Th is  i s  we l l  below the  10 pm upper s i z e  l i m i t  o f  our  sampling 
system and i s  probably n o t  a f f e c t e d  by the  sampling system s i z e  c u t - o f f .  The 
"< 10 pm f r a c t i o n ' '  o f  t he  f l u e  aerosol en te r ing  the  exhaust cleanup system from 
t h e  AFBC ranged f rom 3.2 t o  6.1 MMAD and appeared t o  vary w i t h  f u e l  type and 
AFBC operat ion.  I n s u f f i c i e n t  data are c u r r e n t l y  a v a i l a b l e  t o  exp la in  the r e l a -  
t i onsh ip .  The 10 pm sampling system c u t - o f f  d i d  n o t  appear t o  i n f l u e n c e  t h e  
observed MMAD a t  t h e  AFBC cleanup system i n l e t .  For a1 1 f u e l s  considered, the  
observed aerosol s i z e  a t  the  sampling p o i n t  between cyclones was lower than 
t h a t  observed a t  t h e  cleanup system i n l e t ,  evidence t h a t  t he  f i r s t  cyclone cap- 
t u r e s  l a r g e  p a r t i c l e s  e l u t r i a t e d  from the  bed. lhe second cyclone ar~d bdyt~uuse 
f i l t e r  appear t o  have 1 i t t l e  e f f e c t  on observed s i z e  d i s t r i ~ u t i o n s ,  suggest ing 
t h a t  t h e  c o l l e c t i o n  e f f i c i e n c y  o f  both devices f o r  p a r t i c l e s  below 10 pm i s  n o t  
h i g h l y  s l z e  dependent. 

Respirable aerosol concent ra t ion  a t  the  stack breech remained re1 a t i v e l y  
con t a n t  as f u e j  typg and AFBC opera t ing  cond i t ions  var ied, . ranging from 7 x S 10- t o  7 x 10- g/m . One except ion t o  t h i s  observat ion .was noted. During 
t h e  b u l k  Texas l i g n i t e  combustion studies,  an abnormally h i g h  stack i n l e t  aero- 
so l  mass load ing concent ra t ion  was observed. Upon subsequent disassembly, the  
baghouse f i l t e r s  were found t o  have holes. 

Cleanup system device penet ra t ion  by r e s p i r a b l e  aerosol p a r t i c l e s  i s  tabu- 
l a t e d  i n  Table 2 as a measure o f  cleanup e f f i c i e n c y .  Penetrat ion i s  de f ined as 
t h e  r a t i o  o f  device o u t l e t  mass load ing d i v ided  by device i n l e t  mass loading.  
F ine  p a r t i c l e  penet ra t ion  o f  the  exhaust system cleanup devices appeared t o  be 
a f u n c t i o n  o f  f ue l  type and combustor operat ion.  The baghouse f i l t e r  was the  
most e f f i c i e n t  device f o r  f i n e  p a r t i c l e  removal , a1 though t h i s  e f f i c i e n c y  drop- 
ped as t h e  f i 1 t e r  wore and developed holes. 

Morphology o f  AFBC f l u e  gas aerosol p a r t i c l e s  was examined by scanning 
e l e c t r o n  microscopy (SEM) and t ransmission e l e c t r o n  microscopy (TEM) o f  p a r t i  - 
c l  es c o l  1 ected by e l e c t r o s t a t i c  p r e c i p i t a t i o n  and w i t h  the  Love1 ace Aerosol 
P a r t i c l e  Separator. A1 though p a r t i c l e  s i z e  var ied,  e f f e c t s  o f  opera t ing  t h e  
AFBC below t h e  ash fus ion  temperature were r e a d i l y  seen. For a l l  f u e l s  ex- 
amined, p a r t i c l e s  escaping the  AFBC were i r r e g u l a r l y  shaped. Very few fused, 
spher ica l  p a r t i c l e s  were seen. Th is  i s  i n  c o n t r a s t  t o  f l y  ash from pu lve r i zed  
coal  combustion which cons is ts  main ly  o f  fused, spher ica l  p a r t i c l e s .  

While emissions f rom coal f i r e d  power p l a n t s  may have many environmental 
e f f e c t s ,  t he  s i ze  o f  emi t ted  p a r t i c l e s  i s  important  i n  most o f  them. A pr imary 
concern i n  human h e a l t h  r i s k  est imates i s  t h e  t o t a l  mass o f  emi t ted  p a r t i c l e s  
i n  t h e  r e s p i r a b l e  s i z e  range - (< 10 urn aerodynamic d i  amter ) . Assumi ng power . 
p l a n t  e f f i c i e n c i e s  and f l y  ash dens i t y  one can compare d a t a ' o f  Ondov e t  aZ. 
(16) , \.yon (17) and Mesi ch (18) on conventional pu l ve r i zed  coal combustion (rP.CC') 
w i t h  ITRI  data obta ined f rom the METC AFBC. Table 3 summarizes these data 1, 
which are  expressed as r e s p i r a b l e  mass load ing determined from cumulat ive siz'eri 
d i s t r i b u t i o n  estimates. - + I  i <:i 

- -.. 



Table 1. Summary o f  Aerosol Size and Mass Concentration a t  Various Locations i n  the 
METC FBC 'Exhaust Streams f o r  .D i f fe ren t  Fuels and Operating Conditions 

Sampling Pos i t i on  
1 2 3 4 

COAL TYPE,. OPERATING PARAMETER STACK BAGHOUSE BETWEEN TOP OF 
ADDITIVE CONDITIONS MEASURED BREECH INLET CYCLONES COMBUSTOR 

Montana 7 9 0 - 8 4 0 " ~ ~  M M A D ~ .  2.3 + 0.3 2.3 + 0.2 2.2 + 0.1 3.9 + 0.8 
Rosebud I d  
1 imes tone 0.9-1.4' 

Montana 790-900°C~ MMAD 2.4 + 0.2 3.0 + 0.4 2.7 + 0.3 6.1 + 0.9 
Rosebud I 1  
1 i mes tone 0.9-1.0 . g/m3 3.0 x 10 -2 0.56 0.59 3.4 

Texas 810-940 MMAD 2.8 x 0.3 3.2 + 0.4 3.0 + 0.3 4.8 2 2.3 
L i g n i t e  I 
(bulk)  

. . 

l imestone ' 1.3 g/m3f 1.8 3.1 3.2 - - 
Texas 860-890 MMAD - - 2.2 -+ 0.1 . - - 4.5 + 0,8 
L i g n i t e  I 1  
(washed) 
g lass sand 1.2 , . g/m3 7.6 x 0.24 - - 3;O 

Texas 86Q-890 MMAD 2.2 + 0.6 2.7 + 0.4 - - 3.3 + 0.9 
L i g n i t e  I 1 1  
(refuse) . 
1 imes tone 1.2 3 . 3 x 1 0 - ~  1.3 - - 2.6 

Texas 860-890 MMAD 2.2 + 0.4 2.7 + 0.4 - - - - 
L i g n i t e  I V  
( refuse) 
glass sand 1.2 g/m3 2.8 x 10-2 1.3 - - - - 
Texas 770-790 MMAD 2.3 + 0.9 ,3.2 + 0.3 - - ' .  5.6 + 1.6 
L i g n i t e  V 
( refuse) 
1 i mes tone 1.2 g/m3' 4.3 x lo-' 0.85 - - 4.9 

MMAD Texas 790-800 2.2 + 0.1 , 2.6 + 0.2 - - 3.2 + 1.1 
L i g n i t e  V I  
( refuse) 

1.2 g/m3 . 4.9 x lo-' 0.88' g lass sand - - 2.6 

Western 839 -900 MMAD 2.5 + 0.2 3.0 + 0.4 2.7 + 0.3 5.4 + 1.1 
Kentucky 
1 imes tone 0.91 g/m3 2.0 x 10 '~  0.46 0.42 3.4 

a ~ i  dibed temperature degrees Cel s ius  . b ~ a s s  median aerogynami c d i  aneter i n  pm (geo- 
met r i c  standard dev ia t ion  range -between 1.6 and 2.1 f o r  a l l  cascade impactor samples). 
CFl u i d i z i n g  v e l o c i t y  (m/sec) . iAddi t i v e  t o  bed materi  a1 (Greer 1 imestone o r  glass sand). 
eRespi rab le  mass loading (g/m3). fHigh mass loadings and v e r i f i e d  leak i n  baghouse. 



Table 2. Respirable (< 10 pm) Aerosol Penetrat ion o f  Exhaust System 
Cleanup Devices on an Experimental Atmospheric Pressure FBC 

Percent Penetrat ion 

Coal Type F i r s t  Cyclone Second Cyclone Baghouse 

Montana Rosebud I 2 6 
Montana Rosebud I 1  17 
Texas L i g n i t e  I - - 
Texas L i g n i t e  I 1  - - 
Texas L i g n i t e  111-IV - - 
Western Kentucky 2 4 

a v e r i f  i e d  baghouse f i 1 t e r  1 eak. 

. . . . . - . . .. - 

Table 3. Comparison o f  Conventional Pulverized Coal Power Plants and the 
18-inch METC FBC 

Plant  Type 
and F ina l  Flue Gas Cleanup Fuel Type 

Respirable 
Mass L ading 8 lb /10 Btu . 

180 MWe Ventur i  Scrubber Western Subbi tumi nous 0.16 
280 MWe Cold Side ESP Western Subbituminous 0.12 
280 MWe Hot Side ESP Eastern Subbi tumi nous 0.011 
FBC Baghouse Montana Rosebud 0.02 
TBC Baghouse L i g n i t e  (washed) 0.009 
FBC Baghouse Western Kentucky 0.004 

Examination o f  these data demonstrates t h a t  the METC AFBC, equipped w i t h  a 
baghouse f i l t e r  does no t  emit  more resp i rab le  p a r t i c l e s  than the conventional 
(Pcc) power p lants.  Note t h a t  the AFBC mass loading was' a func t ion  o f  coal , 

type as i s  probably t r ue  f o r  PCC. E f f ec t s  o f  opt imiz ing cleanup devices on an 
AFBC such as i s  done f o r  l a rge  PCC p lan ts  i s  unknown, although one could assume 
some decrease i n  e f f l uen t  p a r t i c u l a t e  loading. 

NO and SOx emissions from the METC 18-inch AFBC have been character ized 
extensi l(ely f o r  a number of fue ls .  As has been reported by others (19), s u l f u r  
r e t en t i on  i n  the METC AFBC i s  a funct ion o f  bed temperature (Fig. 2).  Optimum 
pred ic ted su l fu r  r e t en t i on  temperatures are i n  the range o f  1550°F and the - "  

experimental data show 90% o r  b e t t e r  s u l f u r  r e t en t i on  over a range o f  1490-I' ' '  
1620°F. Outside t h i s  region, su l fu r  r e t en t i on  drops sharply below theoret ica j ;  
p red ic t ions.  " : I t  " _ 0) 

;... C .'.. " 
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F igu re  2. Comparison o f  p red i c ted  s u l f u r  r e t e n t i o n  w i th -  METC experimental  
F l u i d i z e d  Bed resu l  t s  as a  f u n c t i o n  o f  bed temperature [METC data (19)l . 
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NO emission from the  METC' u n i t  were observed t o  be NO. The re lease o f  
NO by t f ie  AFBC appears t o  be more complicated than i s  the  case f o r  PCC, b u t  i s  
dependent on 'bed temperature, excess oxygen and poss ib l y  heterogeneous reac t ions  
w i t h  unburned carbon i n  the  combustor freeboard. Table 4 i l l u s t r a t e s  t y p i c a l  
data from combustion s tud ies  a t  comparabl e  combustor opera t ing  cond i t i ons  . The 
e f fec t  o f  O2 content  i n  t he  f l u e  gas i s  shown i n  F igure  3. 



Table 4. E f f e c t  o f  Bed Temperature on N i t r i c  Oxide Emissions 

Oxygen . i n  F lue  Gas Gas Residence Time Bed Temperature NO Emission 
(% Vol . )  .... (Sec. ) . ( O F )  ( P P ~  

F igure  3. E f f e c t  o f  oxygen i n  f l u e  gas on NO emissions f o r  two SO2 sorbentshJl 
[METC data (19)l . ' -  3..!- . 
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F i l t e r ,  impactor and hopper ash samples were analyzed f o r  elemental com- 
pos i t ion  using spark source mass spectrometry. Par t i c le  trace element concen- 
t r a t i o n  varied wi th  posi t ion sampled i n  the e f f l uen t  stream, fue l  and operatin9 
parameters. A 1 i m i  ted number o f  e l  ements had concentration var i  at ions w i  t h  
p a r t i c l e  size. A detai led l i s t i n g  o f  the inorganic composition o f  the AFBC 
e f f l  uents has been pub1 i shed (9,12). 

The elemental composition of the AFBC ash was a funct ion o f  sampling loca- 
t ion, as indicated by differences i n  enrichment factors and penetrations (12). 
Enrichment factors account f o r  enrichment o f  elements i n  combustor feed mate- 
r i a l  due t o  loss o f  carbon during combustion. Penetrations show the extent o f  
removal o f  the par t i cu la te  form o f  an element by a cleanup device. The reasons 
f o r  t h i s  are being investigated. No elements showed s ign i f icant  differences i n  
penetration through the primary cyclone compared t o  the inorganic marker Z r .  
Two elements ( L i  and Se) showed. penetration differences through the secondary 
cyclone and two elements ( I  and L i )  showed differences through the baghouse. . 
Baghouse ash was s ign i f i can t l y  depleted i n  Te and TI and enriched i n  Ge. How- 
ever, f o r  stack breech there were no s ign i f i can t  differences between enrichment 
factors f o r  Te, TI and Ge i n  comparison w i th  Z r .  Six other elements (Bi , B, Co, 
F, L i  and Sc) were enriched i n  stack breech f l y  ash. Eight elements (Cl, Dy, I, 
L i  , Te, TI, W and Yb) were s ign i f i can t l y  depleted i n  the spent bed material , % 

which i s  p r imar i l y  ash and 1 imestone (wi th  chemi sorbed SO2). 
I :' 

Differences i n  elemental concentration were observed f o r  samples obtained 
under d i f f e r e n t  combustor operating conditions (12). Concentrations o f  a ma- 
j o r i  t y  o f  the elements studied were s ign i f i can t l y  af fected by operating param- 
eters. The elements af fected were Be, Bi, B, Br, Ce, C1, C r ,  Co, Er ,  Eu, H f ,  
I, [.a, Ph, L i ,  Lu, Nd, N i ,  P, Pr ,  Sm, Sc, Se, Na, Sr ,  Tb, TI, Tm, W, U, Yb, Y 
and Zn. Although one o f  the major changes i n  operating parameters was combus- , J 

t i o n  temperature, the concentrations o f  several v o l a t i l e  elements (Sb, As, Cd, 
and Mo) were not  s ign i f i can t l y  changed. The concentrations o f  minor and trace 
elements determined i n  METC AFBC ash were s imi la r  t o  reported values f o r  other 
AFBCs and pressurized f l u i d  beds (12). More P and less Cu was found i n  METC 
AFBC ash than has been reported f o r  other FBCs. 

Emission rates o f  9 po ten t i a l l y  t ox i c  trace elements as a funct ion o f  coal 
type burned i n  the METC AFBC are sumnarized i n  Table 5. These data ind icate 
tha t  the sum of the emitted mass (ug/g o f  f l y  ash) range f rom 200 t o  3000 ppm 
depending on fue l  type wi th  uncl eaned 1 i g n i  t e  combusti on resul t i n g  i n  about 10 
times the m i s s i o n  ra te  o f  cleaned 1 i g n i t e  o r  Montana Rosebud. Simi lar ly,  data 
from Ondov e t  aZ. (16) f o r  PCC power plants are compared f o r  the sum o f  8 po- 
t e n t i a l l y  tox ic  trace elements w i th  ITRI resul ts  on the METC AFBC (Table 6). 
These data ind icate tha t  the sum o f  Sb, As, Cd, C r ,  Cu, Pb, N i  and Se emission 
i s  lower f o r  AFBC than f o r  three conventional PCC power plants studied. A l l  
trace element emission data t o  date indicate tha t  AFBC trace element hazards 
are no more s ign i f i can t  than f r o m  conventional PCC power plants. 

The environmental impact o f  introducing AFBCs f o r  e lec t r i ca l  generation 
depends p a r t l y  on whether AFBC and PCC ash d i f f e r  i n  elemental composition. 
The data indicates tha t  ash from the two combustion technologies i s  s imi la r  i n  
elemental concentration. The observed concentration ranges overlap i n  most 
cases, usual ly w i th  the extremes o f  one range extending beyond t h a t . o f  the 
other. This was t rue despite major differences i n  PCC p lant  design,, fue l  , 
operating -conditions, cleanup devices and sampl i ng method01 ogy. The simi l .a r i  t y  



Table 5. Pa r t i cu l a te  Trace Element Emissions from the METC Experimental AFBC 

Fuel Type 

L i g n i t e  Refuse 
Raw L i g n i t e  
Clean L i g n i t e  
Montana Rosebud 

Trace ~l ementsa (pglq)  

asurn o f :  Sb, As, Be, Cu, Pb, N i ,  Se, 11, Zn r f 

Table 6. Pa r t i cu l a te  Trace Element Emission Comparisons o f  AFBC and PCC 

Emission   ate^ o f  
8 Toxic Trace Elements 

P lan t  Type and Final  Cleanup System (gm/106 ~ t u )  

18" AFBC Baghouse 0.01 
350 MWe Pul ver ized Coal -Venturi  Scrubber 0.2 
350 MWe Pulverized Coal -Hot Side ESP 0.1 
250' MWe Pul v e r i  zed Coal -Cyclone 0.6 

asurn o f :  Sb, As, Cd, C r ,  Cu, Pb, N i ,  Se 

i n  ash composition ind icates t h a t  the two combustion processes w i l l  no t  have 
r a d i c a l l y  d i f f e r e n t  environmental impacts. . 

Several i nves t iga to rs  have shown t h a t  p a r t i c l e s  produced by PCC have 
var ia t ions  i n  elemental composition as a func t ion  o f  p a r t i c l e  size. We found 
fewer elements concentrated i n  small pa r t?  c l  es w i t h  Montana Rosebud combustion 
e f f l uen t s  than have been reported f o r  PCC. With Montana Rosebud coal (9), 
on ly  three elements (Be, Ga and Hf )  were found enriched i n  small p a r t i c l e s  
from the AFBC exhaust. Iodine and terbium were found t o  decrease i n  concen- 
t r a t i o n  w i t h  decreasing p a r t i c l e  size. The enrichment o f  I i n  la rge  p a r t i c l e s  
co l l ec ted  from the stack breech can be a t t r i b u t e d  t o  entrainment o f  l imestone 
p a r t i c l e s  i n  the ,exhaust stream and penetrat ion o f  the cleanup devices. Our 
c l a s s i f i c a t i o n  of H f  as an element exh ib i t i ng  small p a r t i c l e  enrichment was 
no t  expected on the basis o f  i t s  chemical and physical propert ies.  

The extent  o f  small p a r t i c l e  enrichment was also greater f o r  PCC ash com- 
pared t o  AFBC ash (12). The r a t i o  o f  elemental concentrations i n  small p a r t i -  
c les  versus la rge  p a r t i c l e s  f o r  PCC was greater than f o r  AFBC except f o r  Pb. , 



The largest  difference i n  concentration ra t ios  was found fo r  Cr. Less -small 
par t ic le  enrichment was a1 so. observed from similar cal cul ations done with data 
pub1 ished by Murthy e t  a t .  (20) on .pressurizeti fluidized bed combustors (PFBc).. 
The reduced small part ic le  enrichment observed fo r  both types of. FBC's i n  com- 
parison w i t h  PCC i s  probably due t o  the lower combustion temperature fo r  FBC's 
(800 to  1000QC) compared t o  tha t  of conventional PCC (1300 to  1500°C). The 
lower temperatures resul t  i n  l ess  vaporization, decreasing the extent of se- 
lect ive condensation o r  adsorption onto small part ic les .  

Vapor and particulate phase samples were analyzed for  organic compounds 
(5,6,12). Fol lowing extraction, gas chromatography and gas chromatography mass 
spectrometry were used f o r  quanti ta t ion and tentat ive compound ident if icat ion.  
Vapor phase organic concegtrations i n  stack eff luent  ( a f t e r  the baghouse) 
ranged from 0.084-20 mg/m . The highest vapor phase organic concentration 
measurements were obtained with Montana3Rosebud subbituminous coal combustion 
where concentrations as high as 20 mg/m were observed. Although there were 
variations in vapor phase organic concentrations a t  different  sampl ing posi - 
t ions,  no uniform trend was apparent. For a l l  fuels  studied the concentration 
of vapor phase organics was higher than the extractable par t ic le  associated 
organic concentration. For Texas 1 igni te ,  95-98% of the organics present i n  
the exhaust stream a t  a l l  four sampling locations were i n  the vapor phase. 
Similar resul ts  were obtained for  other coals. 

Part ic le  associated hydrocarbon concentrations varied w i t h  sampling posi- 
tion.' High volume f i l t e r  samples taken a f t e r  the bag f i l t e r  had concentrations 
of 650-880 ug/g of ash. Samples from ash collected by the cleanup system had 
considerably lower cnncentrations, 4.4-50 ug/g.. The h~drocarbon concentration 
in ash increased with distance from combustor as the temperature decreased, 
suggesting par t ic le  adsorption. of vapor phase organics w i t h  cool i ng . Samples 
taken from the stack (a f t e r  the bag f i l t e r )  following cooling and dilution had 
much higher hydrocarbon levels than those taken i n  f ront  of the bag f i l t e r .  

There have been relat ively few reported measurements, of eff luent  hydrocar- 
bons from coal combustion technologies. The concentrations reported here f o r  
vapor and par t ic le  phase hydrocarbons are  similar t o  those reported fo r  other 
atmospheric and pressurized F B C ' s  (20-22) (Table 7 ) .  For both vapor and par- 
t i  cl e phase samples, Argonne National Laboratory (ANL) reported the highest 
hydrocarbon 1 eve1 s . 

Table 7. Reported Concentrations o,f Organics Associated.with Particles and 
i n  the Vapor Phase from Various Fluidized Bed Coal Combustors 

ANL Exxon BCL METC 
PFBC PFBC AFBC - AFBC 

Vapor Phase 
(mg/m3 2-30 2.2 11.5 0.084-20 

Part ic le  
Associated 0.8-4 

(mg/s 



Few hydrocarbon l eve l  data are avai 1 ab1 e for  PCC. The resu l t s  o f  two 
. . e a r l y  studies are compared t o  some o f  the resu l t s  f r o m  t h i s  study (Table 8). 

: f .  
.. . . The AFBC appears t o  have. higher vapor phase organic leve ls .  The t o t a l  o f  11 
.<:. compounds were measured a t  a PCC p l a n t  i n  1965 (23). The methodology used i n  
-: - the  1965 study i s  considerably d i f f e r e n t  from current  procedures and may have 

resu l ted  i n  small e r  polycycl  i c  organic matter (POM) concentrat ion measurements 
than would be obtained w i t h  current  techniques. It has been hypothesized t h a t  
as the e f f  1 uent stream cool s, the vapor-phase hydrocarbons condense. onto p a r t i  - 
c les  o r  are adsorbed by par t i c les .  Our AFBC measurements f o r  vapor-phase POM 
and p a r t i c l  e-associated hydrocarbons t o  date, show t h a t  even 2 minutes a f t e r  
coo l ing and d i l u t i n g ,  most o f  the POM1 s remain i n  the vapor phase. A1 though 
condensation o r  adsorption may occur i n  power p lan t  plumes, these e f f ec t s  were 
n o t  observable i n  the 2 minute time frame a f t e r  cool ing 'and d i l u t i n g .  

Tab1 e 8. Estimated Aromatic Hydrocarbon Emissions from Cor~ver~ kional and 
AFBC Combustors -A 

Aroma ti c 
Hydrocarbons . I 

Plant  Type mq/106 ~ t u  : 

Estimated conventional coal - f i red  power p l an t  
Total  o f  1.1 compounds a t  a conventional PCC p lan t  

Measurements a t  METC AFBC 

Montana Rosebud Coal > C6 Vapor Phase 
Montana Rosebud ext ractab l  e from p a r t i c l e s  
Texas l i g n i t e  > C6 vapor phase 
Texas 1 i g n i t e  ext ractab le  from p a r t i  c l  es 
Texas 1 i g n i t e  refuse > Cg vapor phase 
Clean Texas l i g n i t e  refuse > Cg vapor phase 
Western Kentucky > C6 vapor phase 

The SaZmoneZZa mutagen4 c l  t y  (Ames ) bioassay has provided a rap id  method 
f o r  detect ing po ten t ia l  mutagens a t  d i f f e r e n t  locat ions i n  the process stream 
and i n  the  cleanup system o f  the AFBC as we1 1 as evaluat ing changes i n  muta- 
geni c i  ty  associated w i t h  d i f f e r e n t  f ue l  types and operating condi t ions (7). 
Samples evaluated t o  date include: (A) vapor phase hydrocarbons co l lec ted on 
Tenax adsorbent a t  three d i f f e r e n t  pos i t ions i n  the e f f luen t  stream; (B) methy- 
lene ch lo r ide  ext racts  o f  mater ia l  trapped by the primary and secondary cyclones; 
and (C) methylene ch lo r ide  o r  DMSO ex t rac ts  o f  f l y  ash co l lec ted  i n  bag f i l t e r s ,  
on h igh volume f i l t e r s  placed a t  the stack breech, and ex t rac ts  o f  s i ze  sepa- 
ra ted  f l y  ash co l lec ted  by cascade impactors placed a t  the stack breech. Samples 



c o l l e c t e d - w h i l e  the AFBC was burn ing Montana Rosebud subbituminous, Western 
Kentucky b i  tumi nous, and Texas 1  i gni  t e  coal s  have been eval uated. 

To date, none o f  the vapor phase hydrocarbons adsorbed from the  process 
stream on Tenax t raps  have demonstrated any mutagenici  t y  ( 7 ) .  As was noted i n  
the  sec t i on  on organic ana lys i s  o f  the  e f f l u e n t ,  the  m a j o r i t y  (over  90% i n  most 
cases) of the hydrocarbons i n  the gaseous e f f l u e n t s  were i n  the vapor phase and 
no mutagen ic i ty  has been detected i n  these samples. 

No mutagen ic i ty  was detected i n  any b f  the pr imary cyclone samples and on l y  
3 o f  the  secondary cyclone samples were p o s i t i v e  (corresponding t o  two sampling 
per iods f o r  which mutagen ic i ty  o f  the bag f i l t e r  ash was the  h ighes t ) .  Com- 
pounds responsib le f o r  mutagen ic i ty  may have been adsorbed o r  condensed more 
e f f i c i e n t l y  by the lower temperatures and re ta ined  by the  smal le r  s i zed  p a r t i -  
c l e s  c o l l e c t e d  i n  the  bag f i l t e r  than by the l a r g e r  p a r t i c l e s  c o l l e c t e d  a t  
h igher  temperatures i n  the cyc l  ones. 

When Montana Rosebud baghouse ash samples c o l l e c t e d  du r ing  seven d i f f e r e n t  
sampling per iods were tested,  mutagen ic i ty  o f  bag f i l t e r  ash e x t r a c t s  v a r i e d  
over  200- fo ld ( 7 ) .  Two o f  the  seven samples were no t  mutagenic when up t o  2 g 
o f  f l y  ash were ex t rac ted  and tested.  There was some c o r r e l a t i o n  between com- 
bus tor  bed temperature and mutagen ic i ty  o f  the f l y  ash ex t rac ts ;  the th ree  most 
mutagenic samples were burned a t  h igher  temperatures than most o f  the  negat ive  
samples. 

Chrisp e t  aZ. (24)  have repor ted  on the  mutagen ic i ty  o f  e x t r a c t s  o f  f l y  
ash c o l l e c t e d  f rom a  convent ional PCC. We a l so  p a r t i c i p a t e d  i n  an exchange *of 
f l y  ash samples and f l y  ash e x t r a c t s  w i t h  the  U n i v e r s i t y  o f  C a l i f o r n i a  a t .  Davis 
(Chr isp)  and Argonne Nat ional  Laborator f  es (Kubi tschek)  t o  compare the i n t e r -  
l a b o r a t o r y  v a r i a t i o n  i n  the  r e s u l t s  o f  mutagen ic i ty  t e s t i n g  (25).  D i f fe rences 
i n  sample c o l l e c t i o n  and handl ing techniques and combustor s ize ,  make d i r e c t  
comparisons between the  AFBC ash c o l l  ected by us and the  PCC ash c o l l e c t e d  by 
Chr isp e t  aZ. d i f f i c u l t .  However, none o f  the AFBC samples tes ted  t o  date 
have had mutagenic a c t i v i t y  ( rever tan ts lmg o f  ash ex t rac ted )  as h igh  as t h a t  
repo r ted  by Chr isp e t  aZ. (24,25). The mutagenic a c t i v i t y  o f  the AFBC ash 
tes ted  by  us has been about one-tenth t h a t  o f  t he  PCC ash tested.  Even though 
d i r e c t  comparisons are  d i f f i c u l t  a t  t h i s  t ime due t o  d i f f e rences  i n  combustor 
s i z e  and sampl i n g  techniques, the  AFBC e f f l u e n t s  (ash and vapor phase hydrocar- 
bons) c e r t a i n l y  appear t o  have no g rea te r  and probably l ess  mutagenic a c t i v i t y  
than s i m i l a r  e f f l u e n t s  from PCC p lan ts .  

Numerous AFBC and comparable PCC f l y  ash samples have been evaluated f o r  
c y t o t o x i c i t y  aga ins t  a  quar tz  standard. None o f  the  samples tes ted  t o  date from 
e i t h e r  AFBC o r  PCC have shown s i g n i f i c a n t  c y t o t o x i c i t y  i n  t h i s  system. 

The expected mode o f  human exposure t o  FBC e f f l u e n t s  i s  repeated o r  con- . 
t inuous i n h a l a t i o n  a t  low doses f o r  l ong  per iods o f  t ime ranging up t o  l i f e  
span. There are  no repo r t s  o f  s tud ies  o f  the  i n h a l a t i o n  o f  FBC f l y  ash, bu t  
A l a r i e  and coworkers (26-28) have s tud ied  the response o f  Cynomolgus monkeys 
and guinea p i g s  t o  the i n h a l a t i o n  o f  ash from convent ional coal combustion. 
T h e i r  research i n d i c a t e d  t h a t  1 t o  1-112 year  exposures t o  0.5 mg/m3 o f  conven- 
t i o n a l  f l y  ash d i d  n o t  r e s u l t  i n  b i o l o g i c a l  e f f e c t s  o the r  than accumulation o f  
ash i n  1  ung c e l l  s  and lymph nodes, and some nodules o f  aggregated macrophages . 



These studies,  however, d i d  n o t  employ func t i ona l  measurements such as fo rced  
e x p i r a t o r y  flow-volume and volume-time ind i ces  which have been recommended f o r  
use i n  de.tect ing l ung  disease from environmental p o l l u t a n t s  and demonstrated 
t o  be use fu l  i n  human epidemiologic  s tudies.  Thus, there  i s  a c r i t i c a l  need 
f o r  ch ron i c  i n h a l a t i o n  s tud ies  on both FBC and PCC f l y  ash. We p lan  t o  i n i t f -  
a t e  chron ic  i n h a l a t i o n  s tud ies  o f  t h i s  type i n  the  near f u t u r e .  

SUMMARY AND CONCLUSION 

Based on our  s tud ies  o f  the  p o t e n t i a l  emissions o f  AFBC and comparing 
them t o  data a v a i l  ab le  i n  the  1 i t e r a t u r e  from PCC, t he  f o l l o w i n g  conclusions 
have been made. 

o AFBC p a r t i c l e  emissions are comparable o r  lower than f rom 
convent ional power p lan ts .  

AFBC t r a c e  element emissions a re  comparable o r  lower than 
convent ional power p'l an t  emissions. 

m AFBC p o l y c y c l i c  o rgan ic  emissions appear t o  be h ighe r  than 
est imated f o r  convent ional power p l a n t s  and a re  p r i m a r i l y  vapor 
phase as measured. 

m Mutagenic a c t i v i t y  has n o t  been detected i n  AFBC vapor phase 
po l ycyc l  i c  o rgan ic  AFBC samples tes ted  t o  date. 

Mutagenic a c t i v i t y  has been detected i n  some f l y  ash samples 
from t h e  AFBC bag f i l t e r  and stack. 

The mutagenic a c t i v i t y  per  mass o f  f l y  ash ex t rac ted  appears 
t o  be l e s s  i n  the  METC f l u i d i z e d  bed combustor ash than t h a t  
repo r ted  f o r  one convent ional power p l  ant .  

More comparisons a r e  needed between FBC and convent ional 
combustion emissions e s p e c i a l l y  f o r  o rgan ic  emissions. 

Chronic i n h a l a t i o n  s tud ies  on both FBC and convent ional 
combustion emissions are  needed. 
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PRELIMINARY OPERATION AND ENVIRONMENTAL CHARACTERIZATION 
OF THE GEORGETOWN UNIVERSITY FLUIDIZED BED COMBUSTOR 

P. A. Treado and D. P. .Shaft- 
Georgetown Un ive r s i t y  

ABSTRACT 

Georgetown Un ive r s i t y  and F lu id i zed  Combustion Company have completed 
t h e  construc.Cion of an atmospheric-pressure f l u i d i z e d  bed combustion (AFBC) 
system which is burning h igh  s u l f u r  c o a l  i n  an  environmental ly  accep tab l e  
manner. The Georgetown AFBC has  a  steam product ion c a p a c i t y  of 100,000 l b / h r  
and w i l l  burn about  5  t ons  per  h r  of bituminous c o a l  when both  beds of t h e  
b o i l e r  a r e  i n  f u l l  ope ra t i on .  It i s  expected t h a t  s u f f i c i e n t  d a t a  w i l l  be  
ob ta ined  from t h e  Georgetown AFBC s o  t h a t  i n d u s t r y  can move d i r e c t l y  t o  t h e  
des ign  and cons t ruc t ion  of commercially warranted i n d u s t r i a l - s i z e  f l u i d i z e d  
bed boiLBr u n i t s .  

The f l u i d i z e d  bed system has  been opera ted  f o r  w e l l  over  1000 hours .  Due 
t o  a  low steam demand by t h e  Un ive r s i t y  campus, much of  t h e  o p e r a t i o n  has  been 
r e s t r i c t e d  such t h a t  only one bed has  been i g n i t e d  and producing steam. The 
emiss ions  monitor ing system has been func t ion ing  both  p r i o r  t o  and dur ing  bed 
o p e r a t i o n .  It i s  encouraging t h a t  some reasonable  c o r r e l a t i o n s  have been 
measured between t h e  s u l f u r  con ten t  of t h e  c o a l  being burned, t h e  amount of 
l imes tone  i n j e c t e d  i n t o  t h e  bed and t h e  e f f l u e n t  SO and 0 con ten t  of t h e  
s t a c k  emissions.  

2  2  

The Georgetown AFBC h a s  been p a r t i a l l y  funded by t h e  Department of Ener- 
gy w i t h  c o n t r a c t  EX 76-C-01-2461, and i n  accordance w i t h  t h e  Program P lan  f o r  
En~iss ions  Monitoring f o r  t h e  Georgetown AFBC the  fo l lowing  emiss ions  from t h e  
s t a c k  have been measured: SO2, 02, NO/NOx, CO, C02, o p a c i t y ,  p a r t i c u l a t e s  and 
hydrocarbons i nc lud ing  po lycyc l i c  a romat ic  hydrocarbons. The p a r t i c u l a t e  an- 
a l y s i s  has included POMs, TSP and e lementa l  a n a l y s i s .  S t u d i e s  of t h e  a romat ic  
hydrocarbons i nc ludes  GC d a t a  from samples a t  t h e  e x i t  t o  t h e  s t a c k ,  n e a r  t h e  
i s o k i n e t i c  p o i n t  i n  t h e  s t a c k  and from f l y  a s h  and c o a l  samples. Elemental 
a n a l y s i s  of samples from t h e  s t a c k  e f f l u e n t s ,  pass ing  through a  6-stage im-  
pac to r ,  from c o a l  samples and from f l y  a s h  samples has  been accomplished. 

The emiss ions  sampling and a n a l y s i s  systems inc lude :  cont inuous chemi- 
luminescence NO/NO,, NDIR CO and C02, paramagnetic 02, pu lsed  UV f l uo re scence  
SO2 and double-pass o p t i c a l  t ransmissometer  o p a c i t y  moni tors ;  a s  w e l l  a s  o f f -  
l i n e  flame i o n i z a t i o n  and GC hydrocarbon monitors  and pro ton  induced X-ray, 
mass spec t rometer ,  and o p t i c a l  emissions spec t rometer  e lementa l  a n a l y s i s  ap- 
pa ra tu s .  C lea r ly ,  i n  a l l  c a s e s  s tandard  samples, t r a c e a b l e  t o  NBS s t anda rds ,  
a r e  used t o  c a l i b r a t e  each of  t h e  d a t a  a c q u i s i t i o n  systems. 

W e  i n t end  t h i s  paper  t o  be  a  s t a t u s  r e p o r t  of t h e  pre l iminary  o p e r a t i o n  
and environmental  c h a r a c t e r i z a t i o n  of tk.Georgetown AFBC w i t h  p a r t i c u l a r  
emphasis on d a t a  ob ta ined  w i t h  one of t h e  two beds i n  o p e r a t i o n  f o r  ove r  1000 
hours.  I n  a d d i t i o n ,  ' t h e  s p e c i f i c  problems addressed i n  t h e  a t t empt s  t o  maxi- 
mize t h e  on-time f o r  t h e  emissions monitor ing appa ra tu s  w i l l  b e  d i scussed .  

The Georgetown AFBC h a s  been designed and engineered t o  produce 100,000 
l b / h r  of s a t u r a t e d  steam a t  625 p s i g  w i t h  t h e  p o s s i b i l i t y  of cogenera t ion  of 
e l e c t r i c a l  energy by i n s t a l l a t  n  of a  backpressure  steam t u r b i n e  and e lec-  
t r i c a l  g e n e r a t o r  i n  t h e  future'! P r e s e n t l y ,  w e  supply  250 p s i g  steam t o  an 



e x i . s t i n g  header through a p re s su re  reducing s t a t i o n  and s a t i s f y  t h e  chang- 
i n g  l oad  cond i t i ons  of' t h e  Un ive r s i t y  complex, i nc lud ing  t h e  Hosp i t a l  and the  
Medical Center .  

~ l u i d i z e d  Bed Combustor 

Many of t h e  des ign  f e a t u r e s  of t h e  f l u i d i z e d  dual-bed combustor a r e  
shown i n  Figs.  1 and 2. Hor izonta l  dimensions of  t h e  bed a r e  i l l u s t r a t e d  i n  
F ig .  2. V e r t i c a l l y  t h e  expanded bed depth w i l l  be  about  4'6" wh i l e  t h e  f r e e -  
board i s  8'. Coal i s  d i s t r i b u t e d  a c r o s s  t h e  t op  of t h e  beds by convent iona l  
sp reade r  s t o k e r  f e e d e r s  which a r e  l o c a t e d  two f e e t  above t h e  beds.  Limestone 
i s  simply dumped on t o p  of t h e  beds ,  w i t h  one f eed  p o i n t  pe r  bed. 

Adequate combustion e f f i c i e n c y  t o  ach i eve  a f u e l  t o  s t e a m l b o i l e r  e f f i -  
c iency  of j u s t  above 80% is provided by s e v e r a l  ope ra t i ng  f a c t o r s  i nc lud ing  
thc ratio of t h c  3 i e c  of t h c  c o a l  t o  t h o  f l u i d i z i n g  volcrsity which $ 5  i i ~ i i a l l y  
about  8 f t l s e c :  t h e  r e c y c l i n g  of f l u e  gas  which f i r s t  pa s se s  through a n  in -  
t e r n a l  c inde r  t r a p  t o  remove suspended unburned carbon a s  t h e  g a s  l e a v e s  t h e  
bed; and t h e  r e c y c l i n g  of f i n e  p a r t i c l e s  of unburned carbon c o l l e c t e d  i n  a 
mult icyclone.  

The dua l  beds,  when i n  f u l l  ope ra t i on ,  a r e  expected t o  have t h e  adequate  
turndown and load-fol lowing c a p a b i l i t i e s  a l r e a d y  d e ~ a u ~ ~ s L r a t r d  i l l  vrlr bed op- 
e r a t i o n .  

Heat i s  e x t r a c t e d  wi th  t h e  waterwal l s ,  i n  bed tubes  and convec t ive  h e a t  
t r a n s f e r  su r f aces .  It should be  po in ted  o u t  t h a t  s l a n t e d  t ubes  a r e  i n  t h e b e d  
and n a t u r a l  c i r c u l a t i o n  occu r s  so  t h a t  no fo rced  c i r c u l a t i o n  i s  r equ i r ed .  
Also, t h e  d i v i d e r  between t h e  two beds i s  cons t ruc t ed  of water  w a l l  tubes  
w i t h  f i n s .  

A balanced d r a f t  system i s  used t o  provide  combustion a i r .  A p r e s s u r e  ' 

a l i t t l e  above atmospheric  i s  produced a t  t h e  top  of t h e  bed(s )  w i th  a fo rced  
a i r  f a n  be fo re  t h e  b o i l e r  and an induced d r a f t  f a n  a f t e r  t h e  f a b r i c  f i l t e r  o r  
bag house. 

Spent  bed m a t e r i a l s  a r e  withdrawn through p o r t s  i n  t h e  g r i d  p l a t e  shown 
i n  F ig .  1; g r a v i t y  being used. The bed m a t e r i a l  i s  cooled by water  from about  
1600 F t o  about  250 F and then  i s  t r anspo r t ed  v i a  a pneumatic system t o  a bed 
m a t e r i a l  c ru she r .  When a l l  works we l l ,  which i s  most of t h e  t i m e ,  t h e  crush-  
e r  exposes  t h e  co re  of t h e  calcium oxide  i n  t h e  smal l  spen t  bed m a t e r i a l  
p i e c e s  and a homogeneous m a s s  i s  formed. 

F lue  Gas Handling and P a r t i - c u l a t e  Cont ro l  .- 

The f l u e  gases ,  p r i o r  t o  l eav ing  t h e  b o i l e r ,  a r e  cooled by convec t ive  
h e a t  t r a n s f e r  p roces se s  t o  about 750 F and t h e  l a r g e  p a r t i c l e s  a r e  removed 
by an i n t e r n a l  c i n d e r  t r a p .  A convent iona l  dev ice ,  t h e  Mul t ic lone  of  Joy  
Manufacturing, Western P r e c i p i t a t i o n  Div is ion ,  which c o n t a i n s  50 l e s s - than  
12" diameter  cyc lones  i n  p a r a l l e l  is t h e  primary emission c o n t r o l  u n i t .  The 
des ign  s p e c i f i c a t i o n s  of t h i s  u n i t  were: a g a s  f low of 56,000 acfm a t  750 T, 
a n  i n l e t  p a r t i c l e  concen t r a t i on  of 42 g r / s c f ,  an e f f i c i e n c y  of  85% and an 
o u t l e t  concen t r a t i on  of 6 g r l s c f .  A f t e r  t h e  Mult icone t h e  f l u e  gases  e n t e r  
an  economizer ( feed  water p r e h e a t e r )  and then  a r e  t r a n s m i t t e d  through t h e  
f a b r i c  f i l t e r  (bag house) which is  t h e  f i n a l  p a r t i c u l a t e  removal component i n  
t h e  system prepar ing  t h e  e f f l u e n t s  f o r  environmental ly  accep tab l e  expuls ion  
t o  t h e  community. 

The f a b r i c  f i l t e r  bag house is  a 22-compartment u n i t .  I n i t i a l l y ,  i t  had 
36 130% Teflon f i b e r  Dupont Armalon f e l t  bags i n  each compartment o p e r a t i n g  
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Fig. 1. Side view of Georgetown AFBC Fig. 2. Top view of Georgetown AFBC 



a t  an  a i r  t o  c l o t h  r a t i o  of about  5 : l .  The type of bags has  been changed t o  
be Nomex f i b e r g l a s s  i n  19 compartments, Nomex f i b e r g l a s s  t r e a t e d  wi th  an an- 
t i c o r r o s i v e  m a t e r i a l  i n  one compartment, r e g u l a r  Nomex i n  another  compartment 
and t h e  Dupont Armalon f e l t  bags i n  t h e  remaining compartment. The mixture  
should a l low subsequent s e l e c t i o n  of t h e  optimum bag m a t e r i a l  o r  s e t  of ma- 
t e r i a l s .  The c o s t  of t h e  i n i t i a l  bags was q u i t e  high compared t o  convent iona l  
g l a s s  f a b r i c  bags, bu t  t h e i r  h igher  e f f i c i e n c y  w a s  expected t o  be  needed. A l -  
though t h e  f i r s t  arrangement was not  completely s a t i s f a c t o r y ,  t h e  new arrange-  
ment seems t o  provide  t h e  necessary environmental-control func t ion .  Cleaning 
of t h e  bags is  i n i t i a t e d  when t h e  p re s su re  drop reaches  a ~ r e i e t e r m i n e d  va lue  
(6" W.C.); t he  c l ean ing  i s  by t h e  novel r e v e r s e  a i r  method which i s  c a l l e d  
t h e  shock-drag technique  by t h e  s u p p l i e r  Enviro-Syste~us. A t  t h i s  p o i n t  i n  
t i m e  i t  appears  as though t h e  des ign  c r i t e r i a  of 40,000-45,000 acfm gas  flow 
a t  400 F and t h e  i n l e t  concentratioxi t o  o u t l e t  concen t r a t ion  r a t i o  of 300 is  
being s a t i s f i e d .  P a r t i c u l a t e s  c o l l e c t & d  by rhe Iabr i c  f i l t e r  i n  thc  bag house 
a r e  t r anspor t ed  t o  a s i l o ;  s e p a r a t e  s i l o s  a r e  provided f o r  spent  bed m a t e r i a l s  
and f o r  bag house p a r t i c u l a c e s .  

Coal and Limes-tone Feed . .  . -- 

Dry c o a l  i s  supp l i ed  by 20-ton capac i ty  t r u c k s  t o  a hopper and i s  then  
conveyed and e l e v a t e d  from the  hopper t o  t h e  top  of one of t h r e e  s t o r a g e  
bunkers  each  having a capac i ty  of approximately 350 tons .  To ensure  minimal 
conveyer down time i n i t i a l l y ,  w e  have been us ing  double screened as -de l ivered  
c o a l  w i t h  a s i z e  of 1 t o  1 k i nch  by inch .  A s  t h e  p lan t -opera t ion  exper- 
i e n c e  i n c r e a s e s ,  we w i l l  move t o  c o a l  i n  t h e  s i z e  range of 3 /8  inch  t o  2 i n c h  
w i t h  i n p l a n t  c rush ing  and screening  t o  reduce t h e  f eed  t o  1 inch  by k inch .  
Coal i s  removed from t h e  s t o r a g e  bunker t o  t h e  b o i l e r  hoppers shown i n  F ig .  3 
by a pneumatic conveyer. It passes  through a weigh s c a l e  t o  t h e  s t o k e r  
sp reade r  device  and i s  f e d  t o  t h e  top  of t h e  bed. 

Limestone i s  rece ived  a s  needed f o r  use ,  1200-1400 micron s i z c ,  and i s  
pneumatical ly  unloaded and conveyed t o  t h e  s t o r a g e  bunker and t r a n s p o r t  sys- 
t e m  shown i n  Fig.  3. Limestone is withdrawn from t h e  b i n s  by a screw feede r ,  
which has  caused some o p e r a t i o n a l  problems due t o  an  i n a b i l i t y  t o  f i n e  tune  
t h e  amount of l imes tone  reaching  the  bed i n  s h o r t  t ime spans,  and passed 
through a weigh s c a l e  p r i o r  t o  f a l l i n g  i n t o  t h e  bed. C lea r ly ,  t h e  flow r a t e  
of  l imes tone  must be v a r i a b l e  eo c o n t r o l  L l l r  go2 emissions. 

Typica l  c o a l  and l imes tone  c h a r a c t e r i s t i c s  a r e  given i n  Table I. 
t- 

TABLE I. Coal and Limestone C h a r a c t e r i s t i c s  

COAL LIMESTONE 
S i z e  1 in .  by 5i i n .  S i ze  1000 p by 3000 v 

Typica l  Analys is  - percenti 'by Weight Typica l  Analysis  - Percent  by Weight 
S u l f u r  3 .3  Fez03 0.1 
Hydrogen 5.0 CaC03 94.1 
Carbon 70.0 MgC03 1.5 
Oxygen . 7.3  A1303 0.2 
Nitrogen 1.2 Si02 1.2 
Ash 8.0 Moisture 3.0 

Heating Value 12,750 BTU/hr 
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Water Systems 
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Essen t i a l ly  no d i f fe rence  e x i s t s  between conventional steam and cool- 
ing  systems and those  used f o r  tkGeorgetown AFBC. A cooling tower previous- 
l y  and p resen t ly  used f o r  the  o l d e r  o i l  f i r e d  b o i l e r s  on the  Georgetown cam- 
pus ( they a r e  loca ted  i n  the  adjacent  bui ld ing)  i s  used f o r  the  AFBC. This 
i s  a two c e l l  P r i t cha rd  cooling tower r a t e d  a t  24,000 gpm; i t  i s  wood f i l l e d  
and has  a cement-asbestos l i n i n g .  About two m i l l i o n  g a l l m s o f  make-up water 
a r e  required p e t  month. Again, a s  f o r  conventional b o i l e r s ,  blowdown and 
treatment of make-up water is needed. With the  AFBC generat ing sa tu ra ted  
steam at 625 ps ig ,  i t  is necessary (see American Boiler  Manufacturers Associa- 
t i o n  s tandards)  t h a t  the  l i m i t s  of 3500 ppm of t o t a l  s o l i d s ,  700 ppm t o t a l  
a l k a l i n i t y  and 300 ppm of suspended s o l i d s  not  be exceeded f o r  t h e  b o i l e r  wa- 
ter. To s a t i s f y  these  s tandards ,  f o r  two-bed opera t ion  a t  100,000 l b / h r  steam 
flow, i t  is  projec ted  t h a t  make-up water  and blowdown w i l l  each be nearly the 
same a t  an average value  of approximately 5003 lb /h r .  The b o i l e r  feedmake-up 
water is  from t h e  municipal supply and is t r e a t e d  i n  a Zeo l i t e  ion  exchange 
r e s i n  column. It appears a s  i f  pe r iod ic  regenera t ion  when f u l l  two-bed oper- 
a t i o n  i s  rout ine .  

General Information 

Typical AFBC opera t ing  d a t a  a r e  presented i n  Table 11. Emission e s t i -  
mates and t y p i c a l  va lues  £,or those  q u a n t i t i e s  f o r  which a s u f f i c i e n t  amount 
of da ta  have been obtained ( a l b e i t  f o r  on-bed opera t ion)  a r e  given i n  Table 
111. It should be noted t h a t  coal ,  l imestone and a l l  s o l i d  m a t e r i a l s  a r e  
handled wi th in  t h e  AFBC s i t e  and shipped o f f s i t e  £or  reuse  o r  d i sposa l ;  the re  
a r e  no o n s i t e  l eacha te  streams. 

TABLE XI. Selected Georgetown Univers i ty  AFBC Operating Data 

Steam flow 100,000 l b / h r  G a s  temperature, post  economizer 400.F 
Steam presslire 625 ps ig  Excess a i r  leaving economizer 22 % 
Boi ler  e f f i c i e n c y  83.75% S u p e r f i c i a l  v e l o c i t y  8 f t / s  
Maximum Coal feed 9,565 l b / h r  Expanded bed height  4.5 f t  
Maximum Limestone 3,610 l b / h r  Freeboard height  8.0 f t  
Bed temperature 1,600 OF Steam temperature 493 OF 

Ca/S r a t i o  (molar) va r i ed  t o  meet SO2 e m i s i o n  c r i t e r i a ,  nominal i s  3.5 
. . 

TABLE 111. Effluent/Emission Values f o r  the  Georgetown AFBC 

Stack gas  emissions, lb/106 BTU 

S02 0.78 
NO, 0.295 
P a r t i c u l a t e s  0.033 

Water, gal/min 
Boiler  makeup 10 
Boiler  blowdown 8 
Cooling blowdown 8 
Boi ler  makeup discharge 2 

- - -- -- - -- -- 

Sol id  Residues, l b / h r  
Bed m a t e r i a l  2,086 

CaS04 848 
CaO 922 
C 125 
Ash 19 1 

Bag house-fabric f i l t e r  1,308 
CaS04 305 
CaO 332 
C 1-1 1 
ash  56u 



EMISSIONS MONITORING DESCRIPTION 

During phase I of the Georgetown AFBC.project, personnel in the Univer- 
sity's Chemistry and Physics Departments formulated an emissions monitoring 
program plan. The plan was based on inTomation obtained in conferences with 
numerous individuals having pertise in design, construction, operation and 
monitoring of similar plants8, suppliers of monitoring equipment for such 
plants3), and attendees of fossil fuel and environmental conferences4). The 
plan was designed to satisfy the environmental assessment factors for a 
100,000 lh/hr power plant and to be accomplished with four imposed conditions: 
maximization of cost-effectiveness; maximization of data quality and appiica- 
bility to this and similar plants coming on-line presently and in the near 
future; limitation of total .costs to the monies available from the then ERDA, 
now DOE, and the EPA; and continuation of the emissions monitoring program 
through the first three years of operational experience of the AFBC plant. 
In retrospect, it is dot clear that any of the conditions have been satisfied 
precisely, but most should be by the completion of the three-year operation- 
al experience. Indeed, as time has passed, the emissions monitoring function 
has taken on an importance not commensurate with the 100,000 lb/hr size of the 
plant; this appears to us to be due to the greater'impact various non-coal 
based energy problems have had on the country's economy and populace. 

Emissions Monitoring Equipment 

The emissions monitoring program is divisible into two components, on- 
line and off-line; on-line work is accomplished at the site on a continuous 
or regular periodic basis, while off-line requires removal of samples to sup- 
port laboratories for data accumulation and reduction. The on-line emissions 
monitors and ancillary equipment are listed in Tables IV and V. The off-line 
equipment, which is specifically used for particulate monitoring, is listed 
in Table VI. 

TABLE IV. On-line Emissions Monitors 

Analyzer Supplier Analyzer Supplier 
Pollutant Type Model Pollutant Type Model 

pulsed - . Horiba 

S02 fluorescence TECO 40 CO ' NDIR AlA-21-AS 

NO /NO-- chemiluminescence TECO 10A 
A 

O, paramagnetic Westinghouse C02 
L double-pass 209 

ND IR Horiba 
AlA-21 

Opacity transmissometer Dynatron 
1100 

Hydro- Flame AID, 550 
carbons ionization 

All monitors are continuous except for the AID 550 hydrocarbon monitor. 



TABLE V. Anci l lary  On-line Emissions Monitoring Equipment 

Descript ion 

Stack probe and temperature control led  sample tubing 
G a s  conditioning' system f o r  SO2, NO/NO, and CO 
Ten-point s t r i p  c h a r t  recorder f o r  d a t a  accumulation 
Double b a l l  valve system f o r  span gas i n j e c t i o n  at  s t a c k ,  
Manual ca l ibra t ion-gas  i n j e c t i o n  system ( t o  s t ack)  
Automatic.calibration-gas feed system ( loca l  t o  monitors) 
Ca l ib ra t ion  gases 
Backflush and' r e s i d u a l  pressure  compressors 
Equipment enclosure, 7'6" by 11'6". 
Equipment enclosure air condit ioner 

Supplier  

PACE 
TECO, Model 900 
~ e e &  and Northrup 
Dupont 
Georgetown 
PACE 
AIRCO, p resen t ly  
Sears and Grainger's 

Sears _ . . _ I.-.-_____p .- -. 

TABLE V I .  OSS-l ine  Particulate Monitoring Equipment 
. - ..~ ----.e- -- 

. 

Descript ion , Purpose Supplier  

Method 5 t r a i n ,  wi th  6 s t age  POMs, TSP and elemental G I 1  Enterpr ises  
cascade impactor and POM analys j.s 
c o l l e c t i o n  apparatus 

G a s  chromatograph Polycyclic aromatic Resident i n  GU 
hydrocarbons 

Mass spectrometer 
Mass spectrograph 

Microgram balances 

Elemental ana lys i s ,  
polycycl ic  aromatic 
hydrocarbons 

Resident i n  GU 

Weight by s i z e  f o r  Resident i n '  GU 
impactor samples 

Opt ica l  emission spectrometers Elemental ana lys i s  Resident i n  GU 

Charged-particle a c c e l e r a t o r s  Elemental a n a l y s i s  Resident i n  GU 

X-ray de tec to r  system PIXE d a t a  f o r  ele- 
mental a n a l y s i s  ORTEC 

X-ray da ta  system PIXE da ta  accumula- Tracor 
t i o n  and a n a l y s i s  

A block diagram of t h e  on-line emissions monitors and associa ted  plumb- 
ing  is.shown i n  Fig. 4. The monitors and much of t h e  associa ted  plumbing a r e  
i n  an equipment enclosure  some 15' from t h e  base of the  stack.  The schematic 
of t h e  s t ack  and enclosure a r e  given i n  Fig. 5. The s t ack  is a r a t h e r  shor t  
one, only 55' high, and is a double-walled s t a c k  wi th  3'6" i n s i d e  diameter. 
The s t a c k  has a set of p o r t s  a t  four  d i f f e r e n t  heights .  P o r t s  p resen t ly  used 
are a t  13', 3.7 s t a c k  diameters, from t h e  t,op of t h e  s t a c k  and 30', 8.6 s t ack  
diameters up from t h e  induced d r a f t  fan exhaust. , T h e  Method 5 t r a i n  is 
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l o c a t e d  a t  t h e  upper p o s i t i o n  and t h e  o p a c i t y  meter  and gas  sampling probe 
a r e  l oca t ed  a t  t h e  lower p o s i t i o n .  A l l  systems a r e  now o p e r a t i o - l ~ a l  and have 
been producing d a t a  f o r  most of t h e  bo i l e r -ope ra t i on  pe r iods ;  t h e  opac i ty  
meter is  r equ i r ed  f o r  o p e r a t i o n  of t h e  p l a n t  and has  been t h e  cause of l i t t l e  
o r  no b o i l e r  downtime. I t  should be noted t h a t  cont inuous ope ra t i on  of t h e  
b o i l e r  i s  most e f f i c i e n t  when SO2 and 02 l e v e l s  w i t h i n  t h e  bed a r e a s  a r e  used 
i n  t h e  c o n t r o l  feedback loops.  Thus, SO2 and 02 monitors  a r e  i n  p l ace  i n  t h e  
bed and have been provid ing  informat ion  t o  t h e  o p e r a t i o n a l  s t a f f  a s  t o  i n s t an -  
taneous changes i n  SO2 and 02 l e v e l s  i n  t h e  beds.  

PRELIMINARY AFBC OPERATION 

Combustor, Bag House and A u x i l i a r i e s  

A s  of Ifarch 1, 13YO, t b  AFBC p l a n t  hac: c ~ l ) ~ r ; l t e d  f o r  approximately 1145 
hnurs .  Of t h i s  t i m e  approximately 96% of t h e  ope ra t i ng  hours  was w i t h  on ly  
bed A f i r e d .  The  steam load  ranged from 26,000 l b / h r  t o  about  58,000 l b / h r  
f o r  t h e  one-bed ope ra t i on .  Coal w i t h  s u l f u r  con ten t  Irom 1.2% t o  3 .82  has 
been used; c o a l  w i th  c h a r a c t e r i s t i c s  e s s e n t i a l l y  i d e n t i c a l  t o  t h o s e  g iven  i r i  

Table I has been used wi th  s u c c e s s f u l  o p e r a t i o ~ l d l  s t a c k  emissions.  Design 
parameters  have, i n  g e n e r a l ,  been s a t l s I a c ~ o r y .  

A s i g n i f i c a n t  mod i f i ca t i on  of t h e  f a b r i c  f i l t e r i n g  i n  t h e  bag house has  
r e s u l t e d  from a  number of minor problems. Also, some problems have been per- 
s i s t e n t  w i th  t h e  l imes tone  feed  system, p a r t i c u l a r l y  t h e  screw f eede r  which 
h a s  been mentioned prev ious ly .  It has  no t  always been p o s s i b l e  t o  u se  a  
l i m i t e d  cont inuous f low of  l imes tone ,  and o p e r a t o r s  have had t o  be  a  d i r e c t  
p a r t  of  t h e  feedback system; they have had t o  i n j e c t  l a r g e r  amounts of lime- 
s t o n e  than needed, wa i t  I o r  t h e  SO2 emiss ions  t o  decrease  and then i n j e c t  
l imes tone  by manual r a t h e r  than  automatic  c o n t r o l  when t h e  SO2 emiss ions  
i n c r e a s e  aga in .  This ,  now, h a s  been co r r ec t ed  and slow l imes tone  f eeds  a r e  
r o u t i n e .  

Upon a r r i v a l ,  t h e  c o a l  shipments a r e  sampled and s i z i n g  measurements 
made. The as -de l ivered  c o a l  in format ion  i s  used i n  cu r l t ro l l i ng  t h e  environ- 
mental  cond i t i ons  of t h e  bed. Expected as -de l ivered  c o a l  c h a r a c t e r i s t i c s  were 
g iven  i n  Table  I. Typica l  as -de l ivered  c o a l  v a l u e s  a r e  give11 i n  Table V I I .  



TABLE V I I .  10  January 80 As-Received Coal and Limestone Analysis  

Coal Analys is  

% By Weight 
Component Estimated A s  Received 

Inherent  
Moisture 3  2.53 

V o l a t i l e  
Matter  20 22.62 

Fixed 
Carbon 65.5 60.28 

Ash 8  14.70 

Limestone Analys is  

% By Weight 
Component Spec i f i ed  A s  Received - 
Calcium 
Carbonate 94.06 95.00 

Magnesium 
Carbonate 1.46 1.00 

S i l i c o n  
Dioxide . 1.16 1.00 

Aluminum 
Oxide 0.24 1.00 

Sulphur 3.5 2.69 F e r r i c  
Oxide 0.08 1.00 

. Bulk Densi ty 50#/cu . f t  50iIlcu.ft  Water 3.00 1.00 
' HHV, BTU/# 12791 

The va lues  c h a r a c t e r i z i n g  c o a l  and l imestone f o r  t h e  per iod  of u se  we a r e  
J i s c u s s i n g  have no t  v a r i e d  s i g n i f i c a n t l y  from those  g iven  i n  Table V I I ,  ex- 
cep t  f o r  t h e  very  e a r l y  running' per iod  when t h e  s u l f u r  conten t  of t h e  c o a l  
used was normally below 2%. It may be of i n t e r e s t  t o  n o t e  t h a t  Phys ics  De- 
partment personnel  have been cons ider ing  t h e  des ign ,  cons t ruc t ion  of pro to type  
devices  and t e s t i n g  of t h e  pro to type  devices  f o r  i n s t an t aneous  (wi th in  4-5 
minutes)  measurements of the  s u l f u r  conten t  of as -de l ivered  coa l .  Coring of 
t h e  20 ton  load  of coa l  would provide 5-6 samples pe r  load  f o r  a n a l y s i s ;  thus ,  
w i th in  20 minutes  t h e  s u l f u r  con ten t  of c o a l  t o  be used i n  t h e  beds would be 
known and t h i s  i s  w e l l  be fo re  t h e  c o a l  would a c t u a l l y  a r r i v e  a t  t h e  bed f o r  
burning. 

Star t -up time f o r  t h e  b o i l e r ,  aga in  g e n e r a l l y  f o r  single-bed ope ra t ion ,  
has  ranged from f o u r  t o  e i g h t  hours;  t h e  longer  pe r iods  occur  when minor prob- 
lems e x i s t  w i th  a u x i l i a r y  systems and have n o t  been caused by in-bed d i f f i -  
c u l t i e s .  The o i l  used t o  f i r e  t h e  beds has  provided no environmental problems; 
i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  opac i ty  i n  t h e  s t a c k  i s  e s s e n t i a l l y  t h e  same 
wi th  o i l  i n  t k b e d s  a s  when c o a l  i s  being burned. 

A summary of t he  progress  f o r  t h e  f o u r t h  q u a r t e r  of 1979 may tie of in-  
t e r e s t  and fol lows:  (1) the  b o i l e r  was opera ted  f o r  694 hours  dur ing  9  sepa- 
r a t e  running pe r iods ,  (2)  73 hours  of t h e  694 were two-bed o p e r a t i o n  pe r iods ,  
(3) steam gene ra t ion  ranged from 18,000 t o  80,000 l b / h r  wi th  t h e  h ighe r  
va lues  f o r  two-bed ope ra t ion ,  (4)  t h e  b o i l e r  was inspec ted  and v a r i o u s  minor 
mod i f i ca t ions  were i n s t a l l e d  i n  t h e  l a s t  t h r e e  weeks of December, (5) t h e  
most important  modi f ica t ions  were t h e  i n s t a l l a t i o n  of g r i d  p l a t e  s e a l s  w i t h i n  
t h e  b o i l e r  and changes i n  t h e  f l y a s h  r e i n j e c t i o n  blowers,  (6)  t h e  b o i l e r  
ins t rumenta t ion  was checked and c a l i b r a t e d  p repa ra to ry  t o  au tomat ic  ope ra t ion  
of t h e  b o i l e r ,  and (7) t h e  p l a n t  was o f f i c i a l l y  dedica ted  on 1 5  November 1979. 
Fig.  6 d e p i c t s  t h e  f o u r t h  q u a r t e r ,  1979, ope ra t ions  exper ience  of t h e  b o i l e r .  



Fig. 6. Boiler operation for the fourth quarter of 1979. 



Pre l iminary  Operat ion of Emissions .Mo&oring Equipment 

Continuous monitor ing by in s t rumen ta l  t echniques  has  been used t o  mea- 
s u r e  S02, NO/NO,, CO, C02, O2 and o,pacity wi th  t h e  ins t ruments  l i s t e d  i n  
Table I V  and pos i t i oned  a s  shown i n  F ig .  5. Table  I X  g i v e s  a  synops is  of 
o p e r a t i o n a l  t ime dur ing  a c t u a l  b o i l e r  ope ra t i on  f o r  each of t h e  6  monitors .  
Table X l is ts  t h e  des ign  expec t a t i ons  f o r  t h e  dua l  bed combustor and t h e  EPA- 
and D.C.-imposed l i m i t s  f o r  SO2, , N O x  and p a r t i c u l a t e s ,  a s  w e l l  a s  an  e s t i m a t e  
of t h e  average va lues  f o r  t h e s e  q u a n t i t i e s  over  t h e  1300 bo i l e r -ope ra t i on  
hours .  

I n i t i a l  t e s t i n g  of t h e  :missions monitor ing equipment commenced i n  A p r i l  
of 1979. P r i o r  t o  moving t h e  b a s i c  system components t o  t h e  power p l a n t  i n  
e a r l y  summer, 1979, c e r t a i n  e l e c t r o n i c  problems w i t h  t h e  L&N reco rde r  and t h e  
o p a c i t y  monitor  and a  zero- leve l  o f f s e t  i n  t h e  SO2 monitor were co r r ec t ed .  
Also, each i n d i v i d u a l  ana lyze r  f o r  t h e  s t a c k  gas  emiss ions  system was t e s t e d  
f o r  z e r o - d r i f t ,  c a l i b r a t i o n  r e p r o d u c i b i l i t y  over  extended p e r i o d s  up  t o  two 
weeks, ca l ib ra t i on -gas  readout  a s  a f u n c t i o n  of a  number of p r e s s u r e s  i n  t h e  
system-plumbing both  between t h e  gas  en t r ance  p o r t  and t h e  s p e c i f i c  ana lyze r  
and w i t h i n  each a n a l y z e r ' s  ga s  d i s t r i b u t i o n  system, and r e a c t i o n  t o  i n t e rmi t -  
t e n t  power f a i l u r e s .  With t h e  two except ions  of t h e  gas  c o n d i t i o n e r  p r e s s u r e  
d i f f e r e n t i a l s  being d i s rup t ed  dur ing  some of t h e  s imula ted  power i n t e r r u p t  
cond i t i ons  and of t h e  main vacuum pump showing a tendency t o  be  s l u g g i s h  on 
r e - s t a r t  a f t e r  t h e  power i n t e r r u p  cond i t i on ,  no problems e x i s t e d  wi th  t h e  
systgn when i t  was ready t o  be moved t o  t h e  base  of t h e  s t a c k  i n  t h e  p l a n t .  

TABLEVIII. Emissions Monitors Opera t iona l  Time 

Monitor % vs .  Bo i l e r  Monitor % vs .  B o i l e r  

Opaci ty  100% 

S02 9 8% 
CO 88% 

TABLE I X .  Emissions Expec ta t ions ,  L imi t s  and Experience 

P o l l u t a n t  An t i c ipa t ed  Experience Acceptable Es t imates  Experience 

Maximum Average EPA D.C. l b s / h r  l b s / h r  
(average)  

6  . I ~ S / ~ O ~ B T U  l b s / l O  BTU 

S02 
0.678 0.605 14 7  102 85 76 

NO 
X 

0.324 0.481 86 86 4  0 60 

P a r t i c u l a t e s  0.032 0.046 12.3 6.9 4  5 .8  



A f t e r  i n s t a l l a t i o n  a t  t he  base of t h e  s t ack ,  bu t  n o t  i n  i t s  p re sen t  
equipment enclosure,  t h e  g a s  a n a l y s i s  system opera ted  proper ly  u n t i l  a  p a r t i -  
c u l a r l y  d i r t y  p l a n t  environment r e s u l t e d  from bag house cleanup. We then 
moved t h e  equipment i n s i d e  i t s  p re sen t  temperature c o n t r o l l e d  and reasonably 
d i r t - f r e e  enclosure.  In  t h e  time span s i n c e  i n i t i a l  p l a n t  ope ra t ion ,  a  num- 
b e r  of modi f ica t ions  have been completed. The mod i f i ca t ions  were t o  meet t h e  
needs of t h e  GCA personnel  who w i l l  perform compliance measurements f o r  par- 
t i c u l a t e s ,  SO2 and NO,. These measurements w i l l  b e  accomplished e i t h e r  dur- 
i n g  t h e  GCA environmental assessment program o r  dur ing  t h e  GCA f a b r i c  f i l t e r  
e v a l u a t i o n  program5,6). Some of t h e  mod i f i ca t ions  included i n j e c t i o n  of t he  
span gas  a t  t h e  probe and e x t r a  hea t ing  of 18" of t he  t r a c e  l i n e  a t  t h e  probe 
end. 

Typical  s t a c k  emissions d a t a  from pe r iods  when t h e  b o i l e r  was o p e r a t i o n a l  
are shown i n  P igs .  7 ,8  and 9. For comparison w i t h  t h e  emissions d a t a  given 
i n  Fig.  9 ,  b o i l e r  parametcrs  f o r  t h e  same day arc given i n  Fig.  10.  One can 
s e e  t h a t  when l imes tone  i s  added t o  coun te rac t  a n  i n c r e a s e  i n  t h e  SO2 emis- 
s i o n s ,  t h e  SO2 emiss ions  do indeed decrease.  Fig.  7 shows d a t a  from a  day i n  
which t h e  b o i l e r  was needed t o  f u r n i s h  steam f o r  t h e  campus, wh i l e  Fig.  8 s h m  
d a t a  from a  day i n  which s i g n i f i c a n t  operating-mode t e s t s  were i n  p rog res s  and 
steam product ion  was n o t  t h e  only  i n t e n t .  

I n  e a r l y  November, 1979, t h e  Method 5 t r a l n  began to Le used r e g u l a r l y .  
Data obta ined  during sample c o l l e c t i o n  and from t h e  samples c o l l e c t e d  a r e  > 

given  i n  Tables  x and X I  and Figs .  11 and 12. Table X g i v e s  s e l e c t e d  par- 
t i c u l a t e  emissions d a t a  obta ined  o f f - l i n e  wi th  t h e  Method 5 t r a i n ,  and Table 
X I  g i v e s  much of t h e  on- l ine  d a t a  a v a i l a b l e  from a  s p e c i f i c  day. Fig. 11 

shows po lycyc l i c  a romat ic  hydrocarbon d a t a  obta ined  w i t h  an  i n t e r r u p t e d  flow 
GC/IR/MS system l o c a t e d  i n  t he  Chemistry Department. Sample d a t a  from s t a c k  * 

w a l l  m a t e r i a l s  and t h e  f i n a l  f i l t e r  of t h e  cyclone impactor a r e  shown. Fig.12 - 
d e p i c t s  PIXE d a t a  from the  same f i l t e r ,  and m a t e r i a l  from t h e  c e l l  of t h e  O2 
ana lyze r .  C lea r ly ,  one beg ins  t o  b e l i e v e  t h a t  t h e  wh i t e  r e s i d u e  found on t h e  
02 ana lyze r  c e l l  i s  similar, i f  n o t  i d e n t i c a l ,  t o  t h a t  t rapped i n  t h e  Smpac- 
t o r  and t h a t  Ca and S  a r e  primary elements  i n  t h e  s p e c t r a .  It is  very  im- 
p o r t a n t  t o  n o t e  t h a t  no harmful elements,  such as a r s e n i c ,  l ead  selenium, 
uranium, radium, o r  s t ront ium have been found w i t h  t h e  PIXE a n a l y s i s .  For 
completion, F ig .  1 3  shows a PIXE speccrum of a c o a l  sample. 'These data are 
i n  e x c e l l e n t  agreement wi th  an  NBS fu rn i shed  s tandard  c o a l  sample which i s  
used p r i o r  t o  t ak ing  any d a t a  f o r  t h e  e lementa l  a n a l y s i s  d p l a n t  c o a l  samples. 
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. Fig.7. Selected emissions data when steam furnished. 

Legend: SO;; )( 02; * NOx; . Opacity. 

Fig. 8. Selected emissions data when boiler tested. 
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Fig. 9. Off-line compucer printout of hourly stack gas emission data. 
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TABLE X'. 6 December 79 P a r t i c u l a t e  Tra in  Data 

Barometric pressure  ( in .  HG) 
Average s t ack  gas  temperature (OR) 
P i t o t  Coeff ic ient  
Molecular weight of s t a c k  gas 
Avg. Sq. R t .  of v e l o c i t y  head (in. H20) ?5 

Average s t ack  gas v e l o c i t y  (FPS) 

Volume of dry gas sampled (DCF) 
Average meter temperature (OR) 
Average o r i f i c e  pressure  drop ( in .  H2Uj 
Stack atea (f r2) 
Sampling nozzle d i m e  t e r  ( in.  ) 
N e t  t i m e  of test (min) 
To ta l  H 0 co l l ec ted  (g) 

2 

Volume of dry gas samples, STD, (DSCF) 
Volume of water vapor, STD, (SCF) . 

% moisture i n  s t a c k  gas by volume, STD 

Tota l  p a r t i c u l a t e  co l l ec ted  (g) 
P a r t i c u l a t e  concentra t ion  ( g r / ~ ~ )  
P a r t i c u l a t e  STD concentra t ion  (gr/SCF) 

% i s o k i n e t i c  

Emissions Systems Operations Summary 

I n  the  p a s t  s i x  months, the  va r ious  components of the  s t a c k  gas emis- 
s i o n s  monitoring system have been opera t ing  during opera t ion  of t h e  combustor 
between 75% f o r  the  O2 monitor t o  100% f o r  the  opaci ty  monitor. The major 
f r a c t i o n  of down time f o r  most of t h e  instruments during combustor opera t ion  
has been due t o  i n t e r m i t t e n t  power outages, two of which caused the  f a i l u r e  
of the  main vacuum pump i n  t h e  system, unauthorized personnel ( v i s i t o r s )  p l a y  
ing with swi.tches, a  l a c k  of complete cl.osing of the  back-flush valve  i n  t h e  
system plumbing, a ground-loop with the  L&N recorder,  t h e  move from t h e  o r i -  
g i n a l  s tack  p o s i t i o n  t o  the  enclosure  which.required new e l e c t r i c a l ,  water ,  
exhaust and c a l i b r a t i o n  gas l i n e s ,  a  f i n e  whi te  powder build-up i n  a  l imi ted  
number of plumbing l i n e s  and i n  the  O2 analyzer  c e l l ,  and a  l u b r i c a t i o n . f a i 1 -  
ing  of the  chopper motor i n  t h e  CO analyzer .  The p a r t i c u l a t e ' t r a i n  has been 
opera t ing  f o r  four  months and l i t t l e  o r  no d i f f % c u l t y  has  a r i s e n .  From t h e  
emissions da ta  i t  is  c l e a r  t h a t  t h e  p lan t  can opera te  wi th in  s a t i s f a c t o r y  
environmental l i m i t s .  

To f a c i l i t a t e  f u t u r e  p l a n t  opera t ion ,  w e  w i l l  i n j e c t  span gases  a t  both 
the  samp1.e probe and a t  the  gas emissions plumbing i n l e t ,  w e  w i l l  provide the  
opera t iona l  s t a f f  with a  multiplexed system allowing them t o  monitor the  gas 
emissions i n  the  c o n t r o l  room v i a  a  switchable meter, w e  w i l l  design,  



TABLE X i .  Selected Pa r t i cu l a t e  Emissions Data 

I. Pa r t i cu l a t e s  (gra ins lhr)  

Impactor Dp50 
Cyclone > 2 0 ~  

1 > 1 6 ~  
2 1 6 ~  
3 8.611 
4 3.911 
5 2.411 
6 1.211 
7 0 . 6 1 ~  
8 <O.  61u 

Total  

11. Stack Conditions 

6 Total Flowx10 D S C F / ~ ~  1.034 1.11 1.18 1.09 
Percent Isokine t i c  (%) 33.4 118 121 174 
Temperature (OF) 309 314 306 279 . 

Water (%) 4.51 4.33 3.15 3.95 
Acidi ty,  N(pH) -- -- .045 (1.3) .077 (1.1) 
Total  ~ ~ d r o c a r b o n  

(CH4ppm) >2000 1750 1500 >2000 

111. Bag House 

Fly Ash (soluble 
base by wt.) 5.81% 3.93% -- -- 







X-ray energy . 

Fi'g, 12a. PIXE spectrum of fmpactor cyclone material 

X-ray energy 

Ffg. 126. PIXE spectrum of O2 analyzer residue 



X-ray e n e r g y  

Ffg. 13. P M E  spectrum of coal sample  



const ruct  and i n s t a l l  a computer-basedsystem t o  provide emissions da ta  f o r  . 
a l l  of t h e  gas emissions and two o r  th ree  of the  p a r t i c l e  t r a i n  parameters 
wi th  a 5-minute updating, and we w i l l  improve our rou t ines  f o r  maintaining 
t h e  equipment by having two fndependent systems f o r  de l ive r ing  compressed 
a i r  f o r  back-flushing and f o r  02,monitoring. The back-flush mode f o r  t h e  
system must be opera t iona l  a t  a l l  times a s  we have ,found t h a t  from 8 t o  12 
.hours of no back-flushing r e s u l t s  i n  clogging of t h e  sample probe. The com- 
pu.ter-based system w i l l  'a l low t h e  opera to r s  t o  monitor t h e  e f f e c t  of var ious  
bed parameters, such as  the  coa l  t o  limestone feed r a t i o ,  on a c t u a l  environ- 
mental q u a n t i t i e s  such a s  t h e  emitted lbs/106 BTU of SO2. 
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1 A S t a t u s  Report on the  Environmental Acceptabil i ty o f '  I 
Spent FBC Sorbent f o r  Agr icul tura l  Uses 

0. L. Bennett, W. L. S tou t ,  J. L. Hern, 
J. Edwards, and R. Korcak 

Large q u a n t i t i e s  of limestone a r e  used i n  the  Fluidized Bed 
Combustion Process. The r e s u l t i n g  res idue  c o n s i s t s  of var ious  
combinations of calcium s u l f a t e ,  magensium s u l f a t e ,  calcium oxides 
and o the r  compounds t h a t  may be contained i n  the  1imestone.or  scrubbed 
from t h e  coal  during combustion (1). Therefore, FBC res idue  rep resen t s  
a tremendous resource of elements and compounds t h a t  may prove valuable 
f o r  a g r i c u l t u r a l  production ( 5 ) .  However, t h i s  res idue  may a l s o  contain 
heavy metals  t h a t  a r e  tox ic  t o  p l a n t s ,  animals and humans i f  these  
elements e n t e r  the  food chain i n  s u f f i c i e n t  amounts. This could 
se r ious ly  l i ' m i t  the  use of FB'C res idue  i n  a g r i c u l t u r a l  production. 

Since 1976, an in tens ive  and extens ive  research  program has been 
conducted by the  Agr icul tura l  Research branch of the  U.S. Department 
of Agriculture,  Science and Education Administration i n  cooperation ' 

with the  U.S. Department of Energy t o  determine a g r i c u l t u r a l  uses  of 
FBC res idue .  The research  i s  conducted a t  seve ra l  loca t ions  
represent ing  most of t h e  major s o i l  a s soc ia t ions  and environmental 
condi t ions  e x i s t i n g  i n  the  eas te rn  ha l f  of the  United S t a t e s .  
The r e s e a r c h ' c o n s i s t s  of d e t a i l e d  chemical and physica l  evaluat ion  of 
t h e  ma te r i a l  followed by extensive greenhouse, erlvironmental growth 
chamber, and f i e l d  s tud ies .  A l l  major p l a n t  species  including corn, 
small ,  g ra in ,  crops, vegetables,  nu t  crops,  g rass ,  and legume species  
a r e  covered i n  these  s tud ies .  F ina l  phases of t h e  research  w i l l  
cover metabollc s t u d i e s  using t e s t  animals and poss ib ly  human feeding 
t r i a l s  with feed and food products  grown with FBC res idue .  The purpose 
of thi .s  paper is  t o  g ive  a summary of the  na ture ,  ex ten t ,  and some of 
the  resul t s .  of t h i s  extensive research  program. 
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CHEMICAL EVALUATION 

Samples of FBC res idue  from severa l  loca t ions  s c a t t e r e d  through- 
o u t  the  United S t a t e s  have been co l l ec ted  f o r  chemical and physica l  
evaluat ion  (2 ) .  Chemical a n a l y s i s  of seve ra l  samples of FBC res idue  
a r e  given i n  Table 1. A t h e o r e t i c a l  mineral  balance obtained from 
chemical composition i n d i c a t e s  FBC res idue  conta ins  an average of 28.3 
percent  calcium s u l f a t e ,  33.6 percent  calcium oxide, 4 percent  
aluminum oxide, 2.1 percent  i ron  oxide and 1.8 percent  maganes ih  oxide 
wkth 26 percent  of the  ma te r i a l  l i s t e d  a s  i n e r t  and i d e n t i f i e d  a s  
primary s f l i c  dioxide. This leaves  3.2 percent  f o r  t r a c e  elements 
and undetermined components. The purpose of the  chemical ana lys i s  was 
t o  'determine those c o n s t i t u t e n t s  of FBC res idue  which a r e  1) essent . ia1 
p l a n t  n u t r t e n t s ,  2) tox ic  metals ,  3) poss ib le  phytotoxic elements and 

27 
4) a s o i l  pH amendment. Essen t i a l  elements a r e  those required f o r  
p l a n t  growth and reproduction of crop species.  This group c o n s i s t s  



TABLE 1 - variations in some chemical constituents of nine. 
samples of fluidized bed combustion waste ( 2 1 ,  
FBCW . 

FBCW 

---. Constituent Average Range 
------ ug/g of Dry Matter -------------- 

Ca 
Essential MS 

rlar!L IC 
Nutrients P 

S 

Heavy Metals Ni 
Pb 
Cd 
Cr 

Possibly S e 
Phytotoxic A1 

Soil pH Neutralizing 6 0 31-100 
Amendment Potential 



of calcium, magnesium, potassium, phosphorous and sulfur which are 
required in macro amounts and iron, manganese, molybdenum, boron, 
copper and zinc which are required in micro amounts.. The heavy metals 
listed in Table 1 are nickel, lead, cadmium, chromium, selenium and 
aluminum. Mercury and arsenic (not shown) would be in the same 
category. The FBC residue samples vary considerably in chemical 
composition but do not vary significantly f r ~ m  the amounts of micro 
elements and heavy metals already present i:, the soil. That was not 
true for some of the essential plant nutrients such as calcil--, 
magnesium and sulfur. Boron may be present in sufficient amounts to he 
phytotoxic for some species. The plant availability of many of these 
elements, especially the micro-nutrierts and heavy metals are within 
the range of those usually found in s,lls. But, uptake of these 
elements by plants will depend on the amout applied in the FBC residue 
native amounts in the soil, soil pH, interactions with other ions, 
and the solubility of the cc;npound. Therefore, the application of 
large amounts of FBC residue over a period of time should be carefully 
monitored. 

Laboratory studies were carried out to determine particle size 
distribtion, porocity, water rentention capacity and the effects of , 

these physical properties on potential use of FBC residue as an 
agricultural liming material. Such studies carried out at several 
locatsons indicated that particle size will significantly affect 
chemical reactivity. In general, the smaller size fractions have a muc 
faster rate of reaction and release of potential nutrients for plant 
growth. Particle size distribution of several samples of FBC residue 
indicaLe that 27 pi-rcent of the particles were in the 1 - 2 mrn size 
range and about 28 percient in the 1/2 - 1 mm size range (Table 2). 
An average of 90% of all of the material was less than 2 mm in size. 
However, the percentage spread is considerable between subsamples. 

LEACHING STUDIES 

In order to determine possible elemental movement through soils 
treated with FBC residue, column leaching studies were conducted at 
several locations. At Morgantown, West Virginia, studies were 
initiated to evaluate the effects of FBC residue liming rates on 
the movement of added chemical consistuents in both acid soils and 
mine spoils (4). This was accomplished by incorporating various 
rates of FBC residue in the upper portion of the soil or mine spoil 
material. Sufficient amounts of FBC residue were applied to bring the 
soil and spoil material to p~(s)'of 4.6, 5.0 and 6.0. Since the soil 
had a higher buffering capacity than the mine spoil, this meant that 
h2gher amounts of FBC residue were applied to the soil columns than the 
mine spoil. 

Analysis of the leachate from 14 different leachings for each 
column, carried out at 10-day intervals, shows that of the elements 
analyzed in the mine spoil digest, only calcium showed any significant 
downward migration as a result of the FBC residue treatment. Of khe 
heavy metals,analyzed in leachate from mine spoil, all were within an 



Table 2. P a r t i c l e  s i z e  d i s t r i b u t i o n  from 9 subsamples 
of f l u i d i z e d  bed combustion. waste obta ined  
from t h e  Alexandria ,  WV p i l o t  p l a n t .  

--- - - 
Sinc  Mean U i r ~ h  T,ow CV 

Data by W. L. Stout and R. C. Sidle 



acceptable range for potabie water. Only percolate s0z2 and manganese 
concentrations were present in excess of suggested limits for potable 
water. However, this was true for percolate collected with FBC , ' 

residue amended as well as control column. Of the elements analyzed, 
in the percolate from soil samples, calcium increased. the mast due 
to FBC liming amendment. Mean percolate calcium concentrations for a1 
leaching periods for the high FBC treatment were significantly higher 
than concentrations for either the low treatment (11.4 ppm) or control 
(6.7 ppm). Other elements showing downward migration in the soil 
column were magnesium, manganese, and sulfate. None of the,other 
elements analyzed in the percolate showed any overall FBC residue 
.treatment effect. These studies indicate, in general, that no 
environmental problems are found with respect to solute transport 
from liming rate applications of FBC residue on soils or strip mine 
spoils. Movement of calcium and magnesium into the subsoil would 
definitely be beneficial to many acid soils in the Eaatepn United 
States. 

PLANT GROWTH STUDIES 

Initial studies with plant species were carried out at several 
locations in both the greenhouse and in environmental growth chambers. 
Indicator plants were used such as vegetable crops - swiss chard, 
cabbage, tonatoes, lettuce, radish, turnips - that tend to accumulate 
heavy metals (5). By using indicator crops, we were able to get a 
quick estimate of the potential availability of the heavy metals 
contained in the FBC residue as compared with regular limestone. 
In general, these studies indicated that when FBC residue was applied 
on a lime equivalency basis, soil pH was increased to the same level. 
as where agricultural lime was applied. Greenhouses and growth . 
chambers studies indicated that no significant increases in heavy. 
metals concentrations in plant tissue were obtained and growth rates 
were equivalent to those obtained with limestone. In some cases, 
the calcium and sulfur content of the plant material-was increased 
significantly by application of FBC residue. For instance, studies 
conducted in Maryland using apple seedlings showed that FBC residue 
applied at rates of 1, 2 or 4 times the lime requirement on three 
different soils resulted in better or equal apple seedling growth 
when compared to a non-calcium fertilizer control or calcium carbonate 
applied at the lime requirements (3). The largest growth responses 
were obtained when FBC residue was applied at rates equivalent to lime 
requirement for each soil. When FBC residue was applied at eight 
times the lime requirement, severe growth reduction occurred. 

Greenhouse studies with pecan seedlings in Georgia indicated a 
significant increase in growth and calcium and magnesium concentra- 
tions in seedlings that were treated with equivalent rates of J?BC 
residue generated from dolimite sources. Similar results were obtainec 
using peach seedlings. The use of dolimite in the FBC process would 
certainly enhance the value of the FBC residue for agricultural uses 
because of the need for larger amounts of magnesium on most acid soils 
throughout the Eastern united States. 



Other plant species tested in environmental growth chamber and 
greenhouse .conditions include several grass and legume species, 
various vegetable crops, small grain species, buckwheat and 
blueberries. 

Field studies using most of the major agricultural crops are in 
progress throughout the Eastern United States representing most major 
soil series and environmental conditions. Studies extend from 
Massachusetts to Georgia. Field studies are in progress utilizing 
apple and peaches as test crops near Amherst, Massachusetts; 
New Brunswick, New Jersey; Raleigh, North Carolina; Beltsville, 
Maryland; and peaches and at Byron, Georgia. Studies with 
forage and grain crops are underway in Virginia, Delaware, Pennsylvania 
West Virginia, Kentucky, Maryland, and South Carolina. Vegetable and 
horticultural crops are being grown in many of the above states using 
FBC residue. 

The results of several field experiments are presented to give 
an idea of the effect of FBC residue as compared to regular agriculture 
'lime treatment on elemental composi,tion of severa1,plant spcies. 
Since no differences in yield were obtained, between FBC residue and 
lime treatments, only the elemental composition of. various plant 
parts will be given. Elemental analysis of first year field results 
for corn, soybean, and oats are given in Tables 3 and 4. First year 
results for broccoli, lettuce, beets and snapbeans are presented, in 
Table 5 for different edible plant parts, i.e., infloresence leaves, 
roots and pods. 

In Table 3 are given the elemental composition of corn leaves 
and grain, and soybean leaves and grain grown with FBC and calcium 
hydroxides treatments in field studies at Morgantown, West Virginia. 
The FBC treatment, when compared to the calcium hydroxide treatment, 
showed only significant increases in levels of sodium and copper in 
corn grain and a significant decrease in potassiu~l in corn leavcs. 
Soybean leaves showed increases in calcium and sodium levels and a 
decrease in potassium level with FBC residue applications. Soybean 
grain actually had significantly lower cadmium level in the FBC 
treatment than in the calcium hydroxide treatment. Since soybeans 
normally have a tendency to accumulate cadmium in the grain, this is of 
special interest. 

Oat grain did show a significant increase in cadmium level with 
FBC applications (Table 4). Although this increased level is still 
within a safe range, such increases, if consistent from year to year, 
could limit the rate of applications of FBC to crop land. Therefore, 
when repeated application of FBC residue are applied to land over an 
extended period of time, plant uptake of heavy metals should be, ' 

carefully monitored. Oat straw showed a significant increase in 
zinc concentrations with application of FBC residue (Table 4). 
This increase is probably beneficial since many forages contain 
inadequate amounts of zinc .for nutrition.of grazing animals. 



TABLE 3  Elemental composition of corn  l eaves  and g r a i n  and soybean l eaves  and g r a i n  
grown wi th  FBCW and C a ( O H I 2  (1978, Morgantown, WV). 

- 

Corn ,' S ~ y b e a n  
Leaves Grain Leave s Grain 

Element FBCW Ca(0H) FBCW Ca(OHI2 FBCW Ca(OM)2 FBCW Ca(OHI2 
- 2  

............................... pe rcen t  Dry Mctter ............................ 

............................... ug/g Dry ,Matter  .............................. 

N/S r a t i o  7  -45  6.53 10.4 11.2 13.7 14.0 18.5 17.7 

-- -- 
* I n d i c a t e s  t h a t  means a r e  s i g n i f i c a n t l y  d i f f e r e n t  (P < .05) by nuncans Mul t ip le  Range Tes t .  



T ~ L E  4 Elemental composition of oat herbage, grain and straw grown 
with FBCW and Ca (OH) (1978, Morgantown, W )  . 

2 ' 

Herbage Grain Straw 
Element PBCW C ~ ( O H )  FBeW Ca(OII)2 FB@W Ca(17w)~ 

.................... percent Dry Matter ------------------- 

Ca 0.53 0.51 0.09 0.09 0.50 0.50 
Mg 0.20 0.19 0.12 . 0.12 0.16 0.15 
K 2.00 2.05 1.15 1 -16  1.02 1.61 
Ti 0 .93  1.04 2.73 2.66 1.31 1.36 
P 0.37 0.38 0.48 0.48 U.19  0.17 
s 0.34 0 . 3 3  n.22 0.22 0.19 0.18 

...................... iig/g Dry Matter ------- .:.----------- 

,N/S ratio 

*Indicates that means are significantly different (P< -05) by Duncans 
Multiple Range Test. 



Vegetable crops showed very few differences in elemental concentra 
tions between FBC and calcium hydroxide treatments. Zinc did have a' 
tendency.to increase in lettuce leaves. However, this increase would 
be more beneficial than harmful. It should be pointed out that 
different plant species accumulate elements at different levels 
(Tables 3, 4 and 5). For instance, lettuce and soybean leaves have 
dangerously high levels of lead, even in the calcium hydroxide check 
area. Therefore, it is very important to use several species to 

' . evaluate the effects'of FBC on the food chain. 

The final phases of the research program will ,involve extensive 
metabolic testing of various food and feed products with small 
animals, large animals and using human gubjects. In these studies, 
animals will be fed plant material grown with either FBC residue or 
with those grown with regular limestone. Pending favorable results 
with the animal trials, a human nutrition study is being formulated in 
cooperation with the West Virginia University Animal Science Division, 
the Human Nutrition Department, and West Virginia University Medical 
Center. Complete diets will be formulated from food grown with both 
FBC and with calcium hydroxide treated land. These diets will include 
meats, poultry, and dairy products as well as fruits, vegetables, 
and nut crops. 

SUMMARY 

A comprehensive research program is in progress to evaluate the 
potential of using FDC residue Tor ay~iculkural uses tboughout the 
Eastern United States. The results with field, greenhouse, growth 
chamber and laboratory studies indicate that the material can be used 
effectively for food and feed productions. At the present time we 
have found little evidence to indicate that this material would be 
detrimental to the food chain. However, studies with plants only 
indicate the short term effect of FBC residue on heavy metal uptake. 
It is absolutely essential that studies be conducted over a long period 
of time with repeated applications to the soil before final 
conclusions can be drawn. The soil is not a static situation and is 
continuously changing. Repeated heavy applications of FBC residue to 
the soil could cause a slow building of certain toxic heavy metals, 
or solubility and availability t6 plants can change with time. 
Therefore, we must evaluate soil management practices relative to 
FBC residue applications to crop land under as many different 
environmental conditions as possible before final judgment is made. 



TABLE 5 Elemental compcsition of broccoli,.  le t tuce,  beets, and snap beans grown with 
. - 

. . FBCW and C ~ - ( O B I  (-1978, Morgantown , WV) . , . 
2 

Elements Broccoli Lettuce Beets Snap Beans 
FBCW Ca(OH), FBCW Ca(OH), FBCW Ca(OH).> FBCW Ca(OH19 
................................. Percent ~ r k  ~ ~ t t ~ ~  ............................. 

__--___--___---____-------------- ~ g / ~  Dry Matter ............................... 

Na 
Fe 
Zn 
Mn 
Cu 
A1 
N i 
sr 
C r  
Cd 
Pb 
Co' 

*Indicates tha t  means are  s ignif icant ly different  (P < -05) by ~uncans ~ A l t i ~ l e  Range Test. 
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STATUS REPORT ON 1 NVESTIGATIONS DEALING WITH COMMERCIAL 
USES FOR ATMOSPHERIC FLUIDIZED BED COMBUSTION RESIDUES 

L. John  Minnich 
Z n d u n U  Re~eahch Coau&antX 

1r1 November 1976 t h e  U.S. Department o f  Energy e s t a b l i s h e d  a  research  
p r o j e c t  under Con t rac t  No. EF-77-C-01-2549 t o  eva lua te  t h e  s o l i d  waste f rom 
f l u i d i z e d  bed systellls f o r  p o t e n t i a l  commercial uses. I n  a d d i t i o n ,  t h e  i nves -  
t i g a t i o n  i nc l udes  deve lop ing  methods by which t h e  m a t e r i a l  can be s a f e l y  d i s -  
posed n f  should commercial a p p l i c a t i o n s  be s low i n  develop ing,  o r  n o t  o f  s u f -  
f i c i e n t  magnitude t o  account f o r  u t i l i z a t i o n  o f  a  l l o f  €he waste 111dLer. ia1~. 
The program has i n v o l v e d  severa l  phases o f  a c t i v i t y  and has used m a t e r i a l  
f r om e i g h t  sources o f  supply .  

Most o f  t h e  work has bee11 c a r r i e d  o u t  on t h e  f l u i d i z e d  bed d r a i n .  The 
a v a i l a b i l i t y  o f  f l y  ash has been somewhat l i m i t e d  s i n c e  many o f  t h e  systems 
have n o t  f i n a l i z e d  t h e  o p e r a t i n g  des ign  f o r  p rocess ing  t h i s  m a t e r i a l .  S ince  
i t  i s  impo r tan t  t o  c a r r y  o u t  i n v e s t i g a t i o n s  u s i n g  r e p r e s e n t a t i v e  t y p e  m a t e r i -  
a l s ,  i t  has been necessary t o  de lay  t h i s  p a r t  o f  t h e  p r o j e c t .  However, f l y  
ash samples have r e c e n t l y  been rece i ved  f rom t h e  f l u i d i z e d  bed b o i l e r  a t  
A l l i a n c e ,  Ohio and f rom Georgetown U n i v e r s i t y ,  and t h i s  m a t e r i a l  has now been 
i n c o r p o r a t e d  i n t o  t h e  ongoing program. 

The f i r s t  phase o f  t h e  i n v e s t i g a t i o n  i s  d i r e c t e d  t o  cha r ,ac te r i za t i on  of 
t h e  p roduc ts .  T h i s  i n c l u d e s  t h e  usual  wet chemical  and phys i ca l  t e s t s  (such 
as s i e v e  a n a l y s i s ,  d e n s i t y ,  p o r o s i t y ,  e t c . ) ,  X-ray d < f f r a c t i o n ,  o p t i c a l  m i -  
croscopy, and scanning e l e c t r o n  microscopy. S ince these m a t e r i a l s  c o n t a i n  
s u b s t a n t i a l  q u a n t i t i e s  o f  f r e e  l i m e  base, r e a c t i v i t y  t e s t s  have been used t o  
e s t a b l i s h  t h e  a v a i l a b i l i t y  o f  t h e  f r e e  l ime,  d s  w e l l  as t he  r a t e  o f  h y d r a t i o n  
when mixed w i t h  wate r .  An i m p o r t a n t  p r o p e r t y  which a l l  o f  t h e  bed d r a i n  ma- 
t e r i a l s  possess i s  t h e  cemen t i t i ous  c h a r a c t e r i s t i c s  o f  t h e  res idue  when used 
i n  c o n j u n c t i o n  w i t h  supplementary m a t e r i a l s ,  p a r t i c u l a r l y  p u l v e r i z e d  coa l  f l y  
ash. Cement i t ious r e a c t i v i t y  t e s t s  have, t h e r e f o r e ,  been i nc l uded  i n  t h e  
c h a r a c t e r i z a t i o n  program. 

W i th  respec t  t o  t h e  f l y  ash m a t e r i a l ,  i t  i s  t o  be no ted  t h a t  due t o  t h e  
low temperature i n  t h e  f l u i d i z e d  bed combustion, t h i s  m a t e r i a l  does n o t  r e -  
semble t h e  f l y  ash c o n v e n t i o n a l l y  produced i n  p u l v e r i z e d  coa l  b o i l e r s .  The 
l a c k  o f  t h e  smal l  s i z e  alumina s i l i c e o u s  g lass  i n  t h e  AFB f l y  ash does n o t  
p r o v i d e  t h e  t y p i c a l  pozzo lan i c  r e a c t i v i t y  found i n  p u l v e r i z e d  coa l  f l y  ash. 
I n  a d d i t i o n ,  t h e  samples t h a t  have been rece i ved  a r e  ve ry  h i g h  i n  l o s s  on 
i g n i t i o n  which i n d i c a t e s  t h e  presence o f  s u b s t a n t i a l  q u a n t i t i e s  o f  unburned 
carbon. 

j ' ,  , 

*Research Consultant for the U.S..Department of Energy :tu --' 



I t  should be noted t h a t  the presence o f  f r e e  l i m e  i n  the  bed d r a i n  and 
carbon i n  the  f l y  ash f r a c t i o n  a re  d e s i r a b l e  from t h e  s tandpo in t  o f  u t i l i -  
za t i on  o f  these by-products. Both the  f r e e  li'me and the  carbon have economic 
value i n  many o f  t he  a p p l i c a t i o n s  being considered f o r  commercial use o f  t he  
res idues.  

Tables I, 11; and I 1 1  prov ide  examples o f  t y p i c a l  chemical analyses. 
F igure  1 g ives  the  s i z e  range found i n  the  m a j o r i t y  o f  t h e  sources t h a t  have 
been tes ted .  The do t ted  1 i n e  i n  t h i s  graph shows the  average gradat ion  t h a t  
i s  used by the  engineer ing p ro fess ion  f o r  f i n e  o r  "sand" aggregate as def ined 
by ASTM C 33. 

PERFORMANCE T E S T S  

Fol lowing the  c h a r a c t e r i z a t i o n  o f  t h e  ma te r ia l ,  a  number of performance 
t e s t s  a re  c a r r i e d  o u t  t o  e s t a b l i s h  the  f e a s i b i l i t y  o f  u t i l i z i n g  these ma te r i -  
a l s  i n  commercial composit ions. These t e s t s  i nc lude  programs t o  determine 
procedures f o r  m o d i f i c a t i o n  o r  b e n e f i c i a t i o n  o f  t he  m a t e r i a l  ( f o r  example, 
c rush ing  and g r i n d i n g  o f  t h e  bed d r a i n ) ,  and techniques f o r  separa t ing  t h e  
l ime  c o n s t i t u e n t  from the  "as received" product .  The res idues a r e  then blend- 
ed w i t h  o t h e r  m a t e r i a l s  t o  develop composit ions t h a t  may be usefu l ,  p a r t i c u -  
l a r l y  i n  a p p l i c a t i o n s  f o r  cons t ruc t i on  type products. P r i m a r i l y  these compo- 
s i  t i o n s  a re  designed t o  develop products t h a t  meet e x i s t i n g  engineer ing spec- 
i f i c a t i o n s  t h a t  have been developed by highway departments, Bureau o f  Recla- 
mation, ASTM, American Concrete I n s t i t u t e ,  e t c .  Some o f  these formulat ions 
a re  described he1 ow. 

Many l abo ra to ry  t e s t s  have been c a r r i e d  o u t  t o  i n v e s t i g a t e  t h e  a b i l i t y  
o f  t h e  bed d r a i n  m a t e r i a l  t o  s t a b i l i z e  o the r  waste sludges and products. The 
eva lua t i on  o f  these composi t i o n s  i n v o l v e  measurements o f  unconf ined compres- 
s i v e  s t rength ,  shear value, e f f e c t  o f  f reez ing / thawing and wet t ing /dry ing ,  
d u r a b i l i t y ,  and dimensjonal s t a b i l i t y .  

I n  a d d i t i o n  t o  the  above, ex tens ive  t e s t s  have been made t o  e s t a b l i s h  
the  performance o f  t h e  m a t e r i a l  as a chemical reagent  f o r  use i n  n e u t r a l i z i n g  
t rade  waste ac ids  i n  the  t reatment  o f  a c i d  mine drainage, f o r  use i n  sewage 
t reatment  p lan ts ,  as a sorbent  f o r .  SOx scrubbing systems, and' as a 'genera l  r e -  
agent f o r  use i n  the  s t a b i l i z a t i o n  o f  o the r  by-product sludges. Laboratory 
t e s t s  have a l s o  been c a r r i e d  o u t  t o  evalua>te some o f  t he  problem areas t h a t  
have been observed i n  t he  f i e l d  tes t s ,  such as the.expansive c h a r a c t e r i s t i c s  
of some o f  t h e  composit ions when used i n  cement i t ious s t r u c t u r e s .  

A number o f  these a p p l i c a t i o n s  u t i l i z e  a d d i t i o n a l  a d d i t i v e s ,  p a r t i c u l a r -  
l y  supplementary aggregates and pu l ve r i zed  coal  f l y  ash. I t  has been de te r -  
mined t h a t  combinations o f  pu l ve r i zed  coal  f l y  ash w i t h  the  f r e e  l i m e  base and 
calc ium s u l f a t e  d ihyd ra te  formed i n  the  pret reatment  o f  AFB bed res idue r e s u l t  
i n  a cement i t ious m a t r i x  con ta in ing  the  w e l l  known compound e t t r i n g i t e .  Th i s  
i n g r e d i e n t  serves as a bas is  f o r  developing the  h igh  s t reng th  and d u r a b i l i t y  
of t he  products made w i t h  these m a t e r i a l s .  F igure  2 shows presence of gypsum 
c r y s t a l s  formed i n  p recond i t ioned res idue.  F igure  3 shows presence of l a r g e  
numbers o f  e t t r i n g i t e  rods from sample o f  cured f l y  ash-AFB res idue.  



TABLE I 
CHEMICAL ANALYSES OF SEVERAL SOURCES OF BED RESIDUE 

- - .-. 
Limestone Sorbents 'Do1 m i t e  Sorbents 

Alexandria Rivesville Sattelle Alliance Fiuidyne Exxon 

LO1 f 3.78 3.19 11.79 3.72 10.64 12.63 

S i Oz 16.68 13.44 13.88 4.12 16.56 6.14 

A 1 ~ O 1  2.64 3.92 2.96 1.76 .3.06 0.42 

Fez03 3.66 4.20 14.64 3-14 3.14 4.18 

CaO 50.13 47.74 41.87 56.55 ' . 27.91 35.99 

t4gO 1.49 0.96 3.19 0.20 11.47 13.71 

sos 21 -6'1 28.45 17.72 29.48 21.28 25.75 



TABLE I I 
CHEMICAL ANALYSES OF AFB FLY ASHES 

Alexandria A1 1 i ance 
-- - 

Sample jl Sample (2 sample 13 Sample 11 Sample #2 Windsor, Conn. 

A1 20, 5.35 4.31 6.20 5.28 20.86 7.44 

CaO 13.03 17.69 10.98 16.15 30.21 10.07 

MgO 1.05 2.64 1.92 1.30 3.26 1.81 

sos 7.08 6.01 3.22 7.32 17.82 4.23 , 



TABLE I I I 
X-RAY DIFFRACTION DATA FOR AFB RESlDUES 

- 
Source of  AFB Residue (Bed Mater ia l )  Fly Ash* 

Compound Alexandria  Fluidyne B a t t e l l e  R i v e s v i l l e  Exxon A1 exandri a 

CaS04 

CaO 

CaCO, 

aSi O1 

Fez03 

Ca SO, 

CaO 

aSi 02 

M i  xed 
l t on  
Oxides. . 

Peak Hcights  (D i r ec t  Meas~.rr~n~rnt  a t  500 Rangc   actor) 

E:a j o r  

t4a j o r  . 

Minor 

Mi nor  

Cornposi ti onal Ranges 

Major Major Major 
----- Kajor Ma j o r  

Major M i  nor Trace 

Ma j o r  Mi nor  Major 

----- Mi nor  M i  nor 

Major 

Ha j o r  

Trace 

Major 

Minor 

Trace 

Ma j o r  

Mi nor 

----- 1% o r  less 

Trace ~ 5 %  

M i  nor  5 . -  25% 

Na j o r  25+% 

*A substantial quantity of '  carbon (amorphous) appears to  be present. 



FIGURE 1 
GRADATION OF AFB RESIDUE SAMPLES 



FIGURE 2 
HYDRATED AFB RESIDUE SHOWING PRESENCE 

OF GYPSUM CRYSTALS (X 10,000) 



FIGURE 3 
REACTION PRODUCTS OF AFB RESIDUE AND PULVERIZED COAL 
FLY ASH SHOWING FORMATION OF ETTRINGITE (X 10,000) 



It i s  beyond the scope o f  th i s  paper t o  describe these investigations 
i n  detai 1, a1 though some o f  the resul ts  o f  the program are incorporated i n t o  
the description o f  the f i e l d  demonstrations l i -sted la ter .  The data covering 
resu l ts  o f  these tests are available i n  quarterly reports and are included 
i n  a Users' Manual which i s  now under preparation 

IEU) TESTS 

As a supplement t o  the tests that  have been run i n  the laboratory, a 
series o f  tests have been run wi th commercial hardware. The purpose o f  th i s  
e f f o r t  i s  t o  determine what type o f  equipment can be used i n  some o f  the pro- 
cess steps that  are being contemplated f o r  applying the products i n  the cm- 
mercial marketplace. Among the types o f  equipment which have been evaluated 
are the following: pg*  - w ~ ~ ~ w ~ ~ ~ ~ ~ ~ ~ Y  

5 ,?' !-&,,#,?--, 'YE 

Par t ic le  s i r e  separation by dry tabl ing 
Blunging and wet tab1 ing 
A i r  c lass i f i ca t ion  
Magnetic separation 
E lu t r ia t i on  
Centrifugal separation 
Crushing and grinding 
Hydration and/or slaking o f  lime 

A major concern that  has developed i n  the program i s  the need f o r  d 
oping proper procedures for hand] ing , storing,. and .precondi t f  oning o f  the 
product. A var iety o f  t es t  programs have been undertaken to, study t h i s  p 
o f  the problem. These par t icu lar  tests are also o f  .value i n  'deieloping s 
able procedures f o r  disposal o f  these residues i n t o  1 andf i 11 type operati 

1-0 B . simply haul AFB bed drain t o  a dump can create same pract ica l  problems 
also can be o f  concern from an environmental standpoint. There i s  a strong 
indicat ion that  spec i f ic  process type steps are needed i n  th i s  area, as well 
as for developing comnercial uses, 

,.TI 7d . , ,  ;;y 
t- + 

DEMONSTRAT I ONS lx . ,-",, . L ,, . .,- .- _ 
. - 

- - 

Since a major objective o f  the program i s  t o  develop f e a s i b i l i t y  f o r  
speci f ic  applications i n  the c m e r c i a l  market, a number of small scale demon- 
st rat ions have been carr ied out and are current ly being planned during 1980. 
A b r i e f  description o f  a few o f  these i s  presented i n  the fol l irwiqg tables and 
photographs. -" 

- SO, Sorubber Sorbent 

(7 

Two demonstrations have been conducted t o  evaluate the feasi b i  1 i ty o f  
usfng bed drain material as an SOx sorbent. One o f  these used a small p i l o t  



sca le  h o r i z o n t a l  scrubber (Lewis scrubber ')  which was i n s t a l  l e d  a t  t he  Phi l a -  
de lph ia  E l e c t r i c  Company's Cromby S t a t i o n  i n  Phoen ixv i l l e ,  Pennsylvania. The 
second t e s t  was run  o~ a  u n i t  a t  Southern I l l i n o i s  U n i v e r s i t y  i n  Carbondale, 
I l l i n o i s .  This  l a t t e r  i s  a  wet scrubbing system c o n s i s t i n g  o f  a  1500 cfm, 
two stage open t h r o a t  (coal  burn ing)  b o i l e r  system. F igure  4  i s  a  schematic 
o f  t he  s e t  up a t  the  Cromby S ta t i on .  F igure  5  shows the  system used a t  SIU. 
F igure  6 i l l u s t r a t e s  the  procedure t h a t  was used t o  prepare the  sorbent  f o r  
a p p l i c a t i o n s  t o  the  system. 

S lak ing  i s  achieved by ba tch ing  the  AFB res idue w i t h  water i n  a  tank 
equipped w i t h  a  l i g h t n i n g  p r o p e l l o r  type mixer .  I n  several  instances steam 
was used t o  he lp  a g i t a t e  the  m ix tu re  as the res idue i s  added s low ly  t o  the  
water. S lak ing  o f  the  l ime  increased the  ambient water t e m p e r a t u r e  t o  about 
130°F. As soon as the  a g i t a t i o n  i s  terminated, t h e  g r i t  s e t t l e s  q u i c k l y  t o  
the  bottom and the  supernatant l i q u o r  i s  pumped o f f  i n t o  the  storage tank 
used t o  feed the  scrubber. 

,. . 
Table I V  g ives  one s e t  o f  data us ing  f l u e  gas from the  combustion of 

2.42 percent  s u l f u r  coal .  

The b leed stream f rom the  scrubbing system passes t o  a  5 '  diameter 
t h i ckener  from which i t  i s  pumped t o  a  3 '  x  1  ' diameter r o t a r y  vacuum f i l t e r : '  
The sludge from the  f i l t e r  which was approximate ly  40 percent  s o l i d s  was then 
blended w i t h  the  g r i t  f rom the  s l a k i n g  operat ion.  Since the  scrubber rece ived 
smal l  q u a n t i t i e s  o f  f l y  ash f rom the  b o i l e r ,  t he  composit ion t h a t  was obta ined 
was s u f f i c i e n t  t o  develop a  s t a b i l i z e d  mix when p laced i n  a  d isposa l  s i t e .  . 
The s t reng th  o f  t h i s  was adequate f o r  s t r u c t u r a l  and f i e l d  purposes. F igure  7  
presents a  b lock  diagram and a  m a t e r i a l  balance f o r  one,o f  t he  t e s t  campaigns 
on the  SIU system. 

- Road Base Demonstration. 

I n  cooperat ion w i t h  the  Ohio Department o f  Transpor ta t ion ,  a  road p r o j -  
e c t  was c a r r i e d  o u t  i n  t he  e a r l y  f a l l  o f  1978 us ing  the  design requirements 
and m a t e r i a l  s p e c i f i c a t i o n s  prov ided by ODOT f o r  convent ional  s t a b i l i z e d  road 
base.2 A s e c t i o n  o f  roadway was se lec ted  which requ i red  6" th ickness of s ta -  
b i l i z e d  base 25' wide. The th ree  mixes se lec ted  a r e  those g iven i n  Table V. 
Inc luded i n  the  t a b l e  a re  the  q u a n t i t i e s  o f  composit ion used and l e n g t h  o f  
each sec t i on  of roadway. 

A  major concern i n  connect ion w i t h  any road cons t ruc t i on  p r o j e c t  i s  the 
quest ion  of adequate s tockp i  1  i n g  o f  .mater ia l  i n  o rder  t o  schedul'e d e l i v e r y  i n  

' C l i f f o r d  J. Lewis, "Lime, Limestone Employed i n  New Gas Scrubbing Concept", 
P i  t & Quarry, J u l y  1973. 

2Sta te  o f  Ohio Department o f  Transpor ta t ion  Supplemental S p e c i f i c a t i o n  835, 
Aggregate Lime-Fly Ash Base, January 13, 1977. 



FIGURE 4 
SCHEMATIC DIAGRAM OF SOX SCRUBBER U N I T  
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TABLE I V  
1 

SCRUBBING SYSTEM OPERATING CONDITIONS 

Scrubbing w i t h  slaked AFB spent sorbent us in  f l u e  gas from the combustion o f  
2.42 percent S coal and 1.58 percent so l  i d s  1 0.82 percent Ca(OH)2) feed s l u r -  
ry a t  88.9 percent SO2 removal. (Based on saturated gas) 

Average 
tank 

Ap , L/G Temp. % holdup , 
- "H20 f;);ec ga1/1000 ac f  OF pH Sol ids  .in 

#1 Venturi  44 89 25.7 

#1 Separator 1 12.4 

#1 Recycle tank 130 7.3 5' 3 5 
. , 

#2 separator 1% 8.6 

#2 decycle tank , '128 7.5 34 ,35 



MIX PROPORT 1 O N S j  LABORATORY TESTS)  AND QUAMT I T  I ES 

OF AFB PRODUCTS USED I N  O H I O  ROAD BASE DEMONSTEATION 

I Demons t ra t i on  S t a t i s t i c s  L a b o r a ~ o r g  .Tes ts  

Average Leng th  Amount Compressive S t r e n g t h  ( p s i  )=* Durab i  1 i ty  
Composi t i on of S e c t i o n  P laced Vacuum Sa tu ra t i on * * *  Freeze/Thawf*** 

~j~ ( X  by Weight)  ( F e e t )  (Tons) 7 Days @ 7 3 O  F 7 Days @ l G O O  F '  ( p s i  ( %  Loss)  

40% A g g r e ~ a t e *  
30% A l l i a n c e  ARB A Res idue 5 0 

30% Fly Ash 

7 5 %  Aggregate* 

B 15% A1 l i a n c e  AFB 
Restdue . 

7 5 
10% F l y  Ash 

7 5 %  Aqgregate* 

C 15% B a t t e l l e  AFB 66 6 0 Residue 
10% F l y  Ash 

*Canton g r a v e l  m z e t i n g  ODOT 301 ' s p e c i f i c a t i o n s  
**Average o f  3 i n d i v i d u a l  v a l u e s  

***Tested i n  accordance w i t h  ASTM C 593 . 

****Tested I n  accordance w i t h  ASTM 0 560 



F l u e  Gbses 



FIGERE 6 
SLAKER - EXTRACTOR PROCESS 

AFB. Residue 

Extracted Grits (Wet) 



FIGURE 7 
.Scrubbtng System Block Diagram f o r  88.9% SO2 Removal 

Saturated Clean Gas 
F lue Gas 130°F 

470°F 15.1% Hz0 
052 scfm (800 dsfm) 180 ppm SO2 
6% Hz0 ln5n acfm 
I s00  ppm 5U2 

4 
943.2 scfm (800 dscfm) 

0.41 gr /sc f  f l y  ash 

Fresh H20 Concentrated Feed S l u r r j  
Makeup 5.19 l b / m i n  
25.04 lb /min  

1 1  

- 
Scrubbing 

L/G o f  76.2 ga l /  
1000 acf  (r80gpm: 

system 

\ - - A 

P 

Recycle 
Loops 
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S l u r r y  Tanks 

I 

5 i 
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* Working Feed S l u r r y  
30.23 1 b/rnin Cd 1.58% so l  i d s  

f l  Recycle Loop Bleed 
5% s o l i d s  

14.36 Ib/min 



accordance w i t h  t h e  c o n t r a c t o r ' s  requirements. Therefore, the  procedure used 
f o r  prepar ing the  m a t e r i a l  invo lved a  premixing o f  the  res idue w i t h  aggregate 
and water  several weeks i n  advance o f  t he  cons t ruc t i on  schedule. The stock-  
p i l e d  m a t e r i a l  was then subjected t o  a  f i n a l  mix ing opera t ion  a t  the  t ime the  
product  was scheduled f o r  shipment t o  the  job. A t  t h i s  p o i n t  t he  f l y  ash and 
supplementary water were added t o  prov ide  t h e  desi  red  optimum propor t ions  o f  
a l l  t he  i ng red ien ts  i n  t h e  mix. F igure  8  and 9 show views o f  t he  s tockp i l ed  
ma te r ia l .  

F igure 10 shows the  mix ing  operat ion which was located a t  the  John O. 
Tonkovich & Son, Inc.  p l a n t  i n  Shadyside, Ohio. This p l a n t  has been used f o r  
a  number o f  years t o  prepare l i m e / f l y  ash/aggregate mix tures  f o r  s i m i l a r  type 
app l i ca t i ons .  The mix ing  opera t ion  employs a  Barber-Greene pug m i l l  w i t h  a  
capac i ty  o f  approximately 400 tons pe r  hour, F igure  11 i s  a  photograph show- 
i n g  the  a p p l i c a t i o n  o f  t h e  composition a t  t he  cons t ruc t i on  s i t e .  The base 
course received a  f i n a l  a p p l i c a t i o n  o f  an a s p h a l t i c  mix and wearing course 
as convent iona l ly  used i n  the  S t a t e  o f  Ohio. 

Several weeks a f t e r  p l a c i n g  t h e  base, one o f  the  composi t i o n s  developed 
l i n e a r  expansion s i m i l a r  t o  t h a t  wh ic t~  occurs w i t h  s t e e l  s lag  aggregate t h a t  
has n o t  been adequately cured before  use. The problem mix tu re  e v i d e n t a l l y  
had n o t  been precondi t ioned s u f f i c i e n t l y  t o  a l l ow  the  in termedia te  mix ture  t o  
completely s t a b i l i z e .  S i m i l a r  experience has been noted i n  s t r u c t u r a l  com- 
p o s i t i o n s  using pu lve r i zed  coal  f l y  ash der ived from l i g n i t e  and subbitumi- 
nous coal .  I n  order  t o  p roper l y  p recond i t i on  the  l a t t e r  m a t e r i a l  be fore  use, 
t h e  f ly  ash i s  f i r s t  blended w i t h  water, then al lowed t o  "cure" fo r  several 
weeks i n  a  s tockp i l e ,  a f t e r  which i t  i s  pulveri .zed t o  a  uni form f ineness. 

An extensive l abo ra to ry  program, which inc luded prepara t ion  o f  small 
f i e l d  p l o t s ,  was undertaken tos tudy  the  expansion c h a r a c t e r i s t i c s  o f  a  num- 
ber  o f  AFB bed mater ia ls .  While many o f  the  long-term data are  n o t  y e t  a v a i l -  
able, s i g n i f i c a n t  progress has been made i n  e s t a b l i s h i n g  procedures which as- 
sure e l i m i n a t i o n  o f  t h i s  problem. Table V I  summarizes a  few r e s u l t s  t o  i l l u s -  
t r a t e  the  range and v a r i a t i o n  obta ined w i t h  the  t e s t  compositions. 

A number o f  s tockp i l es  have been prepared o f  the in termedia te  product  
and have been tes ted  p e r i o d i c a l l y  t o  determine the  e f f e c t  o f  aging on the  
p r o p e r t i e s  o f  t he  f i n a l  m i x .  

A  second demonstration was c a r r i e d  o u t  i n  December 1979 i n  Canton, Ohio. 
Th is  p a r t i c u l a r  demo has been designed t o  determine i f  the labo ra to ry  program 
has adequately developed a  procedure f o r  c o n t r o l l i n g  the  expansion observed 
i n  the  program mentioned above. The AFB res idue was precondi t ioned i n  a  com- 
merci a1 f l y  ash p l a n t  a t  the  American Admixtures Corporat i  on cond i t i on ing  
p l a n t  i n  Chicago, I l l i n o i s .  Figures 12 and 13 show t h i s  operat ion.  F igure 
14 shows the dimension and mix p ropor t i on  o f  t he  fo rmula t ions  t h a t  were placed 
i n  t h i s  demonstration, as w e l l  as the  l o c a t i o n  o f  con t ro l  p.oints s e t  i n  the  
sur face o f  each t e s t  sec t i on  f o r  use i n  moni to r ing  dimensional s t a b i l i t y  t h a t  
w i l l  be c a r r i e d  o u t  dur ing  1980. 



FIGURE 8 
STOCKPILE OF PREMIXED BLEND OF 
BATTELLE RESIDUE AND AGGREGATE 



FIGURE 9 
STOCKPILE OF PREMIXED BLEND bF 
ALLIANCE RESIDUE AND AGGREGATE 



FIGURE 10 
VIEW OF STABILIZATION PLANT 



FIGURE 11 
SPREADING OF AFB COMPOSITION ON PREPARED SUBBASE 



TABLE V I  
CHANGE I N  LENGTH OF 1" X lN X 12" EXPANSION 

BARS CONTAIN I NG CONDITIONED RESIDUE' 

(AFB residue from A1 1 iance plant, conditioned 
a t  American Admixtures p lant  i n  Chicago, I 1  l i n o i s )  

- - 

Mix Composition (%) 100°F Curing Temperature 73OF Curing Temperature 
Change i n  Length (%) Change i n  Length (%) 

Sample Sand (Number o f  Days) (Number o f  Days) 
Desig- Aggre- AFB F l y  
nation2 gate Residue Ash 7 28 60 120 7 28 60 120 

.09 

.ll 

.22 

Broken 

Broken 

Broken 

.12 

.01 

Broken 

.03 

.10 
Broken 

'AFB residue from AllSance and conditioned a t  American Admixtures p l an t  i n  Chicago, 
I l l i n o i s .  

2Sample Designation: C r  - Crushed 
U, - Uncrushed - Batch No. 1 
U2 - Uncrushed - Batch No. 2 
Us - Uncrushed - Batch No. 3 
25% - Percent o f  watzr by weight used f o r  condi t ioning 

'U, - 40 Percent condi t ioning water was .o r ig ina l l y  added. The mix was brought 
t o  32 percent moisture by blending addi t ional  dry  material.  

'After 60 days, these bars were stored a t  55OF. 



FIGURE 12 
FLY ASH CONDITIONING PLANT AT AMERICAN 

ADMIXTURES CORPORATION, CHICAGO, ILLINOIS 



FIGURE 13 
AFB RESIDUE BEING FED THROUGH SCALPING 

SCREEN INTO CONDITIONING PLANT 



AFB Residue Percent Percent Percent 
Hl x Preparation Aggregate AFB Residue Fly Ash 

1 As Received 50 
2 As Received 79 
2-A Pre-crushed 70 
3 Pre-crushed 75 
4-A Pre-crushed 80 



* - StructmaZ Masonry Units 

On January 28, 1979 approximately 400 concrete masonry un i ts  were 
molded using AFB residue from the p i l o t  p lan t  i n  Alexandria, Virginia.  The 
work was performed a t  the Kurtz Brothers concrete block p lan t  i n  Ephrate, 
Pennsylvania. 

The control  mix was batched a t  the normal operating capacity o f  the 
equipment, 'both before and a f t e r  the t e s t  program. The t r i a l  batches o f  
masonry block were i n i t i a l l y  cured i n  a steam heated tunnel k i l n  f o r  24 hours 
a t  approximately 130°F. The block specimens were stored on trays which were 
placed i n  frames o f  426 blocks each. The frames were placed i n  the curing 
chamber i n  the order i n  which the batches were prepared. A f te r  the i n i t i a l  
overnight cure, they were removed and a f t e r  two days blocks from each batch 
were tested i n  accordance w i th  ASTM C 140, "Sampling and Testing Concrete 
Masonry Units . It Table V I  I sumnari zes the batching proportions, compressive 
strength a t  30 days, u n i t  weight, and absorption propert ies o f  the mixtures. 
The color  and texture o f  the t e s t  mixes are l i g h t e r  and f i n e r  than the con- 
t r o l .  L ighter  color and f i n e  texture are two features which are promoted f n  
the Lancas t e r  County, Pennsylvania area. 

Based on these tests, i t  appears tha t  AFB residue can be subst i tuted 
for  40 t o  50 percent o f  the conventional aggregate presently used i n  block 
manufacturing and continue t o  produce block o f  superior qua1 i ty. Secondly, 
the performance o f  Mixes 1 and 2 suggests tha t  a possible reduction of 20 t o  
30 percent o f  port land cement content can provide a product w i th  equal o r  
superior compressive strength potent i  a1 . 

The second block.demonstration was conducted January 26, 1980 a t  the 
Calc i te  Block Company i n  Lebanon, Pennsylvania. The AFB residue was condi- 
t ioned by means o f  a ready-mix concrete t ruck on January 21, 1980 a t  the 
A1 1 i ed  Concrete Company i n  Dresher, Pennsylvania. The conditioned residue 
was elevated i n t o  an aggregate b i n  f o r  storage and subsequently weighed and 
batched by conventional equipment. The conditioned o r  pre-hydrated AF8 res i -  
due presented no problems i n  handling w i th  moisture contents ranging from 4 
t o  19 percent. 

A t o t a l  o f  e igh t  mixes were investigated f o r  the production o f  masonry 
block. Two control  mixes and f i v e  t e s t  mixes were batched- during the demon- 
s t ra t i on  program t o  make 8" x 8" x 16" 2-core hollow masonry un i t s  and one 
addit ional  mix was also used t o  make s o l i d  8" x 8" x 16" uni ts .  The formu- 
la t ions  o f  the seven block mixes tha t  were used i n  the demonstration t o  pro- 
duce hollow blocks are sumnarized i n  Table V I I I .  The resu l ts  of density and 
absorption tests  performed on these blocks i n  accordance w i th  ASTM C 140 are 
sumnarized i n  Table V I I  . 

The s o l i d  blocks have been included i n  an experimental ree f  block pro- 
gram being conducted by the Marine Sciences Research Center o f  the State 
Universi ty o f  New York. Figures 15 and 16 show the operation a t  the Calc i te  
Block Company plant. 



TABLE VII 
MIX DESIGN AND TEST RESULTS FOR CONCRETE MASONRY UNITS 

Mix Designation 
Composition 

(Pounds per CubSc yard) Control MIX 1 Mix 2 

Portland Cement - Type I 

Limestone Screeni ngr (3P8@() 

Pulverized Coal Fly Ash 

AFB Residue 

Water 

Total Weight per Cubic Yard 

Compressive Strength Q 30 Days Age 820 ps i  1070 ps i  1453 ps i  

Dry Un i t  Weight @ 30 Days Age 130.7 pcf  119.5 pc f  131.3 pcf  

Absorption 8.1% 10.8% 6.9% 

% Compaction (Based on theoret ical  
dry u n i t  weight) 87.5% 87.6% 

I / '  

96.8% 



TABLE V I  I1 
TRIAL BLOCK FORMULATI ONS USED I N  

i4ASONRY BLOCK DEMONSTRATION PROGRAM 

(Calc i te Block Company) 

Mix No. 

Moisture Content (%) 6.2 8.6 8.7 5.7 8.3 20.5 20.2 

Wet Block Weight (Ibs) 41.9 37.3 34.8 37.9 36.7 27.2 27.3 

FORMULATION 
1% Dry Weight Basis) 

Aggregate 

AFB Residue 

F l y  Ash 

Cement 

ACTUAL WE1 GHT BATCHED (I bs) 

Aggregate 3654 910 890 3654 966 - - 
AFB Residue - 455 533 - 464 1000 1000 
F l y  Ash - 103 124 100 100 21 8 220 

Cement 290 144 - 290 96 - 60 

Approximate Un i t  Count 96 39 28 105 45 . 27 4 5 

Theoretical Un i t  Count 100 ' 47 48 11 1 48 54 56 

Total  Batch Weight Dry (Ibs) 3944 1612 1547 4044 1626 1218 1280 

Tota l  Batch Weight Wet (Ibs) 4189' 1750 1680 4275 1761 1468 1539 

Theoretical Wet Batch Weight 
pe r100B locks  4190 3730 3480 3790 j670 ?7?O 2730 



FIGURE 15 
BESSER MACHINE USED I N  PRODUCTION 

OF AFB RESIDUE STRUCTURAL BLOCK 



FIGURE 16 
VIEW OF AFB BLOCK FORMING 
AT CALCITE BLOCK COMPANY 



ENVIRONMENTAL FACTORS 

Work which has been sponsored by EPA3 has out l ined i n  ear ly  studies 
t h a t  the spent sorbent does have 1 eachabl e constituents , p a r t i c u l a r l y  when 
i t  i s  considered f o r  simple disposal such as ponding o r  placement i n  a land- 
f i 11 . As has been described e a r l i e r  i n  t h i s  report, the residues are qu i te  
react ive when f i r s t  exposed t o  the environment and, therefore, the management 
o f  the l a n d f i l l  can have a substantial e f f e c t  o f  the performance o f  the mate- 
r i a l  when exposed t o  rainwater o r  ground water leaching. Note Figure 17. 

Since the residues (pa r t i cu la r l y  those tha t  are produced i n  i ndus t r i a l  
s ized operations) are usual l y  involved with. speci a1 handl i n g  and precondi - 
t i on ing  practices, disposal o f  the mater ial  can be coordinated w i th  these 
pr*ucedures. Further, there i s  a strong pssai b i  1 i t y  tha t  a b~ t re f i c i a t i on  step 
may be i ncorgoPated i n t o  the waste handl i ng system which would , theref ore, 
provide a usable product f o r  some conmercial appl icat ion but, a t  the same 
time, establ i sR a second generation waste which would have substant ial  l y  d i  f - 
fe ren t  character is t ics  t o  tha t  o f  the raw mater ial  discharged from the com- 
bustion uni t .  

It i s  a lso o f  importance t o  recognize t h a t  the disposal of these prod-. 
ucts can be more e f f e c t i v e l y  carr ied out when the mater ial  i s  blended w i th  
other waste mater ial  using some o f  the developments out l ined i n  t h i s  report. 
For example, mater ial  can be co-disposed w i th  f l y  ash w i th  pulverized coal 
combustion, slags, and f l u e  gas desul fur i  zation sludges . Examples of re- 
su l  t s  t h a t  are obtained using these blended products are !shown i n  Table I X .  

I 

NNED PROGRAMS 

Laboratory a c t i v i t i e s  w i l l  continue i n  a number o f  areas such as char- 
acter izat ion o f  spent bed residue and f l y  ash from AFB systems tha t  are now 
coming on stream. In addi t ion t o  the t e s t  programs f o r  type o f  applications 
described i n  t h i s  paper, demonstrations are. also being scheduled f o r  the use 
o f  the residue for  s t a b i l i z a t i o n  o f  subbase soi  1s i n  road, trade waste t rea t -  
ment plants, and addi t ional  t e s t  programs f a r  s tabi  l i z i n g  waste sludges. 

I n  addi t ion t o  these a c t i v i t i e s ,  an i n i t i a l  d r a f t  o f  a Users' Manual 
which has been recent ly  prepared w i  11 be updated from time t o  time t o  in- 
clude developments as they become avai lable i n  the future. 

As mentioned ear l ie r ,  the primary th rus t  o f  the program i s  designed t o  
develop the AFB residues as a nat ional  resource which w i  1 I provide a1 ternate 
mater ials t o  be .used as a subst i tu te o r  replacement f o r  conventional v i r g i n  
o r  manufactured materi a1 s . Basic issues such as coordinating t h i s  program 
w i th  the operating condit ions o f  AFB un i t s  both from the stqndpoint of chang- 
i n g  propert ies o f  the residuals as they w i l l  be produced i n  the fu tu re  and 
resolving concerns such as a v a i l a b i l i t y  and uni formi ty  o f  these products w i  11 
a1 so receive substant ial  review. 

8 ~ a l p h  Stone, "Environmental Assessment o f  So l id  Residues from Fluidized Bed 
Processing", EPA Report No. PB-282-940. 
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FIGURE 17 
STEAM EMISSION FROM AFB RESIDUE STORAGE 

P I L E  PREVIOUSLY MIXED WITH WATER 



TABLE IX 
48 HOUR SHAKE TEST DATA 

(Procedure Out1 ined by ASW Comi ttee 0-19.12) 

U. S. Dept. of 
Public Health 

801 FBC Residue Drinking Ir'ater 
1002 FBC Residue 20% Fly Ash Standards 

pH 
Phenolpthalein rl ka1 in1 ty 
Total a1 kalinf ty 
Hardness. 
Sulfi te  
Sulfate 
Chloride 
Total dissolved solids 
Arsenic 0.00 0.00 0.01 
Cadmim 0.01 0.01 0.01 
Calcim 920 800 
ChromSun 0.06 0.02 0.05 
Capper 0.04 0.03 1 .O 
l ron 0.12 0.08 0.30 
Mercury 0.00 0.00 
Ylsgnes f rwa 
Manganese 
sodim 
Lead 
Zinc 0.02 0.01 5.0 

Note 1: pH is expressed i n  standard pH un i t s .  Alkalinity and-hardness values 
are expressed as epn. A l l  other results are expressed as -/I. 

Note 2; Specimens for test were compacted to ap roximately optimum density f n  
standard proctor molds (4 inch dlucterf. 
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The environmental cont ro l  requirements o f  the advanced DOE Central Power Systems 
w i l l  have t o  comply w i t h  the EPA Standards o f  Performance f o r  New Stat ionary 
Sources when the new systems are developed. The Central Power Systems which 
are the subject  o f  t h i s  discussion are a l l  advanced energy conversion systems 
which hopeful l y  w i  11 reach a "Technology Readiness" s ta tus i n  about the 1986- 
1988 t ime frame, commercialization, which w i l l  take another fou r  t o  s i x  years, 
shoul d fo l low. 

The F i n a l  EPA "Standards o f  Performance Rule" was promul gated f o r  Stat ionary 
Sources. on September 10, 1979. This regu la t ion establ ishes standards o f  per- 
formance which l i m i t  emissions o f  n i t rogen oxides and s u l f u r  dioxide. 

These standards apply t o  a l l  new, modi f ied and reconstructed s ta t ionary  gas 
turb ines whose heat i npu t  a t  peak load  i s  equal t o  o r  greater than 10.7 
gigajoules per hour (approximately 1000 hp). The standards apply t o  simple 
and regenerative cycles as we l l  as the gas turb ine po r t i on  o f  a combined cyc le  
generating system. 

From 10.7 gigajoules up t o  and inc lud ing  107.2 gigajoules per hour (approx- 
imately 10,000 hp) the NO 1 i m i t s  f o r  a l l  app l ica t ions i s  150 ppm(v) i n  the 
exhaust gases, b u t  not  before 1982. For the sizes l a rge r  than 107.2 gigajoules 
the 1 i m i  t s  apply now depending on whether i t  i s  re1 ated t o  gas and o i  1 trans- 
p o r t a t i o n  o r  production w i t h i n  a Metropol i tan S t a t i s t i c a l  Area (MSA). A l l  o f  
these are def ined on a dry basis w i t h  15% oxygen. 

1 

The SO2 l i m i t s  are al rea* i n  e f f e c t  f ir a11 sizes above 10.7 gigajoules. This 
i s  150 ppm(v) o r  the requirement t o  f i r e  w i t h  a fue l  w i t h  less  than 0.8% su l fur .  
None o f  these standards apply t o  R&D turbines. 

L 

The major DOE Cental Power Systems research and development programs are the 
responsi b i  1 i t y  o f  the Assistant  Secretary f o r  Fossi 1 Energy. 

Coal Techno1 ogy 

The Deputy Assistant  Secretary f o r  Coal Technology i s  re'sponsible f o r  research, 
development and technology demonstrati on i n  the f o l l  owing areas: 

- mining research and development - coal 'conversion t o  l i q u i d s  and gases 
- petroleum and natural  gas enhanced recovery - i n  s i t u  technology (coal and shale) 
- f o s s i l  power conversion systems - improved conversi on e f  f j c i  ency 

A1 1 o f  these responsi b i  1 i t i e s  include compl i ance w i t h  envi ronmental heal t h  and 
safety.  The re1 i abi 1 i t y  requi  rements are sel  f-imposed by DOE. 

r .  

1 J 



O f f i c e  o f  Coal U t i l i z a t i o n  

Th is  0ffice;under t h e  Deputy Ass is tan t  Secretary f o r  Coal Technology i s  
responsi b i  1 e f o r :  

- t h e  use o f  gas i f ied ,  1 i quef i ed and sol  i d  coal i n advanced gas t u r b i  ne 
power conversion systems 

- cogenerat ion appl i c a t i o n s  

- u t i l i z a t i o n  o f  waste heat  

- f u e l  c e l l s  ' 

- combusti on processes 

- topping, bottoming, and combined cyc les  

. . Heat Engines and Heat Recovery D i v i s i o n  
,,,, 
. . 

Th is  d i v i s i o n  i s  responsib le f o r :  

- c e n t r a l  power systems 

- dispersed power systems 

- heat  recovery co'mponent techno1 ogy 

Central  Power Systems (CPS) :g - 
This subact i  v i  ty i s  responsib le f o r :  

- openlcombi ned cyc les  

- c losed power. systems 

- engi neer i  ng 'analysis, eva luat ion  and assessment (EAEA) 

Centra l  Power Systems 

Gas turb ines,  openlcombi ned cycles: i n t e g r a t e d  w i t h  appropr ia te  coal  conversion 
and u t i l i z a t i o n  systems, h o l d  e x c e l l e n t  promise f o r  us ing  coal  i n  an economic 
and envi ronmental ly acceptable manner. (Th is  inc ludes both simp1 e cyc les  and 
combined gas t u r b i n e  - steam t u r b i n e  systems) Such advanced systems o f f e r  
p o t e n t i a l l y  1 ower c a p i t a l  costs, 1 ower opera t ing  costs, h igher  avai 1 ab i  1 i ty and 
b e t t e r  envi ronmental accommodati on than conventional steam systems. Water 
usage and waste products are  p ro jec ted  t o  be s i g n i f i c a n t l y  reduced as compared 
t o  cu r ren t  steam power systems. 



The open cycle gas tu rb ine  R&D program covers the technology advancement f o r  a 
t u rb ine  i n l e t  gas temperature on the  order o f  1427°C (2600°F). The High 
Temperature Turbine Technology (HTTT) program using advanced cool i ng techniques, 
cerami cs technol ogy , and advanced combustor technol ogy compri se the major 
development items. 

With regard t o  closed power systems, primary i n t e r e s t  i s  d i rected toward system 
d e f i n i t i o n  and primary heater technology f o r  closed cycle gas turb ine systems. 

The major open cycle program w i t h i n  CPS i s  the High Temperature Turbine Tech- 
nology (HTTT) program. The HTTT program as cur ren t l y  defined, consists o f  
three phases of e f f o r t  t o  be performed by i n d u s t r i a l  contractors: 

Phase I - Program and System D e f i n i t i o n  
Phase I 1  - Technology Test ing and Test Support Studies 
Phase I I I - Techno1 ogy Readi ness Ve r i f i ca t i on  Test Program 

Phase I has been completed. Phase I 1  1 s  the present cont ract  a c t i v i t y .  Phase 
I 1 1  w i l l  inc lude the completion o f  the t e s t  vehic le design, fabr icat ion,  and 
t e s t s  t o  v e r i f y  the technology. One o f  the key issues o f  the HTTT program i s  
the spec i f i ca t ion  and se lect ion o f  a t e s t  s i t e  f o r  the  Phase I11 t e s t  engines. 
Each o f  these Phase I 1 1  machines i s  t o  be capable o f  producing 50 megawatts o r  
more whi le  operating on actual coal -deri  ved fuel .  

Background 

On the  basis o f  using clean fue ls  such as petroleum based d i s t i l l a t e  No. 2 o r  
natural  gas, the technology base o f  the large, u t i l i t y - s i z e d ,  open cycle gas 
tu rb ine  i s  qu i t e  advanced. These very 1 arge u n i t s  (30 megawatt sizes and 
l a rge r )  using clean fue l  i n  peaking duty as wel l  as intermediate duty, are 
already i n  commercial service. Some o f  these turbines are a lso t o  be used as 
comhi ned cycles. The commercialized combined cycle p lants  are capable o f  an 
overa l l  e f f ic iency,  fue l  t o  bus bar, o f  approximately~ 40% us4 ng today's clean 
l i q u i d  o r  gaseous fuels. 

When i n teg ra t i ng  a coal gas i f i ca t i on  p l a n t  w i t h  a combined cyc le  system, the  
overa l l  coal - p i l e  t o  bus bar ef f ic iency wi.11 drop t o  about 30% because o f  the  
losses i n  the gas i f ie r .  Most o f  today's u t i l i t y  gas turbines operate w i t h  a 
tu rb ine  i n l e t  temperature of 1095'C (2000°F). Some of the best o f  these can 
expect 30% e f f i c iency ,  simple cycle. I n  order t o  maintain the overa l l  coal 
p i l e  t o  bus bar e f f i c i ency  above 40%, competit ive w i t h  today's combined cycle 
p lan ts  operating on petroleum based fue ls  o r  natural  gas, the combined cyc le  
p lants  operating on coal gas i f ica t ion must be capable o f  a turb ine i n l e t  tem- 
perature on the order of 1427'C (2600°F)- This capab i l i t y  does not  e x i s t  
today. This i s  as t r u e  f o r  a coal-derived. l i q u i d  as f o r  the gas i f i e r s  because 
o f  the losses i n  the l i q u i f a c t i o n  process. 



The two HTTT contractors, Curtiss-Wri ght and General E lec t r i c ,  are attempting 
t o  develop gas turb ine cool i ng techno1 ogi es f o r  t he i  r respective .machines so 
t h a t  the 1427OC operating temperature can be real ized. A t  the same time, 
and f o r  the  same machines, they are convert ing t o  the  capab i l i t y  o f  accepting 
coal-derived fuels. I n  addit ion, the HTTT machines are intended f o r  base- 
load  duty whi le  today's gas turbines are being used. only f o r  peaking and i n t e r -  
mediate duty. Target l i f e t i m e  i s  30 years. C-W i s  using .the a i r  cooled. 
approach whi le  GE i s using the water cooled approach. 

These advanced cool i n g  concepts f o r  the gas turb ine blades and vanes a l so  
i nclude devel oping a1 ternat ives for  combustor 1 i ners, t r a n s i t i o n  sect1 ons and 
other appropriate h o t  sect ion parts. 

Only a f t e r  compl e t i o n  b f  Phase I I1  w i  11 commercialization be po is f  ble.' A t  
l e a s t  two contractors shoul d be ca r r i ed  t o  the end o f  Phase I1  I ' t o  assure - 
competit ion when commerci a1 i z a t i  on begi ns. Comrnerci a1 i zat ion coul d conceivably 
begin i n  about '1986. 

Combined Cycle Power P l  ant  Concepts 

A t y p i c a l  f low schematic showing the major features and f l u i d  f lows f o r  a 
combi ned cycle .power p l an t  w i t h  an i ntegrated coal gas i f i ca t i on  p lan t  i s  shwn  . ' 
i n  Figure 1. 

FIGURE 1 



The raw coal de l ivered t o  the p l a n t  s i t e  i s  cleaned and crushed p r i o r  t o  en t ry  
i n t o  a gas i f i e r ,  which can be pressurized up t o  50 atmospheres depending on the 
spec i f i c  gas i f i e r .  P a r t i a l  ox idat ion o f  coal takes place i n  the g a s i f i e r  w i t h  
compressed a i r  and steam. This process y i e l d s  a manufactured f ue l  gas con- 
t a i  n i  ng hydrogen, carbon monoxi de and small amounts o f  hydro-carbon gases. I n  
addi t ion,  the  gas contains some contaminants t h a t  enter  the g a s i f i e r  through 
the coal. These contami nants can inc lude par t icu la tes,  tars ,  n i t rogen compounds, 
s u l f u r  compounds and t race metal compounds. They are general ly removed from 
the raw gas leav ing the g a s i f i e r  i n  the gas cleanup system. A r e l a t i v e l y  c lean 
f u e l  gas f i n a l l y  f lows t o  power the gas turbine. 

The gas tu rb f  ne operates on the simple Brqyton cycle. Compressed a i r  and f u e l  
gas u n i t e  i n  combustion and expand through a turbine. A po r t i on  of t h f s  turb ine 
output dr ives the a i r  compressor. The r e s t  o f  the gas tu rb ine  power can be 
e f f e c t i v e l y  converted t o  useful e l e c t r i c i t y  i n  the generator. 

Gaseous combustion products leave the  gas tu rb ine  a t  a ra ther  h igh temperature, 

9 eneral l y  about 540°C (1 000°F). Much of  t h i s  po ten t ia l  energy can be removed 
n a waste heat recovery b o i l e r  t o  produce steam. Expansion o f  t h i s  steam i n  a 

gas tu rb ine  y i e l d s  add i t iona l  mechanical work (by means o f  a Rankine cyc le)  t o  
d r i  ve a second e l e c t r i c a l  generator. 

The combination o f  a gas tu rb ine  w i t h  a steam power p l a n t  i s  f a m i l i a r  t o  many 
e l e c t r i c  u t i  1 i t ies .  More than 40 such combined cyc le  p lan ts  have been constructed 
and operated using petroleum and natura l  gas fuels. Gas turb ines have a lso  
operated on low-Btu b l a s t  furnace gas and on medium-Btu coke oven gas. Thus, 
most o f  the ind iv idua l  components o f  an in tegrated gas i f i ca t i on  combined cyc le  
power p l an t  have a1 ready been demonstrated. The technical  r i s k  o f  p u t t i n g  
together the e n t i  r e  in tegrated system woul d appear t o  be w i t h i n  cur rent  i ndustrf-a1 
pract ice.  

The major envi romnental advantage o f  the in tegrated g a s i f i e r  combined cyc le  
power concept has t o  do w i t h  c leaning up the ho t  gases i n  the process o f  
gas i f y ing  coal ra ther  than burning the coal i n  a furnace, thereby producing 
steam, and then c leaning up the exhaust stack gases w i t h  a f l u e  gas desu l fu r i ze r  
system. The disposal problem associated w i t h  the gas! f i e r  system waste products 
are vast ly  reduced p lus  the gas tu rb ine  combined cyc le  i s  considerably more 
e f f i c i e n t  i n  i t s e l f  than a steam tu rb ine  is .  

Actual ly, an appreciable po r t i on  o f  the gas tu rb ine  development i s  associated 
w i t h  combustor development. When a new gas tu rb ine  i s  designed and b u i l t ,  a 
new combustor i s  a la rge  po r t i on  o f  t h i s  new design. Because i n  t h i s  case, 
t h i s  combustor i s  ac tua l l y  a completely new device which must operate a t  
tenperatures a t  l e a s t  600°F h o t t e r  than today's gas tu rb f  nes, us ing f ue l s  which 
have r a d i c a l l y  d i f f e r e n t  combustion charac te r i s t i cs  means t h a t  q u i t e  a sizeable 
combustor development must be successful ly  completed even t o  make a machine run, 
l e t  alone run cleanly. I n  t h i s  case, the basic t h r u s t  o f  the t o t a l  combustor 
program i s  t o  make the combustor burn cleanly. 



The HTTT .combustor. (:FT . 1.a) i .s  used for  s ta r tup  qnd for oth.er reaSons 
bri'efly, defi:ned 4s. f o l  i' owi: 

PIL-.I 

SECONDARY GAS NOZZLE ASSEME~LY 
FUEL CONNECTION (2 PER COMBUSTOR) 

HTTT LOW BTU GAS, STAGED, SECTORAL COMBUSTOR P,i:g. lzl. 
, 

1 

The f o l l  owing discussion i s  quoted from the  G.E. con t rac t  quar te r l y  repor t :  

A formal engineering review of the basel ine sectoral  combustor design was held. 
An expert  review committee was assembled from w i t h i n  General E l e c t r i c  inc lud ing  
members from the A i  r c r a f t  Engi ne Business Group, Corporate Research and Develop- . .. 
ment, and the Gas Turbine Div is ion.  i l 

* . : I t  
, ;' 

Sto i  ch i  ometry 

A f t e r  considering the revised cyc le  s ta te  vector both a t  the design p o i n t  and 
a t  f u l l  speed f o r  various p a r t  load condit ions, i t  became necessary t o  1 ower the 
f u e l  stagi  ng po in t  from 49% t o  41% 1 oad. The f ue l  spl i t  remains approximately 
w i t h i n  the design f lammabi l i ty  1 im i ts ,  but the equivalence r a t i o  a t  the design 
p o i n t  i s  1.09 i n  the p i l o t  burner and 1.32 i n  the second stage nozzles ins tead 
o f  being equal before t h i s  cyc le  change. The second stage may be too r i c h  t o  
be leaned out  by the remaining flow. The f ue l  and a i r  s w i r l e r  s iz ings have 
been reca lcu la ted f o r  the 41% staging point.  

Continued evaluat ion o f  the t rans fe r  po in t  from o i l  t o  dual fue l  t o  low-Btu gas 
i s  i n  progress. This t rans fe r  may now occur as low as 12% load i n  l i e u  o f  18% 
load, as f a r  as the combustion system i s  concerned. However, the g a s i f i e r s  may 
no t  be able t o  t u r n  down t h i s  low. Further, because o f  the e f f e c t  o f  ambient 
temperature on performance, the t rans fe r  p o i n t  may have t o  be defined i n  some 
manner o ther  than percent o f .  load. 

The basel ine sectoral  combustor has a two stage fue l  i n j e c t i o n  system. The 
j u s t i f i c a t i o n  f o r  t h i s  i s  shown i n  Figure 2. The p l o t  shows the temperature 
r i s e  across the combustor versus the equivalence r a t i o  i n  the react ion zone. 
Two envelopes are shown on the f i e l d  o f  the p lo t .  The l a rges t  envelope i s  



dot ted and the width approximately represents the burning l i m i t s  o f  number two 
d i  s t i  1 l a t e  o i  1. The he ight  o f  the dot ted envelope i s  the range o f  the required 
combustor temperature r i se ,  r i s i n g  from the minimum a t  i g n i t i o n  and f u l l  speed 
- no load t o  the maximum a t  f u l l  speed - f u l l  load, 

The s m l  l e s t  envelope i s  drawn w i t h  sol i d  l i n e s  and the  w i  dth represents the  
approximate burning l i m i t s  f o r  the 127.5 Btu/scf design low-Btu fuel used i n  
Phase 11. The ve r t i ca l  component i s  the combustor temperature r i s e  range from 
20% load, the  approximate t r ans fe r  p o i n t  t o  coal gas, up t o  a f i r i n g  temperature 
o f  1427'C (2600°F) and a compressor pressure r a t i o  o f  twel ve. The curved l i n e s  
represent the combustor a i  rfl ow quant i ty  enter ing the react ion zone. The dot ted 
curved l i n e s  show t h a t  no more than about 18% o f  the a i r f l o w  can enter  the 
reac t ion  zone on d i  s t i l  l a t e  o r  the mixture w i  11 be too lean a t  f u l l  speed - no 
1 oad (1 ower 1 e f t  corner of the dot ted envelope) and no 1 ess than 9% of the a i r  
can enter  the react ion zone o r  the mixture w i l l  -be too r i c h  t o  burn a t  f u l l  
speed - f u l l  1 oad (upper r i ght corner o f  the dot ted envelope). When burning 
the 127.5 Btu/scf fue l ,  the lower l e f t  corner requires no more than 28% a i r  and 
the upper r i g h t  corner requires no less  than 55%. This r a t i o  i s  impossible 
w i thou t  f ue l  i n j e c t o r  s tag i  ng. 
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Figure 2 COMBUSTION SYSTEM STOICHIOMETRY 



The 'Z* shaped 1 ines i n  the 127.5 Btulscf  burning range envelope represent the 
percent o f  combustor a i r  mixing w i th  the fue l  i n  the base1 ine  design. Beginning 
from the 1 ower l e f t  s o l i d  l i n e  envelope, fue l  i s  supplied t o  only the p i l o t  
stage and mixes w i th  about 25% o f  the a i  r. When t h i s  1 i ne reaches the r i c h  
burning l i m i t  about h a l f  way through the load range; i.e., a t  h a l f  the required 
combustor temperature rise, the  fue l  f low i s  spl i t  between the p i1  o t  burner and 
the second stage or  auxi 1 i a r y  burners. This i s  shown p i c t o r i a l  l y  by the double 
sol  i d  l i n e  beginning approximately from the lean burning 1 i m i  t and ending a t  
the r i c h  burntng l i m i t  and 1427'C (2600°F) f i r i n g  temperature. The outcome of 
a s ing le stage fue l  i n jec t i on  system i s  the base load operating po in t  would 
burn very r i c h  and the carbon monoxide emissions w i l l  be high. A second stage 
step would help t o  ameliorate t h i s  situation. 

Space Rate 

The space rate, o r  heat release, per u n i t  volume per a osphere of p essure has 2 been calculated f o r  the f u l  b load pol n t  and i s  1.8 x 10 Btu lhr  - f tS - atm. 
Space rates o f  up t o  8 x 10 are successful i n  annular combustors. Space rates 
f o r  heavy duty gas turbines are t yp i ca l l y  less  than one-third o f  the HTTT 
Sectoral combustor. 

The Curtiss-Wright HTTT combustor program i s  deqcri bed as f o l  lows. Within the 
contract a t e s t  f a c i l i t y  has been constructed which w i l l  simulate 1 ow Btu gas 
by mixing a number o f  gases from high pressure containers which are transported 
t o  the t e s t  s i t e  on la rge  semi-trailers. These high pressure "bo t t le  t r a i l e r s '  
shwn i n  Figure 3 and Figure 4 are then connected t o  the various m i  xing systems, 
Figure 5 and 6, which then supply the pre-programmed mixture t o  a t e s t  c e l l  
where the combustors, Figure 7 and Figure 8, are tested. 

\ 

During the gasi f icat ion process as conceived by both G.E. and Curtf ss-Wri ght, 
a l l  o f  the coal products o f  combustion include vaporized tars, a lka l i ,  
part iculates, H2S, su l fu r  oxides, t race elements, hydrocarbons and oxides o f  
nitrogen. A t  present, the cleanup t r a i n  f o r  the gas i f i e r  stream appears t o  
require physical cleanup devices such as centri fuges as wel l  as water washes. 
The water washes are t o  remove the tars. I n  the process o f  removing tars, 
par t icu lates and ta rs  both are removed rather e f fec t i ve l y  so t h a t  the only 
contaminants remaining are su l fu r  oxides and oxides o f  nitrogen. Some o f  these 
nitrogen compounds are i n  the form of a m n i  a, which i s  easi ly  removed, whereas 
such devices as Benf ield systems and St re t fo rd  systems w i  11 remove the H S 
qu i te  ef fect ive ly .  Conversion t o  elemental su l fu r  by using a Claus i s  
a1 1 t h a t  remains. 

Closed Power Systems 

The closed cycle gas turbine program i s  presently the major closed power program. 
The environmental, heal th and safety aspects o f  t h i s  program are somewhat 
d i f ferent ,  technologically, than the open cycle program. A schematic o f  a 
closed cycle system i s  shown i n  Figure 9. 



Figure 3. Bottle trailers connected to a manifold. 





Figure 5. Cryogenic storage tanks. 
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A t  the present time the major e f f o r t  being expended on the DOE closed cyc le  
system i s  wi'th respect t o  the primary. heater. The two phase I contractors 
completed simultaneous phase I studies li n which they evaluated and f i n a l i z e d  
t h e i r  systems analyses on two d i f f e r e n t  cycles, one using a i r  as the working 
f.1uid and the other using helium. However, once the systems had been s e t t l e d  
on, the si'ngl e phase I I .  contractor i s  now concentrat ing on .the primary heater 
only. 

The primary ,heater i s  t o  obtain i t s  heat from burning coal. Two a1 ternat ives 
are being examined-one using a pulver ized-coal  furnace and the o ther ,us ing  
f l u i d '  bed combustion (atmospheric). I n  the case o f  the pul ver ized coal furnace 
i t w i l l  requ i re  a stack gas scrubber o f  some kind, however, t h i s  DOE program 
element does not  address t h i s  because another program element w i t h i n  the Office 
o f  Coal U t i l i z a t i o n  i s  addressing stack gas cleanup o f  a l l  kinds. The f l u i d  
bed combustor por t ion  o f  the closed cyc le  cont ract  e f f o r t '  includes the primary 
heater element t es t i ng  i n  a f l u i d  bed heater, and one of. the phase I 1  require-  
ments i s  t o  successful ly operate a module o f  such a primary heatel". 

Figure 10 ' i s  a conceptual version o f  one o f  the t e s t  modules. 
t 

- 
Figure 10 



So t h a t  the basic R&D cont ract  e f f o r t  can be p l aced . i n  proper perspective w i t h  
regards t o  the environmental needs, the fo l low ing  p o i n t  o f  view r e f l e c t s  what 
t h e  Rocketdyne ( the  cont ractor )  understood as f a r  as what DOE requested: 

I t  w i  11 no t  do t o  spend an inord inate  amount o f  time and money dur ing the 
s ta r tup  phase of the 6- x 6-foot bed operation developing diagnostic techniques 
f o r  use l a t e r  i n  the program. S t i l l ,  there i s  some hazard t h a t  improper 
operat ion o f  the bed during the s tar tup phase o f  the t e s t  program could wel l  
i n i  ti a te  sul f i da t i on  corrosion and pre jud ice program resul  ts. Nei ther w i  11 i t  
do t o  r i s k  damage t o  the 6- x 6- foot  bed i n  conducting some o f  the hazardous 
experiments necessary t o  resolve some o f  the technical  issues involved i n  the 
app l i ca t ion  o f  the  AFB t o  f u l l  system service. Preparatory experimentation 
w i t h  smal ler  beds, as expl a1 ned ea r l i e r ,  i s  planned t o  be ready t o  conduct a 
safe, cost -e f fec t ive  program .on the 6- x 6- foot  system when it becomes sui table.  

Dur ing the 6- x 6- foot  f l u i d i z e d  bed exp lora t ion phase ( w i t h  perhaps 250 hours 
a t  maximum temperature) (1)  the experiences of the subscale combustor develop- 
ments w i l l  be t ransfer red t o  the 6- x 6-foot combustor operations, and operat ing 
p l us  moni tor ing techniques defined; ( 2 )  the i nter re la t idnsh ips i n  operations o f  
the  system components w i l l  be explored and the most pressing exper i~ner~ts 
conducted; ( 3 )  the adequacy of system components and operat ing procedures f o r  
t he  long-duration corrosion/erosion t e s t i n g  w i l l  be assessed (and modi f ica t ions.  - 

made i f  needed) ; and ( 4 )  the t a rge t  operating condi t ions f o r  the corrosion/erosli on 
runs f i nal l y  def i ned. 

Ca ta l y t i c  Combustors f o r  Coal Derived Fuels 
.* 

The f ue l s  ava i lab le  f o r  combustion i n  a gas turb ine combined cycle power p l a n t  
are  low and medium Btu gases as wel l  as residual  and coal-derived l i qu ids .  The 
reason t h a t  residual  o i l  comes under considerat ion i s  two fo ld.  F i r s t ,  res idua ls  
and coal-derived l i q u i d s  have a common emission problem - fue l  bound n i t rogen 
which i s  an add i t iona l  source o f  NOx from the combustion process. Secondly, i t  
i s  possib le t h a t  residual  f ue l s  may be burned i n  place o f  d i s t i l l a t e  f ue l s  
p r i o r  t o  coal -der i  ved fuels being avai 1 able i n  su f t  i c i  en t  quantl  t i es .  DOE 
programs have combined residual  and coal l i q u i d s  together as heavy 1 iquids. 

This program on c a t a l y t i c  combustors was reported on l a s t  year. The change i n  
s ta tus  i n  the Engelhard con t rac t  i s  as follows: the cont ract  i s  now completed. 
Further,  NASA cont ract  work on tow NOx Heavy Fuel Combustor concepts i s  only 
three months o l d  so there i s n ' t  much reportable yet .  

As s ta ted  by Engel hard, the problem associated w i t h  the burning o f  these fue ls  
i n  conventional combustors i s  best  i l l u s t r a t e d  by Figure 11. This shows the 
NO, emi ssion 1 eve1 s f o r  various fue l  s p l  o t t e d  agai n s t  combustor e x i t  temperatures. 
The p l o t  shows only trends since each manufacturer woul d have d i f f e r e n t  r esu l t s  
depending on the combustor design. The NOx l eve l s  represent thermal NO-. only 
and assume no entrained nitrogen. As shown, medium Btu gas represents Ehe highest  



NOx output. This i s  due t o  the higher hydrogen content which r e s u l t s  i n  a 
higher s to ish iometr ic  temperature. Low Btu gas, on the other hand, i s  the 
lowest NO, generator, how low depends on the gas consti tuents. The NOx l eve l s  ' 

of r e s i  dual f u e l  w i  11 be i n  the general . nei ghborhood o f  .the No. 2 o i  1. As you 
can see, a l l  fue ls  except low Btu gas exceed the proposed EPA standards o f  75PPM 
a t  combustor e x i t  temperatures greater than 1900F. 
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One so lu t i on  t o  the problem i s  the use of c a t a l y t i c  combustors i n  gas turbines. 
F igure  12 i s  a simp1 i f e d  explanation o f  why the NO l e v e l  i s  d r a s t i c a l l y  reduced 
when such combustors are used. The i l l u s t r a t i o n  a t  the top shows a conventional 
combustor operating a t  i t s  most e f f i c i e n t  po in t  under near s to ich iometr ic  
condi t ions.  The h igh gas temperature i s  reduced t o  the required tu rb ine  i n l e t  
temperature by means o f  d i l u t i o n  a i r .  On the bottom char t  we have p l o t t e d  gas 
temperature versus the ax ia l  distance along the combustor. The curve shows 
t h a t  the temperature climbs t o  over 4000F dur ing the burning process. The 
c a t a l y t i c  combustor i s  shown i n  the center o f  Figure 12. I n  t h i s  type, the  

. fue l  i s  m i  xed w i t h  a i r  and introduced i n t o  the c a t a l y t i c  reactor  where i t  burns 
under lean condit ions. As shown i n  the bottom diagram the gas temperature 
gradual ly  bu i lds  up t o  the tu rb ine  i n l e t  temperature thus staying below 3000F. 
The s ign i f icance o f  the 3000F l eve l  i s  t h a t  thermal NOx generati  on i s  general l y  
produced a t  gas temperatures i n  excess o f  3000F. Therefore, a combustion 
process which maintains a gas temperature below 3000F w i l l  produce l i t t l e  o r  no 
thermal NOx. 

Ceramics Technology Development Program 

This program i s  intended t o  complement the  HTTT by prov id ing an a l te rna te  h o t  
sec t ion  technology f o r  advanced u t i l i t y  turbines using e i t h e r  l i q u i d  o r  gaseous 
coal  -der i  ved fuel.  This ceramics e f f o r t ,  which includes the present ly emerging 
carbon-carbon technol ogy , w i  11 prov i  de a technol ogy base w i  t h  design method01 ogy 
which w i l l  support the high temperature needs throughout the development spectrum. 

Two cont racts  have been awarded by DOE f o r  "Conceptual Designs and Mater ia l  
Screening. " Contractors are  Westinghouse El e c t r i  c Corporati  on and AiResearch, 
(Ga r re t t  Corporation). Subsequent phases of these contracts w i l l  cover: 

Phase 1 I - Mater ia ls  and Design Methodology Development, 
Phase I11 - C r i t i c a l  Component Design and Development, and 
Phase IV - F u l l  Scale Hot Section Test. 

Phase I 1  i s  intended t o  be contracted i n  the near fu tu re  as a r e s u l t  o f  responses 
t o  a DOE Request f o r  Procurement. The t ime frame involved t o  achieve technology 
demonstration o f  coal-burning ceramic turbines 1s approximately 8-10 years. I t  
should be noted t h a t  simultaneous hardware mater ia l  screening and t e s t i n g  w i l l  
be c a r r i e d  ou t  dur ing t h i s  per iod  i n  government f a c i l i t i e s .  

Any and a l l  contracts i n  the ceramics development program exceeding $200K w i l l  be 
requ i red  t o  comply w i t h  the environmental, hea l th  and safety requirements also. 
However, as present ly  visual ized, these program elements are ra ther  small and 
n o t  many exceed $200K i n  size. Because o f  the experimental nature o f  the 
mater ia ls  invo lved i t  i s  a1 so incumbent upon DOE t o  make sure o f  worker safe ty  
and envi ronmental compl iance. 
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Health and' Safety 

The hea l th  and safety compl iance of both the open and closed cyc le  programs are 
requi red f o r  contracts exceeding $200K, therefore DOE must make sure t h a t  a l l  
contractor.  e f f o r t s  comply under formal ly def ined heal th  and safety regul a t i  ons 
monitored both by the states wherein the.-plants are located and a lso t h a t  they 
are complying w i t h  EPA regulat ions because these are federa l l y  funded programs. 
This includes a l l  hazardous mater ia ls handling, noise pol lu t ion ,  and a1 1 OSHA 
regul ations. 
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INTRODUCTION 

Rising fossil fuel prices and fuel shortages in the last few years have 
led to an increased effort to develop magnetohydrodynamics (MHD) for electri- 
cal power generation. Much has already been said in the literature about the 
efficiency potential of MHD cycles and numerous papers have described MHD com- 
bustor and generator work and related development efforts. Interest in the 
bottoming cycle and pollution control has increased recently. For example, 
thb Energy Conversion Alternatives Stud 1 defined a bottoming cycle for MHD S and a r'ecent paper by J.B. Dicks, -- et a1 described a total plant concept being 
developed by the University of Tennessee Space Institute and Babcock & Wilcox 
Company. However, except for the USSR development of a gaslired MHD Electri- 
cal. Power system3 there is little experimental data available on the down- 
stream components or pollution control. This paper will describe work spon- 
sored by the Department of Energy and carried out at UTSI to develop an un- 
derstanding of pollution control aspects while operating coal-fired MHD 
systems. 

BACKGROUND 

The shortage of clean fuels and abundance of coal led UTSI to turn to 
coal firing several years ago for development of MHD concepts at its R&D fa- 
cility. Several test cells are available at this facility. An earlier paper 4 

described results of tests to investigate nitrogen oxide (NO,) relaxation 
while operating at about 85 percent of the oxygen required for stoichiometric 
combustion of the coal. Under the conditions tested, the NO relaxed in about 
1.5 seconds. Preliminary results2 indicated that the potassfurn used to pro- 
vide the ionized gas for MHD power generation would react with the SO2 and 
that the MHD process would be environmenttlly acceptable with regard to sulfur 
emissions. 

Recent work at UTSI involved the design, fabrication and erection of a 
secondary combustor to burn the combustibles remaining in the gas stream, and 
to do so in a manner that minimizes nitrogen oxide formation. This paper will 
describe that apparatus, and the results of nitrogen oxide and sulfur dioxide 
measurements made during the ensuing test program. The work is sponsored 
by the Department of Energy under Contract DE-AC01779ET10815, 



EXPERIMENTAL - R&D FACILITY 

The equipment used in these tests, identified as Cell 111 at the UTSI 
R&D Facility in Tullahoma, Tennessee, is shown on Figure 1. Major compo- 
nents include a combustor, nozzle, aerodynamic channel, diffuser and cy- 
clone, which were built and installed before this test series began. All 
components downstream of the cyclone were designed, constructed and installed 
for this test series to accomplish and evaluate secondary combustion. The 
principal components of this portion of the train includes the gas sampling 1, 

section, two secondary oxidant injectors and two in-line tubular heat ex- 
changers. This equipment is connected by annular water-cooled piping and 
the gases are exhausted to the atmosphere through the stack. 

Ceu~ral Illluvis coal, seeded with K CO , io fcd from 3 prasnurized 
hopper in dense phase into a combustion c8amaer. A typical coal analyses 
is shown in Table I. The flow rate sf  the combined coallseed mixture for 
this was a nominal 750 Kglhr. The capacity of the hoppers allowed for up 
to two hours of test time. In a coal combustion chamber, the mixture is 
ignited with a fuel oil flame, then burned with oxygen containing various 
amounts of nitrogen. Both oxygen and nitrogen are supplied from storage 
tanks through heat exchangers which vaporize liquid oxygen and nitrogen 
by utilizing the warm water discharge of the components. The gaseous oxy- , *  

gen and nitrogen flows were controlled by set point controllers and measuredi 
by orifice plates in the lines. The system capability allowed for oxygen c '  

flow rates to range from reducing to oxidizing stoichiometry in the combus- 
tor. Primary nitrogen flows were varied up to about 5 0  percent of the oxy- 
gen flow. 

I ,  

I 

TABLE I , 

TYPICAL COAL ANALYSIS 

Coal Composition 

Moisture 
Ash 
Sulfur 
Carbon 
Hydrogen 
Nitrogen 
*Y sen 
Btulll ( H H v )  

(wt X of coal) 
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FIGURE I. Cell III Downstream Component Test Facility 



Ash Analysis 

Si02 

AL203 

Fe203 
CaO 

(wt % of ash) 

53.0 

14.0 

21.0 

3.9 

Nominal seeding levels of K2C03 are 17 percent by weight of the total 
fuel flow. 

' Shortly after the coal combustor was s ~ a ~ L e d  and oxygen flows were set 
to give the desired stoichismetry, oxygen flow to the secondary combustor 
was initiated and adjusted to get the desired cxcess oxygen levels. The 
nitrogen was then introduced at levels that were varied up to about 75 per- 
cent of the total oxygenlnitrogen flow rates. 

Combustion Gas Analysis 

The UTSI facility has gas analyzers available to continuously monitor 
carbon'dioxide (C02), carbon monoxide (CO), hydrogen sulfide (H2S), sulfur 
dioxide (SO2), nitrogen oxides (NO,) and oxygen (02). An on-line gas chrom- 
atograph is also available for monitoring hydrogen, nitrogen, methane and 
other gases. The gas analysis system uses an extractive method of sampling 
to snonitor species of interest. A sample is drawn by a teflon diaphragm pump 
through a heated filter and heated sample line to a sample conditioner in 
which water is condensed from the gas strsam at 5 O C  and removed from the sys- 
tem. The dry gas is then pumped into the control room to the gas analysis in- 
strumentation. 

Instrumentation 

- - -  _ _  During testing, gas samples were obtained and analyzed continuously at 
the stack for the gases identified earlier. Samples were also taken at two 
or four minute intervals for gas chromatograph analyses, In selected tests 
during the latter part of the test schedule, the analytical system was ar- 
ranged to provide simultanenus samples from the secondary combustor and the 
stack. However, only one sample conditioner was available. Furthermore, 
because of the limited number of analyzers, it was necessary to arrange the 
instruments to measure H2S and CO (high.range) at the secondary combustor.in- 
let and NOx, SO2, CO (low range), C02 and 0 at the stack. Periodically, 
samples were taken at other locations. Coa f and ash samples were also col- 
lected for each test. 

. i >, 

.' 1 



The facility has instrumentation to monitor pressures; flows of coal, 
kerosene, oxygen, nitrogen and cooling water; gas, water and metal tempera- 
tures ht various points; gas composition, and additional variables, such as 
acoustic emissions, vibration and pressure fluctuations. 

Test variables were recorded digitally on tape for reduction on a Data 
General Mini-Computer. The data acquisition system has a 256 channel capa- 
bility with multiplexing and AID conversion throughout rates up to 2000 Hz, 
depending on the test requirements. Selected data are displayed on-line on 
a CRT. 

SECONDARY COMBUSTION 

Several.techniques for injecting secondary oxygen and nitrogen mixture 
were investigated. The most satisfactory design tested involved injecting 
the oxygen and nitrogen almostcountercurrentto the direction of flue gas 
flow. With this arrangement, the performance was dependent on inlet gas 
temperatures. With inlet gas temperatures above about 750° C, carbon mon- 
oxide concentrations at the stack were stable and normally less than 300 
ppm (see Figure 2) for inlet carbon monoxide levels between 3 percent and 
17 percent. . , 

A > 

SULFUR DIOXIDE 

The potential for MHD coal-fired systems to reduce high SO2 levels with- 
out the costly scrubbing systems has given increased emphasis to development 
of MHD systems.5 When potassium is added to the fuel to produce a condllrt- 
ing plasma at high temperatures, it will later react with the SO2 in the sys- 
tem to form K2S04. The seeding level in a commercial MHD power plant has been 
proposed as one percent of the total flue gas mass flow. Using potassium carbon- 
ate seed (or any suitable salt) in a coal-fired MHD system allows burning of 
bituminous coal with high sulfur content without scrubbing systems. 

Since an MHD system differs from conventional coal-fired plants in sev- 
eral important aspects, it seems worthwhile to consider the sulfur chemistry. 
The pathway of sulfur reactions through a conventional coal-fired power plant 
has been fairly well documented, With excess air levels of 5 percent and 
higher, more than 98 percent of the sulfur in the coal is converted to SO2. 
The remaining two percent or less is converted to sulfur trioxide and metal 
sulfates. Common overall chemical reactions in conventional coal-fired power 
plants are listed below.6 

R-S (organic sulfur) +' O2 + SO2 

M20 + SO3 + M2S04 (M is a metal atom) 

. .  The two-stage combustion process adopted by UTSI is used to achieve low 
nitrogen oxide emissions. In this process, the primary combustor ... operates 
fuel rich. The test train .can be considered'to be divided into two zones 
with the primary zone being reducing and the secondary zone being oxidizing. 
Typical operating parameters are given in Table 11. 
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FIGURE 2. CO Level at Stack. 



TABLE I1 

Primary and Secondary Combustor 

Typical Operating Parameters 

Primary 
Combustion Zone 

Peak temperature 3000' K 
~emperature leaving' 1200" K 
Pressure - initial . 4 atm. 
Pressure - exit 1 atm 
Residence time 1.5 sec 
Stoichiometric ratio* 0.85 

secondary . 

Combustion Zone 

1500" K 
800" K . 
1. atm 
1 atm 
0.8 sec 
1.15 

*Stoichiometric ratio = oxygen actually supplied divided by,oxygen re- 
quired for complete combustion. 

The NASA SP-273 program7 was run over these conditions~without potas- 
sium to predict the gas phase sulfur forms at equilibrium. A plot of equi- 
librium sulfur forms (as mole percent of total sulfur) versus temperature 
is presented in Figure 3. The Free Energy Minimization Program predicts SO2 
along with SO as the predominant sulfur forms in the high temperature region. 
As the temperature decreases, H2S, S, and COS become predominant with de- 
creasing concentrations of SO and SO, This relationship has been verified 
to some extent in the Cell 111 flow train. More equipment is necessary, 
Iiowever, to determine the levels of COS and other sulfur compounds. These 
determinations are planned for later work in the UTSI development program. 

The reaction,pathway.of SO2 to H2S may be summarized by the overall 
reaction (4). 

In the oxidizing zone, the sulfur gases are converted from reduced species to 
oxidized species. Reactions (5) and (6) suntmarize.the oxidation of H2S and 
COS . 

0.5 02' 
H2S + O2 * SO2 + H2 + SO2 + H20 

0.5 O2 
cos + 02* CO + SO2 -% co2 + SO2 

The SO2 formed in the secondary combustor is stable under the conditions . 
listed above, according the the NASA SP-273 program. A kinetics program..now 
being prepared should give additional insight into the sulfur reactions. 

In an MHD system, sulfur reactions are strongly influenced by the potas- 
sium in the gas stream, but little information exists on the reaction mechan- 
isms under these conditions. However, the NASA SP-273 program was run 'for 
the conditions present in.the primary combustion (reducing) zone to obtain in- 
formation on the potassium behavior. This program predicts several equili- 
brium potassium forms and these are plotted as mole percent of total potassium 
versus temperature o'n Figure 4. The potassium equilibrium forms are pri- 
marily atomic K and KOH at high temperatures. As the gas cools, the equili- 
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brium potassium form favors a stable compound with Si02 and at 1 6 0 0 ~ ~ ~  the 
program predicts that 97 percent of the potassium is in the form of K2Si03. 
The reactions do not reach equilibrium in the system investigated at UTSI, 
as evidenced by the fact that slag samples normally contain less than 20 per- 
cent insoluble.K20. Significant amounts of K2C03, K2S04 and K2S are present 
in samples collected from reducing zones. 

High levels of sodium carbonate are frequently found in sodium recovery 
systems in the paper industry. Dust and fume collected from the combustion 
of the liquor residue from pulp making operations (under  educing conditions 
as the Kraft process) is in the form of sodium carbonate, One potassium 
form found in the cy.clone exhaust in the Cell 111 facility is potassium 
carbonate and the formation is probably analagous to the Kraft operation. 
Potas~ium'h~droxide may be present at higher temperatures and, if so, corn-. 
bines with the C02 in the gas stream to fo,m K2C03 on the sampling appara- 
tus ihrough the reaction (7) .  

2 KOH + Cop = K2C03 + H20 AH 2 3 4  Kcal/mole (7)  

'l'he levels of K2SU found in the cyclone exhaust are also in disagree- 
mene wlch c h e  NASA equifibrium piedictions. Potassium sulfate is not pre- 
dicted as an equilibrium form under fuel rich conditions. Apparently, the 
K2S04 is formed in the high temperature region of the primary combustion 
zone. This is a reasonable explanation due to the partial pressure of SO 
and 0 in this region. The, NASA program did not consider K2S0 (g) whic 2 
may be formed in this zone, according to recent thermodynamic data.9 

t 
The operating conditions of the secondary combustor have been mentioned 

previously. The CO, H2, H2S and other reduced species are converted to the 
oxidized forms at temperatures around 15006K at oxygen/fuel stoichiometric 
ratios of 1.05.' Potassium hydroxide will react with sulfur dioxide through 
the overall reaction (8). lo 

2 KOH + 
Chemical analyses of samples downstream of the secondary combustor show 

K SO4 and K20*slag as the only potassium forms present, except for one case 
wien K2C03 was present with a K/S molar ratio of 1.5. 

Results and Conclusions - SO2 
1. Sulfur dioxide emissions can be reduced more than 95 percent with 

potassium carbonate seed levels expected for MHD power generation. 
Sulfur dioxide levels for various seeding levels are shown on 
Figure 5. This level of SO2 removal will meet proposed EPA stsn- 
dards. 

2. Some K2S04 appears to be formed in the primary combustion zone, 
which seems to be in disagreement with current NASA equilibrium 
predictions. 
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NITROGEN OXIDE 

The high combustion temperature necessary to produce MHD electrical 
power (3000°~) leads to high nitrogen oxide formation. Calculated equili- 
brium nitrogen oxide formation in the combustor is 13 lb/106 Btu (5.6 g/J). 
The current EPA limit for a coal-fired power plant is only 0.7 1b/lo6 Btu 
(0.3 g/J). It is apparent that the MHD combustion gas must undergo a dras- 
tic reduction in NOx concentration ( '95 percent) between the combustor and 
stack. 

Nitrogen oxide reductions can be carried out in several ways. Methods 
used in the utility industry are well documented in the EPA periodical NO, 
Control Review.ll An inventory taken in the summer of 1978 included nine 
methods of controlling NUx emissions in steam plants now operating. Forty 
percent of the stations surveyed chose overfire air for NO reduction. This 

X 
method is essentially a stagedcon~bustiunprocess where lower burners are 
operated at theoretical air levels less than 100 percent and additional com- 
bustion air is injected above these burners. The residence time under fuel 
rich conditions is long enough to allow NOx relaxation (dissociation to N, 

L 
and 02) in the furnace zone. The other NO relaxation methods involve 
approaches that reduce combustion temperatures. However, NO, reduction 
techniques that decrease NOx formation by lowering peak combustion tempera- 
tures are unacceptable in an MHD cycle. Any lowering of temperatures in the 
MHD cycle drastically decreases efficiency. Therefore, in the MHD system 
at UTSI, staged combustion was considered as the initial approach for NO, 
reduction. However, the combustion zone of an MHD cycle is significantly 
different from conventional steam plant systems, and it is necessary to ob- 
tain system study and experimental data on this NOx reduction method to con- 
firm predicted results. 

A system study was performed to predict the impact of operating the 
primary MHD combustor at a stoichiometric ratio ~1.00. From this study, 4 

it was decided that operation of the primary coal combustor at a stoichio- 
metric ratio of about 0.85 would provide the optimum operating point for 
high plasma conductivity and low NOx formation. The lower oxygen-to-fuel 
ratios also permit more rapid relaxation of NOx (dissociation to N2 and 02). 
Additional system studies have shown that there are other advantages in 
operating in this range. 

An experimental program was implemented to determine the relaxation 
time needed to obtain NOx levels sufficiently low to comply with EPA regula- 
tions. Figure 6 shows experimentally determined NO concentrations in the 

ZF primary zone combustion gas at various stoichiometr~c ratiosV3 The resi- 
dence time in the system was approximately 1.3 seconds. As can be seen, 
the lowest stoichiometric ratio gave the lowest NOx concentrations. This 
experimental data was compared with the Hals and ~ e w i s l ~  NO, relaxation rate 
predictions. This experimental data agrees well with the predicted concen- 
trations. From these experiments, it was decided that a stoichiometric ratio 
of "0.85 was effective in lowering the NOx concentrations in the combustion 
gas to the EPA required levels. 

The second step in the experimental program included design and testing 
of the secondary combustor. In this step, additional oxidant is added to 
the primary zone combustion gases to complete combustion. It is essential 
that in this component low NOx levels are formed when operating oxygen rich. 
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The lower temperatures in the secondary combustion zone keep NOx formation 
at low levels. Figure 7 shows predicted equilibrium concentration for NO, 
in the secondary combustion' gas for various conditions. The maximum con- 
.centrations correspond to EPA levels of around 0.25 pounds per million Btu. 
Experimental data obtained on this test series agreed well with the equili- 
brium calculations. Experimentally determined nitrogen oxide levels after 
the secondary combustor are'shown in Figure 6'. ,These measured levels are 
well below the current and more stringent proposed EPA regulations. Since 
the experiments were 'carried out.with oxygen rich mixtures in the primary 
combustor, we were also concerned that we were. using sufficient nitrogen 
to simulate combustion.with air. Figure 8,indicates that NO, concentrations 
reach a maximum at about 25 percent. nitrogen under conditions that we can 
test at the UTSI facilities,. Further additions of nitrogen cool the,com- 
bustion process, thereby producing lower NOx levels in the flame. ,Thus, 
the levels of nitrogen used in the primary combus.tor in the Cell I11 ex- 
periments were in the range to produce highest NOx concentrations. 

Results and Conclusions - Nitrogen Oxide 
1. Nitrogen, oxide concentration; in the secondary combustor stack 

gas gave 'levels that were expected and consistent with earlier 
results. Concentrations upstream of the secondary air injector 
were.less than 50 parts per million. 'Experimental data typically 
showed.250-300 ppm NOx after the secondary combustor. 

2. The strong dependence of stack NOx concentrations on the primary 
oxygen equivalence ratio is shown in Figure 6. 

3. Results show that staged combustion is an effective method of 
controlling NO, in a coal-fired MHD system. Based on these 
results, concentrations expected with.primary zone stoichiometric 
ratio of 0.85 and secondary ratio of 1.15 in an air fired system 
are 0.2 pounds pcr million Bfu, well below the proposed EPA 
standard of 0.6 lb/million Btu. 

FUTURE WORK 

Coal-Fired Flow Facility (CFFF) 

since 1976 the Department of Energy and the University of Tennessee . 

Space Institute have been involved in a program to design and build a pro- 
totype MHD system to operate at the 25 MW (thermal) level or higher. This 
facility (CFFF) will test the concepts developed from experimental work in 
the smaller R6D Facility. The scale-up will be a factor of two and the 
testing periods can be essentially continuous, Operation of this facility 
is scheduled for 1980. 

Several additional pieces of information concerning power generation and 
pollution control will come from the extended.testing periods available in 
the CFFF. Staged combustion techniques, for NOx control will be tested with 
a radiant slagging furnace and secondary combustor more closely resembling .- 
hardware expected in a large central power station. Sulfur removal effi- 
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ciencies will be studied and secondary combustion techniques will be evalua- 
ted. Solid waste removal techniques. (for slag, ash and potassium) will'also 
be tested with 'hardware designed for continuous operation. 

Ash fouling characteristics of the resulting coal ash and potassium 
material in the CFFF will be investtgated. The ash character will be impor- 
tant in designing solid particulate emissions control equipment and 'soot- 
blowing' equipment to clean boiler surface. . The present program'calls for 
testing of an electrostatic precipitator for ash removal;. However,'with 
the new regulations for additional solids removal in new 'power plants (0.03 
pounds per million Btu), a baghouse system may be more cost effective for 
commercial plants. 

Baseline Environmental Monitoring (CFFF) 

A baseline environmental program is expected to be implemented in the 
DOE CFFF program in the near future. This monitoring program will insure that 
the environmental aspects of coal-fired MHD power generation are properly in- 
vestigated. This monitoring plan calls for ambient air monitoring, water 
quality monitoring and solid waste disposal management. 
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MEASUREMENT AND CONTROL OF FUGITIVE HYDROCARBON EMISSIONS 

INTRODUCTION 

The typical proc.ess flow sheet for a synthetic fuels 
production or processing plant identifies a ,number of emission 
sources. The control of these sources, whether gaseous, liquid., 
'or so-lid, required to meet existing or proposed environmental 
regulations and criteria has been ' the subject of many research 
projects andpi.lot scale tests. The subject of thispaper is 
an additional emission,which can be estimated from the process 
flow sheets and equipment lists but does not represent a single' 
specified source or control technology. This general source,. 
which may: represent a major. emission from the plant, is the 
leakage from fittings and equipment, which results in fugitive 
emiss ions. 

The primary purpose of this paper is to:relate recent . 
experience and data from the petroleum refining industry to the 
needsof the developingsynthetic fuels industry. The major 
areas of concentration will be point sources resulting from Leaks 
in valves, flanges, pumps, compressors, and miscellaneous 
sources. Emphasis will be on finding, measuring and controlling 
leaks. Primary information sources include work .done in Los 
Angeles in the. 1950 ' s , the listing of emis'sion factors known as 
AP-42, and a recent 3-year' etudy of the petroleum refining indus- 
try performed by Radian Corporation under EPA sponsorship with 
full industry part.icipation. 

SOURCES' OF FUGITIVE' EMI'SS'IONS 

From a practica'l measurement standpoint, there are two 
general classes of fugitive emissions: those thatcan be enclo- 
sed from sampling, termed "baggable" sources; and those which emit 
from a large surface, termed "area" sources. Baggable sources 
include valves of all types, flanges,, pump seals,, compressor 
seals and floor drains. Area sources include oil-water' s epara- 
tors, DAF units and other wastewater handling and treatment 
facilities such as ditches and ponds, cooling. towers, tank 
storage, and materials handling facilities. For the sake of .. 

brevity, this discussion will pr.imarily address the baggable 
sources for which a large, ktatistically~.valid data base is 
available. C 

In the Radian fugitive emissions study, 13 refineries 
were sampled. The results of this sampling led to a set of sub- 
classifications for the baggable fugitive emission sources. 
Twelve source categories were identified as shown in Table 1. As 
indicated by the source categories in this table, valves, pumps, 



Table 1 
CATEGORIES OF BAGGABLE SOURCES 

Category Sourke D.escriy'L'Loi~ 
. . 

1 Valves, Gas/Vapor Streams 

2 .  Valves, Light LiquidITwo-Phase Streams 

Valves, Heavy Liquid Streams 

Valves, Predominantly Hydrogen Streams 

Opendended Valves. (all streams) 

Pump Seals, Light Liquid.Streams 

Pump Seals, Heavy Liquid Streams 

compressor Seals, Hydrocarbon Service 

Compressor.Seals, Hydrogen Service 

Flanges (all streams) 

Drains. (all streams) 

12 Relief Valves (venting to atmosphere) 

Number of 
Sources 

Screened 



and compressors each have leak rates dependent upon the stream 
service for the fitting. Also in Table 1, the number. of sources 
sampled in-each of the 12 categories is 1is.ted. 

The sampling methods used to characterize the fugitive 
emissions were carefully developed and validated to be applicable 
to all refinery sources. The same techniques should be directly 
applicable to synthetic fuels production and processing 
facilities. 

MEASUREMENT METHODS 

The number of potential sources leaking in a hydro- 
carbon processing facility is very large - over 10,000 valves, 
for example, in a petroleum refinery. For the purposes of 
locating leaks which require repair, rapid screening techniques 
are required. The ideal screening methods will .permit detection 
by operator-level personnel and, in addition to showing presence 
or absence of a leak, give an indication of the magnitude of 'the 
leak for decisions as to repair schedule. In Radian's refinery 
testing, the primary purpose was the creation of a data base . 
sufficient for predictive work. This required statistical 
selection of a random sample of leakers and, because correla- 
tions were sought between leak rates and the process or equip- 
ment parameters, the proper coverage of all variables was 
essential. To illustrate the range of the testing, Table 2 
lists the variables investigated and their ranges. 

Once sample points were identified .based on random 
selection from process flow sheets, the points were physically 

. '  located' in the refinery and screened to determine the presence 
of leaks., The screening device was a portable hydrocarbon 
detector capable of quickly determining the. range of hydrocarbon 
emissions from a given source. Two types of instruments were 
used: a Bacharach Instrument Company J-W Model TLV Sniffer and 
a Century Instrument Company Model OVA-108 organic vapor analyzer. 
Both instruments performed adequately in the field. For the 
purposes of data base generation, all leaks which screened at 
over 200 ppwr hydrocarbon, when measured directly at the source, 
were enclosed or bagged for.detailed measurement. Bagging of a 
fitting simply means enclosing the source with a material such 
as mylar which is inert but flexible enough to .conform to the 
fitting. Figure 1 illustrates a typical sampling train used to 
accurately measure leak rates. 

This paper will concentrate on the data from non- 
methane hydrocarbon measurements; however, similar techniques 
were applied to determine the compositions of the leaks forpro- 
jection of possible health effects as opposed to compliance with 



Table 2 

RANGE OF CHOICE VARIABLES FOR SCREENED BAGGABLE SOURCES 

Baggable 
' ' Sourc'e .Cho.i'c.e' Var i abl e 

Valves Pressure 
Temperature 
Fluid .State 
Service 
Function 
Size  

Flanges Presoure 
Temperature 
Fluid State 
Service 

Size 

Variable Ranges .fo.r. .s.c.r.e. ened . , . . . Sour'c'e s 

-10 to 3,008 psig 
-190 to 925 F 
Gas, liquid, 2-phase 
In-line, open-ended 
Bl~ck, throttling, control 
0.5 to .36 inch 

-14 to 3,080psig. 
-30 to 95U. F 
Gas, liquid, '?-phase 
Pipe, exchanger, vessel, 
orifice 

1 .to 54 inches 

Pump Seals Pressure 0 to 3,080 psig 
Temperature 0 to 800 F 
Capacity 0 to 100,000 gpm 
Shaft Motion Centrifugal, reciprocating 
Seal Type Mechanical seal, packed 

seal 
Liquid RVP Complete range 

Compressor Pressure 0 to 3,008 psig 
Seals Temperature 40 to 300 F 

Shaft Motion Centrifugal, reciprocating 
Seal Type Packed, labyrinth, 

mechanical 
Lubrication Method Hydrocarbon lubricant 
Capacity 0.06 to 66.0 MMSCFD 

Drains Service Active, wash-up 

Relief Valves Pressure 
.Temperature 
Fluid Gas, liquid 
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ambient s tandards .  These da t a  have .been the  sub jec t  of o the r '  
app l i ca t ions  and ark i n  t he  open l i t e r a t u r e .  From the  standpoint  
of p red ic t ing  emissions and determining cont ro l  s t r a t e g i e s ,  
emission f a c t o r s  o f f e r  a  simple, s tandardized ca l cu l a t i ona l  pro- 
cedure. 

EMISSION FACTORS 

S t a t i s t i c a l  evaluat ion of the  da t a  base f o r  r e f i n e r i e s  
r e s u l t e d  i n  the  emission f a c t o r s  given i n  Table 3. The conf i -  
dence L i m i t s  r e f l e c t  the  s c a t t e r  i n  the  da ta  and the  r e s u l t s  of 
an ex tens ive  QA/QC program conducted during the f i e l d  t e s t i n g .  
It i s  of p a r t i c u l a r  s ign i f i cance  chaL the only co r r e l a t i ng  va r i -  
a b l e  worthy of separa te  emission f a c t o r s  was stream composition. 
F i t t i n g s  i n  gas s e rv i ce  tend t o  have higher leakage r a t e s  than 
those i n  l i qu id  o r  mixed gas / l iqu id  service. Variables such as 
age,  manufacturer,  maintenance p rac t i ce s ,  and s i z e  do not  y ie ld  
t he  c o r r e l a t i o n s  i n t u i t i v e l y  expected. The da t a  base i s ,  how- 
eve r ,  app l icab le  t o  the  o v e r a l l  population of sources and, wi thin  
the  confidence l i m i t s ,  i t  i s  poss ible  fo r  a  s i n g l e  f a c i l i t y  t o  
dev ia t e  g r e a t l y  from the  predicted emissions. This f inding i s ,  
i n  f a c t ,  what provides hope t h a t  e f f e c t i v e  con t ro l  s t r a t e g i e s  can 
be developed and implemented. 

The primary use of emission f ac to r  da t a  i s  i n  the  pre- 
d i c t i o n  of f u g i t i v e  emission l e v e l s  from e i t h e r  ex i s t i ng  or  con- 
templated f a c i l i t i e s .  As  an example, f u g i t i v e  emissions from a  
hypothe t ica l  330,000 BPD re f ine ry  a r e  shown i n  Table .4. This 
es t imate  . p r o j e c t s  t h a t  such a f a c i l i t y  would e m i t  approximately 
480 pounds per hour hydrocarbon from f u g i t i v e  emission sources. 
Valves a r e  the  major source of-  these  emissions (305 pounds per 
hour ) ,  pr imar i ly  due Lo t h c  l a rgc  number reqlrired i n  a  r e f i n i n g  
operat ion.  

APPLICATION TO SYNTHETIC FUELS FAC.IL1TIES 

To i l l u s t r a t e  the  use of emission f a c t o r s  i n  de te r - .  
mining a reas  of concern or  oppor tun i t i es  fo r  emission reduct ion 
i n  syn the t ic  f u e l  p r o j e c t s ,  we have applied the  r e f ine ry  f a c t o r s  
t o  a hypothet ica l  Exxon Donor Solvent p lan t .  Obviously, t h e  
d i r e c t  app l i ca t ion  of r e f ine ry  values  i s  sub jec t  t o  some sus- 
p ic ion but i t  appears reasonable t o  expect t h a t ' a  syn the t i c  f u e l s  
p l a n t  designed and. operated by petrochemical companies would 
share  design c h a r a c t e r i s t i c s  with t he  same company's r e f i n e r i e s .  

Table 5 i l l u s t r a t e s  the  approximate l e v e l  of f u g i t i v e  
emissions. associa ted with a  60,000 BPD coa l  l i que fac t ion  f a c i l -  
i t y .  The bas i s  fo r  t h i s  t a b l e  i s .  an Exxon Donor. Solvent Coal 



Table 3 

SUMMARY.STATISTICS AND ESTIMATED VAPOR EMISSION FACTORS 
'FOR NONMETHANE HYDROCARBONS FROM BAGGABLE SOURCES 

Number Number 
Source. Type Screened Leaking 

Valves 
Gas .Vapor S treams ' 563 154 
Light  ~iquid/Two-phase ' 913 3 30 
Heavy Liquid 485 3 2 
Hydrogen 135, 5 9 

Open-Ended Valves 129 30 

95% Confidence 
Percent I n t e r v a l  f o r  
Leaking .Percent  Leaking 

Emission 
Factor 

Estimate 
( l b ~ h r ~ s o u r c e )  

.95% Confidence 
I n t e r v a l  f o r  

  mission' Factor. 
( lb /hr /source)  

Pumps 
Light  Liquid Streams 4 70 296 63.0 (59, 67) 0.25 (0.16, 0.37) 
Heavy Liquid streams 292 66 22.6 . (18, ,27) 0.0$6 (0.0i9, 0.11) 

Drains 257 4 9 19.1 (14, 24) ' 0.070 (0.023, 0.20) 

Flanges 2,094 62 3.0 ( 2 ,  4) 0.00056 (0.0002, 0.0025) 
, . 

Relief  Valves 148 58" 39.2 (31, 47) 0.19 (0.070, 0.49) 

Compressors 
Hydrocarbon Service 14 2 10 2 71.8 (64, 79) 1.4 . (0.66, 2.9) 
Hydrogen Service 8 3 6 9 83.1 (75, 91) 0.11 (0.05, 0.23) 



Table 4 

HYPOTHETICAL REFINERY : HYDROCARBON EMISSIONS' 

Number of Valvee i n  Units Valve &oi3ebns ,  Ib/hr  Relief Valvee 
. . Gae Lt.Liq. llvy Liq. Gae Lt.Liq. Hvy Liq. Total  Emfeeionti, 

Proceae Unit Service Service Service Total  Service Service S e r d c e  Total R;V. l b r h r  --- ---- -- 
Atmospheric Die t i l l a t ion :  No. 1 

~ t m o s p h e r i c  D i s t i l l n t i o n :  No. 2  

Vacuum ~ i a t i l l a t i o n  

Light Ends/Gae ' ~ r o c e s e i n g  

RDS: Reformer Feed 

HDS: Llght Gas 011 

HDS: Heavy Gas O i l  
>..--. r , , - -  

HDS: Uight Cycl'e Oi l  

HDS: ~ a c u d   as O i l  

IIDS: Coker Naphtha 

FCCU 

Hydrocracking 250* 

Cata ly t ic  Reformer No. 1 260" 

Cata ly t ic  Reformer No. 2 260* 

Aromatics Extract ion 60 

Alkylation . 230 

Coking . 3.0 

Hydrogen Production 80* 

31910 

Flanges 
T o t a l .  . Emissions, 

Flanges l b / h r  

* Thir ty percent of these valves a r e  aesumed t o  be i n  se rv ice  i n  s t e a m  containing more than 50 percent hydrogen. 



Table 4 (continued) 
HYPOTHETICAL REFINERY : HYDROCARBON EMISSIONS l 

Number of Pump Sea la  
Lt.Liq.  Hvy Liq.  

Proceaa Unit  Se rv ice  Se rv ice  Total -- 
Atmospheric D i s t i l l a t i o n :  No. 1 15 28 4 3 

Atmospheric D i s t i l l a t j o n :  No. 2 1 5  28 4 3 

Vacuum D i s t i l l a t i o n  2 19 2 1 

Ligh t  Ends/Gas Process ing 4 0 4 

HDS: Reformer Feed 9 5 14 

HDS: L igh t  Gaa O i l  9 5 14  

Pump Sea l  Emisaiom,. l b / h r  
L t  .Liq. Hvy Liq .  

Compressor 
T o t a l  Emisaiona , 
S e a l s  l b / h r  

Drains  
T o t a l  Emissions. 
Drains  l b / h r  Se rv ice  Se rv ice  Total .- - 

HDS: Heavy Gas O i l  

HDS: L igh t  Cycle O i l  

HDS: Vacuum Gas O i l  

HDS: coke= Naphtha ' 

FCCU 

Hydiocracking 

C a t a l y t i c  Reformer No. 1 

C a t a l y t i c  Reformer No. 2 

Aromatics Extrac  t i o n  

Alky la t ion  

Coking 

'Emisslona from w i t h i n  t h e  b a t t e r y  l i m i t s  of  t h e  r e s p e c t i v e  proc&s un ica .  



Table. 5 
FUGITIVE HYDROCARBON EMISSIONS 

FROM 60,000 BPD COAL LIQUEFACTION FACILITY 

Emission Fugitive 
Fugitive Emission . Number of Factors Emissions 

Sources Sources (lblhr-source) ( lb/hr)  

Valves 
. ..- 

GasIVapor Service 185 0.059 

Light HC Liquid 496 0.024 

Heavy HC Liquid 2,232 0.0005 

Pump Seals . 

Light HC Liquid 

Heavy HC Liquid 

Compressor Scals 

H 2  Service , 

HC Service 

Flanges 14,432 . 0.00056 

Relief  Valves 36 0.19 

Drains 118. 0.07 

TOTAL FUGITIVE EMISSIONS 



Liquefaction Comer cia1 Plant Study performed for the Department 
of Energy. The number of pumps and compressors were counted from 
flow sheets and equipment lists provided in the Exxon study. 
Valves, puuip seals, compressor seals, flanges and relief valves 
were estimated using equipment ratios developed in the Radian 
fugitive emission project. The number of drains was estimated 
from refinery data. 

Table 5 shows that approximately 105 pounds per hour of 
hydrocarbon emissions from fugitive sources may be anticipated 
from the 60,000 BPD facility. (This emission estimate does not 
include emissions from puurps and valves in the tank farms which 
were considered to be off-site.) 

On a capacity basis, this is very consistent with the 
previous estimates for a hypothetical refinery , indicating (as 
would be expected) similar equipment requirements . However, in 
the synthetic fuel facility, compressors as well as valves appear j 
to be a major source of emissions. The relatively greater con- .. . *:. cf 

. tribution from compressors seems reasonable because of the r .  
h .. 

* -  greater hydrogen (compressor) requirement in most synthetic fuel . 
operations. f 

To put these estimated fugitive emissions in perspec- 
tive, Table 6 lists the other atmospheric emission levels cited 

., ct :'. . in the Fxxon colmnercial.'plant study. Although not as great as 
?r 

the SO2 and NOx levels resulting from combustion, it is evident . .  J :, 
\ .; that fugitive sources will be the primary contributors of hydro- . ;,* 

.d 

carbon emissions from synthetic fuel processes'. i- 

DETECTION AND CONTROL 

The reduction of fugitive emissions, relies on two 
strategies, the selection and proper installation of appropriate 
equipment and the rapid detection and repair of leaks. The 
detection of leaks i s  complicated by the fact that' available data 
show that the bulk of the fugitive emissions result from a small 
fraction of the. total number of sources in a category. For 

. ' example, using refinerydata some 93 percent of the total 
measured emissions from valves in .gas service were emitted from 
only 1.4 percent of the valves. For flanges, 89 percent of the 
measured hydrocarbons resulted from less than 1 percent of the 
total number of flanges. At present there a number of techniques 
which -have been suggested for leak detection which rely on area. 
measurements' or automatic equipment but none have proven ef f ec- 
t.ilve. . The state-of- the-art today requires manual. screening of 
each fitting to detect a leak. 



Table 6 
ATMOSPHERIC EMISSION SUMMARY FOR 
60,000. BPD COAL LIQUEFACTION PLANT 

Particulates 

Hy drosarbons 2 

Estimated 
Hydrocarbons from 
Fugitive Emissions 

Source : Exxon Donor solvent Coal Liquefaction Commercial ' 

Plant Study Design, Exxon Research and Engineering 
Company, January 1978 ('FE-2353-13) . 

l~hese atmospheric emission levels represent only the emissions 
from continuous sources. 

2~ydrocarbon emissions from the tank farms are not included. 
Tank forms were considered to be off-site. 



To minimize labor  and time requirements,  leak de tec t ion  
or  screening must .be r a p i d ,  convenient,  and provide a t  l e a s t  a 
semiquant i ta t ive  . es t imate  -of the  magnitud'e of the  leak.  Present  
day technology does not  permit a zero leak system and judgements 
must be made.as to  the  l e v e l  of emission t h a t  requ i res  r e p a i r .  

A s  previously mentioned, the  .screening of sources dur- 
ing the  Radian f u g i t i v e  emission study was accomplished with 
s e n s i t i v e  por tab le  hydrocarbon de t ec to r s .  The instruments give 
d i r e c t  readings of hydrocarbon concentrat ion . i n  ppm by volume. 
This instrumentat ion and methodology has been very e f f e c t i v e  i n  
r e f ine ry  app l ica t ions  where the  prepondernace of the  process 
streams a r e  hydrocarbons. Table. 7 summarizes the  es t imates  of. 
. f i t t i n g  and equipment counts from ' t h e  " typical"  330,000 BPD 
petroleum re f ine ry  and the  60,000 BPD EDS p lan t .  It i s  usefu l  t o  
comment here t h a t  the  t o t a l  source count i s  r e l a t i v e l y  indepen- 
dent  of capaci ty  of the  r e f i n e r y ,  depending more on complexity. 
A l a rge r  r e f i n e r y  would f requent ly  use l a r g e r  equipment with the  
same number, of pumps and cont ro l  loops. In c o n t r a s t ,  the  EDS 
plant  i s  a commercial module. Expansion t o  a l a rge r  capaci ty  
would requ i re  add i t iona l  t r a i n s  with a corresponding addi t iona l  
number of f i t t i n g s .  (Downstream processing of the  l i q u i d s '  would 
more probably follow the  r e f ine ry  pa t te rn . )  Referring , t o  Table 7 
i t  may be seen t h a t  a very d i f f e r e n t  d i s t r i b u t i o n  of f i t t i n g s  and 
equipment a s  a function of s e rv i ce  i s  expected f o r  the  EDS p lan t  
versus a r e f ine ry .  The product and processing streams i n  which 
hydrogen i s  a major component a r e  r e l a t i v e l y  much higher i n  an 
EDS p lan t .  As  i s  shown i n  Table 8 ,  almost 20 percent of the  
valves  i n  an EDS u n i t  a r e  projected t o  be i n  hydrogen se rv i ce  
compared with'  about 8 percent i n  a t y p i c a l  r e f i n e r y .  In con- 
t r a s t ,  the  heavy l i qu id  valves predominate f o r  the  EDS u n i t ,  some 
6 2  perce.nt a s  compared t o  28 percent fo r  the  r e f i n e r y .  

Application of r e f i n e r y  techniques t o  a l i que fac t ion  
p l an t  must then be made with ca re .  The ex i s t i ng  instrumentat ion 
responds d i f f e r e n t l y  to  hydrogen than t o  hydrocarbons' and e i t h e r  
new, more s p e c i f i c  instrumentat ion o r  d i f f e r e n t  c a l i b r a t i o n  pro- 
cedures may have to  be developed. In t h i s  l i g h t  i t  i s  useful .  t o  
o u t l i n e  . t h e  system which proved e f f e c t i v e  i n  the  r e f i n i n g  indus- 
t r y  f o r  develop,ing co r r e l a t i ons  between screening f a c t o r s  and 
a c t u a l  leak r a t e s .  The method r e l i e d  on a l a rge  number of 
screening experiments which were cor re la ted  with a s t a t i s t i c a l l y  
se lec ted  number of de t a i l ed  ' measurements by bagging 'sources. 

.. .. . . .  

Screening values were obtained when  the^ source was 
f i r s t  located and then the  source was rescreened when i t  was 
sampled. Least squares l in ,ear  regress ion equations were then 
developed for  predic t ing leak r a t e s  from unsampled sources i n  the  



,Tab le  7 

NORMALIZED RATIO OF EDS' SOURCE ESTIMATES 

TO REFINERY ESTIMATES; 

Source 
(NO .' ' i n  EDS) 

Ratio (No. i n  ' E E i e i t y )  

Valves 

Hydrogen S c r v i o e  1.2. 
GasIVapor Hydrocarbon n.09 
L i g h t  L iqu ids  , 0.16 
Heavy L iqu ids  1 .O 
R e l i e f  0.49 

F langes  

Pump Seals 

L i g h t  L iqu ids  
Heavy L iqu ids  

Compressors 

Drains 



Table 8 

DISTRIBUTION OF VALVES AS A FUNCTION OF SERVICE 

- Comparison of EDS. wi th  Refinery - 

Frac t ion  i n  Refinery Frac t ion  i n  EDS Service  

Hydrogen 

Gas /Vapor 

L igh t .L iqu id  

Heavy Liquid 



. d a t a  base .  For p r e d i c t i o n  o u t s i d e  t h e  d a t a  base ,  a s t a t i s t i c a l  
a n a l y s i s  of covariance was performed t o  determine whether d i f -  
f e r e n t  l i n e a r  equat ions  were requir.ed f o r  each source ca tegory .  
It was .found t h a t  the,  source  and stream types could be grouped 
such t h a t  seven equat ions  were adequate f o r  p r e d i c t i n g  l eak  r a t e s  
from screened sources .  . The seveWgroups a r e  a s .  fo l low:  

Pumps i n  l i g h t  l i q u i d /  two-phase s t reams , 
compressors,  and r e l i e f  va lves  i n  gaslvapor  s t reams;  

a Valves and compressor s e a l s  i n  hydrogen s e r v i c e ;  

Valves i n  gaslvapor  s t reams;  

Valves i n  l i g h t  l i q u i d /  two-phase streams; 

i Flanges;  

Drains;  

Pump s e a l s  i n  heavy l i q u i d  s t reams.  

Nomographs were subsequent ly developed f o r  p r e d i c t i n g  
l eak  r a t e s  from screening  va lues  f o r  t h e  va r ious  source cat 'e- 
g o r i e s .  Each nomograph g i v e s  t h e  p red ic ted  mean l eak  r a t e  a s  a 
func t ion  of t h e  maximum TLV S n i f f e r  screening readings  taken 
d i r e c t l y  a t  t h e  source  of t h e  l eak .  An example.nomograph i s  
shown i n  Figure 2 .  The 90 percent  confidence i n t e r v a l s  shown on . 
t h e  nomographs a r e  f o r  t h e  mean l e a k  r a t e .  

S ince  t h e  c o r r e l a t i o n  between screening  va lues  and 
a c t u a l  Leak r a t e s  i s  imperfec t ,  t h e  numugraphs should no t  be used 
t o  determine emission r a t e s .  However, t h e  nomographs a r e  u s e f u l  
f o r  eva lua t ing  maintenance and c o n t r o l  op t ions  and/or  p r i o r i t i e s .  
The es t ima tes  presented i n  t h i s  paper i n d i c a t e  t h a t  f u g i t i v e  
emissions from c o a l  l i q u e f a c t i o n  o r ,  indeed, from 'any coa l  con- 
v e r s i o n  f a c i l i t y  which uses  equipment s i m i l a r  t o  t h a t  i n  the  
petroleum r e f i n i n g  o r  petrochemical  i n d u s t r i e s  a r e  a ma t t e r  
r e q u i r i n g  a t t e n t i o n .  Although t h e  emphasis of t h i s  paper and 
previous work a r e  on t h e  leakage of non-methane hydrocarbons,  t h e  
m a t e r i a l  leaking  from a . f i t t i n g  w i l l  con ta in  a wide range of 
components from those  r e l a t i v e l y  innocuous t o  p o t e n t i a l l y  t o x i c  
m a t e r i a l s .  The a p p l i c a t i o n  of r e f i n e r y  techniques and develop- 
ment of methodology s p e c i f i c a l l y  t a r g e t e d  toward t h e  c o a l  
..conversion i n d u s t r y  can enable  t h e  s e l e c t i o n  and implementation 
of c o n t r o l  methods n o t '  ove r ly  burdensome t o  t h e  p l a n t  o p e r a t o r  
but  y e t  p r o t e c t i n g  both  t h e  worker and t h e  environment from 
p o s s i b l e  hazardous l e a k s .  



.Upper Llnl: o f  EOL 
/ I n t e r v a l  f o r  !!can 

Conff dence 

Confi dcnce 

!4ax:mum Screenfng Value ( p p ~ r  1s ~ e x t n e )  
'Jsih; J.x'. Sacharach T L V  S n i f f e r  a t  t h e  Source. 

, . 

h ,  

11 k Figure '2 
NOMOGRAPH FOR PREDICTING TOT& HYDROCARBON LEAK RATES 
FROM MAXIMUM SCREENING VALUES - PUMPS (LIGHT LIQUIDS), 

COMPRESSORS, RELIEF VALVES (GAS/VAPOR STREAMS) 
(Part I: Screening Values from 0 to 10,000 ppm) 



SUMMARY 

The c o n t r o l  of f u g i t i v e  emissions has  rece ived  s i g n i f i -  
c a n t  a t t e n t i o n  .over t h e  p a s t  s e v e r a 1 , y e a r s .  U n t i l  r e c e n t l y ,  . t h e  
p r e v a i l i n g  a t t i t u d e s  were  t h a t  e x i s t i n g  .maintenance programs were 
e f f e c t i v e  . in.  prevent ing  l e a k s .  This has  l a r g e l y  been t r u e  from 
t h e  s t andpo in t  of explos ion  hazard b u t ,  as t h e  r e s u l t s  of t h e  
t h r e e  year  r e f i n e r y  s tudy show, n o t  n e c e s s a r i l y  t r u e  .from t h e  
s t a n d p o i n t  of prevent ing  s i g n i f i c a n t  hydrocarbon emissions.  The 
crude est ima. tes  made i n  t h i s  paper f o r  an EDS p l a n t  i n d i c a t e  t h a t  
e s s e n t i a l l y  a l l  of t h e  hydrocarbon emissions w i l l  r e s u l t  from 
l e a k s .  .It  has n o t  been p o s s i b l e  t o  e l i m i n a t e  l e a k s  from 
petroleum r e f i n e r i e s  bu t  d i r e c t e d  screening  and maintenance 
programs can p o t e n t i a l l ' y  reduce l e a k s  by over  50 p e r c e n t ,  and 
even more i n  c r i t . i , c a l  . l eak  a r e a s .  

Equipment des ign ,  s e l e c t i o n  and maintenance a r e  t h e  
keys t o  reducing l e a k s  when coupled t o  a r a p i d ,  e f f i c i e n t  dotec-  
t i o n  and measurement program. With s u i t a b l e  modi f i ca t ion  i n  
ins t rumenta t ion  o r  procedures ,  t h e  l e a k  reduc t ion  methodology 
developed f o r  t h e  petroleum r e f i n i n g  i n d u s t r y  should be r e a d i l y  
adap tab le  t o  t h e  new synfue l s  i n d u s t r y .  I n  f a c t ,  inc luding  f u g i -  
t i v e  emission c o n t r o l  a s  a  design cons ide ra t ion  i n  t h e  new p l a n t s  
should provide even more e f f e c t i v e  and economically l e s s  burden- 
some l e a k  c o n t r o l  than  t h a t  p o s s i b l e  i n  a r e f i n e r y  which w a s  
b u i l t  some yea r s  ago with c o n t r o l s  now being superimposed on an 
e x i s t i n g  system. 
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1.0  INTRODUCTION 

Department of Energy c o a l  g a s i f i c a t i o n  p r o j e c t s  must b e  planned and 
implemented i n  concer t  w i th  t h e  development of e f f e c t i v e  and c o s t  e f f i c i e n t  
c o n t r o l  technology, s u f f i c i e n t  t o  meet p re sen t  and f u t u r e  environmental 
requirements.  Environmental r e g u l a t i o n s  w i l l  i n f luence  t h e  t iming and c o s t  
of commercial izat ion,  and w i l l  a f f e c t  d e c i s i o n s  regard ing  p l a n t  s i t i n g , .  
p rocess  s e l e c t i o n  and des ign ,  and opera t ion .  It i s  t h e r e f o r e  necessary  
t o  i d e n t i f y  p re sen t  and f u t u r e  r e g u l a t i o n s  a f f e c t i n g  g a s i f i c a t i o n  and t o  
develop op t ions  t o  provide adequate  con t ro l .  

2.0 ENVIRONMENTAL REGULATIONS AFFECTING GASIFICATION 

Environmental r e g u l a t i o n s  a r e  c o n t i n u a l l y  evolv ing  and expanding. The 
l a s t  s e v e r a l  yea r s  have seen  increased  emphasis on t h e  r e g u l a t i o n  of t o x i c  
subs tances  ( e s p e c i a l l y  carc inogens) ,  a s  evidenced by t h e  a r r i v a l  of t h e  
Toxic Substances Cont ro l  Act (TSCA), Nat iona l  Emission Standards f o r  
Hazardous A i r  P o l l u t a n t s  (NESHAP1s), and t h e  OSHA Cancer Pol icy .  I n  t h e  
next  f i v e  y e a r s  s e v e r a l  developments w i l l  s i g n i f i c a n t l y  impact t h e  commer- 
c i a l i z a t i o n  of g a s i f i c a t i o n  p l a n t s .  Among t h e s e  a r e  t h e  p u b l i c a t i o n  of EPA 
"guidance documents" and t h e  promulgation of New Source Performance Standards 
f o r  g a s i f i e r s .  The progress ion  of TSCA r e g u l a t i o n s  from t h e  information-  
ga the r ing  phase t o  t h e  enforcement phase may a l s o  a f f e c t  g a s i f i c a t i o n  
p l a n t s .  It is  p o s s i b l e  t h a t  s e v e r a l  g a s i f i c a t i o n  in t e rmed ia t e s  and products /  
by-products w i l l  u l t i m a t e l y  be l i s t e d  on va r ious  " p r i o r i t y  lists" f o r  regu- 
l a t i o n  such as t h e  NESHAP1s hazardous subs tances  l is t ,  t h e  TSCA "50 list" 
and t h e  OSHA Category I and I1 lists. These and o t h e r  developments could 
markedly change t h e  r e g u l a t o r y  framework i n  which g a s i f i e r s  must be developed 
and operated. '  -. 

The c u r r e n t  s t a t u s  and a n t i c i p a t e d  f u t u r e  developments of f e d e r a l  environ- 
mental ,  a c t s  and r e g u l a t i o n s  a f f e c t i n g  g a s i f i c a t i o n  a r e  dis 'cussed below. 
These inc lude  t h e  Clean A i r  Act ,  Glean Water Act,  Resource Conservation 
and Recovery Act,  Toxic Substances Control  Act,  and OSHA. 



A I R  QUALITY REGULATION 

The.Nationa1 Ambient Qual i ty  Standards (NAAQS) s e t  ambient a i r  concen- 
t r a t i o n  l i m i t s  f o r  seven c r i t e r i a  p o l l u t a n t s .  Of p a r t i c u l a r  importance t o  
g a s i f i c a t i o n  a r e  s u l f u r  d iox ide ,  p a r t i c q l a t e s  ( i nc lud ing  f i n e  p a r t i c u l a t e s )  
and n i t r o g e n  d ioxide .  Revisions t o  t h e  NAAQS f o r  t h e s e  t h r e e  p o l l u t a n t s  a r e  
expected dur ing  1980, and may inc lude  a short- term s tandard  f o r  n i t r o g e n  
d iox ide .1  The number of p o l l u t a n t s  r egu la t ed  under t h e  NAAQS w i l l  i nc rease  
i n . t h e  f u t u r e .  I f  a  f a c i l i t y  is a t tempt ing  t o  l o c a t e  i n  an  a r e a  which has  
no t  a t t a i n e d  t h e  NAAQS f o r  p o l l u t a n t s  which i t  w i l l  emit, t h e  o p e r a t o r s  
must a r r ange  f o r  o f f s e t t i n g  reduct ior ls  from e x i s t i n g  sources .  I n  a d d i t i o n ,  
t h e  Lowest Achievable Emission Rate (LAER) must be  achieved by t h e  new 
source/modif i c a t i o n .  The LAER is t h e  lowest  emiss ion .  r a t e  achieved i n  
p r a c t i c e  o r  requi red  by any SIP. By d e f i n i t i o n ,  t h e  LAER,will.hccome more 
s t r i n g e n t  a s  new c o n t r o l  technology is  developed. I f  the 'p roposed  p l a n t  
l o c a t i o n  has  a t t a i n e d  t h e  NAAQS f o r  emi t ted  p o l l u t a n t s  t h e  p l a n t  w i l l  be 
s u b j e c t  , t o  Prevent  i o n  of S i g n i f i c a n t  D e t e r i o r a t i o n  ;(PSD) r u l e s .  PSD regu- 
l a t i o n s  s e t  maximum pe rmis s ib l e  increments of a i r  q u a l i t y  degrada t ion  f o r  
a r e a s  having bet ter- than-standard a i r  q u a l i t y .  Current  r e g u l a t i o n s  se t  
increments  f o r  s u l f u r  d iox ide  and p a r t i c u l a t e s .  Kegulatfons s e t t i n g  s t an -  
da rds  f o r  o t h e r  NAAQS p o l l u t a n t s  are expected i n  1980-1981. Amendments t o  
t h e  r e g u l a t i o n s  have been proposed a s  t h e  r e s u l t  of t h e  Alabama Power Co. 
vs .  C o s t l e  d e c i s i o n ,  which i n v a l i d a t e d  key p rov i s ions  of t h e  c u r r e n t  r u l e s .  

2 

The proposed amendments d e f i n e  a  "major" sou rce  o r  modi f ica t ion  based 
on emiss ions  af t e r  , r a t h e r  than  be fo re ,  c o n t r o l s .  However, f o r  sources  
de f ined  a s  major,  t h e  amendments would tend Lo  i n c r e a s e  t h e  number of 
p o l l u t a n t s  r e q u i r i n g  Best Avai lab le  Cont ro l  Technology (BACT) and monitor- 

( 

i ng  beyond t h e  seven c r i t e r i a  p o l l u t a n t s ,  and would reduce t h e  l e v e l  of 
emiss ions  considered s i g n i f i c a n t .  They would a l s o  a l low t h e  cons ide ra t ion  
of f u g i t i v e  dus t  i n  a s s e s s i n g  t h e  impact of a  source.  The proposed amend- 
ments i n d i c a t e  t h e  need t o  provide e f f i c i e n t  c o n t r o l s  f o r  n o n - c r i t e r i a  
p o l l u t a n t s  such a s  t r a c e  meta ls  and va r ious  s u l f u r  compounds. 

The Nat iona l  Emission Standards  f o r  Hazardous A i r  P o l l u t a n t s  d e f i n e  
accep tab le  c o n t r o l  technology, emission l e v e l s  and/or  ambient a i r  concentra-  
t i o n s  f o r  des igna ted  hazardous p o l l u t a n t s .  Current  s t anda rds  cover a s b e s t o s ,  
bery l l ium,  mercury and v i n y l  ch lo r ide .  Benzene and r ad ionuc l ides  have been 
l i s t e d  a s  hazardous, and coke oven emissions a r e  t o  be l i s t e d  soon.4 I n  
October of 1979 t h e  EPA proposed r u l e s  f o r  i d e n t i f y i n g ,  a s s e s s i n g  and regu- 
l a t i n g  a i r b o r n e  carcinogens,  which w i l l  u l t i m a t e l y  r e s u l t  i n  t h e  l i s t i n g  and 
r e g u l a t i o n  of  a  l a r g e  number of carc inogenic   substance^.^ The t rend  toward - 
r e g u l a t i o n  of carcinogens emphasizes t h e  need t o  c o n t r o l  organic  s p e c i e s ,  
e s p e c i a l l y  aromatic  compounds. 

Probably t h e  most s ign i f i ' can t  r e g u l a t i o n s  a f f e c t i n g  g a s i f i c a t i o n  a r e  
n o t  even i n  ex i s t ence  a t  p re sen t .  New Source Performance Standards s e t  in-' 
d u s t r y  o r  process-spec i f ic  s t anda rds  f o r  c e r t a i n  source  c a t e g o r i e s  which a re '  
gene ra l ly  more s t r i n g e n t  than  BACT requirements .  E x i s t i n g  NSPS a f f e c t  coapr 
p r e p a r a t i o n  p l a n t s ,  and o the r  could be app l i ed  t o  g a s i f i c a t i o n  p l a n t s  g e n - ' :  
e r a t i n g  e l e c t r i c i t y  on - s i t e .  However, s t anda rds  s p e c i f i c  t o  g a s i f i c a t i o n  
processes  a r e  n o t  expected u n t i l  1983 o r  l a t e r  . 6  I n  t h e  meanwhile, EPA 
p lans  t o  pub l i sh  guidance documents which, whi le  no t  l e g a l l y  binding,  a r e  



intended t o  d i r e c t  t h e  e a r l y  development of t h e  i n d u s t r y ,  avoid ing  expensive 
r e t r o f i t t i n g  when t h e  NSPS f o r  g a s i f i c a t i o n  a r e  promulgated. 

V i s i b i l i t y  r e g u l a t i o n s  w i l l  a f f e c t  p l a n t s  l o c a t i n g  near  mandatory Class  
I a reas .  One-hundred and f i f t y - s i x  Class I a r e a s  have been des igna ted  f o r  
v i s i b i l i t y  p ro t ec t i on .  F i n a l  r u l e s  i n  t h i s  a r e a  a r e  expected by November, 
1980.7 

WATER QUALITY REGULATION 

A i r  p o l l u t i o n  c o n t r o l  a s  w e l l  as g a s i f i c a t i o n  processes  themselves,  
r e s u l t  i n  t h e  gene ra t i on  of l i q u i d  and s o l i d  was tes ,  t h e  d i s p o s a l  of which 
i s  r egu la t ed  under s e v e r a l  ' f ede ra l  a c t s .  The Clean Water Act mandated t h e  
NPDES program, which r e g u l a t e s  d i s cha rges  i n t o  navigable  s t reams.  Permi ts  
set s t anda rds  oa a case-by-case b a s i s ,  based on p roces s - spec i f i c  f e d e r a l  
e f f l u e n t  g u i d e l i n e s  and s t a t e  water  q u a l i t y  s t anda rds .  E f f l u e n t  g u i d e l i n e s  
f o r  g a s i f i e r s  do not  e x i s t  a t  p r e sen t .  Contamination of groundwater by in -  
j e c t ed  f l u i d s  is. t o  be  r egu la t ed  by the.Underground I n j e c t i o n  Cont ro l  Program 
(UIC) , t h e  f i n a l  r u l e s  of  which a r e  expected i n  1980.8 Both NPDES and U I C  . . . i 
r e g u l a t i o n s  could a f f e c t  l i q u i d  d i s p o s a l  procedures  i n  a  g a s 2 f i c a t i o n  p l a n t .  

SOLID AND HAZARDOUS WASTE REGULATION 

 he-'~esource Conservat ion and Recovery Act complements t h e  f u n c t i o n s  of 
t h e  CAA and CWA by address ing  p o l l u t i o n  of t h e  t e r r e s t r i a l  environment by 
so l id /hazardous  wastes .  EPA i s sued  proposed r e g u l a t i o n s  implementing t h e  
Act i n  19'18 and 1979. F i n a l  r e g u l a t i o n s  a r e  now expected by A p r i l  of 1980. 

The most s i g n i f i c a n t  p a r t  of RCRA a f f e c t i n g  g a s i f i c a t i o n  p l a n t s  is  
S u b t i t l e  C ,  which d e a l s  w i th  hazardous wastes .  It is  poss . ible  t h a t  a  number 
of p rocess  wastes  from g a s i f i c a t i o n  p l a n t s  w i l l  u l t i m a t e l y  be l i s t e d  a s  
hazardous under s e c t i o n  3001. L i s t i n g  w i l l  mean t h a t  t h e  subs tances .mus t  
be  s t o r e d ,  t r e a t e d ,  l abe l ed  and t r anspo r t ed  according t o  hazardous waste  
r e g u l a t i o n s ;  and u l t i m a t e l y  disposed of i n  a  permi t ted  hazardous waste  d i s -  
posa l  f a c i l i t y .  EPA e s t i m a t e s  t h a t  e i g h t y  pe rcen t  of a l l  gene ra to r s  d i spose  
of wastes  on - s i t e ,  and would t h e r e f o r e  r equ i r ed  a  d i s p o s a l  permit .  

Hazardous waste  permi ts  w i l l  be developed on a  case-by-case b a s i s ,  
i n t e g r a t i n g  a p p l i c a b l e  r egu la to ry  requirements  f o r  s t o r a g e ,  t r ea tmen t ,  and 
d i s p o s a l .  F a c i l i t i e s  approved f o r  hazardous waste  d i s p o s a l  w i l l  have t o  
m e e t  c r i t e r i a  f o r  s i t i n g ,  des ign ,  and ope ra t i on ,  a s  w e l l  a s  s t anda rds  pro- 
t e c t i n g  human h e a l t h  and environment. 

The impact of RCRA on g a s i f i c a t i o n  p l a n t s  w i l l  depend l a r g e l y  on t h e  
s p e c i f i c  wastes  generated and t h e  f i n a l  r e g u l a t o r y  s t a t u s  o f . t h o s e  wastes .  
C e r t a i n  high-volume, hazardous was tes  cons idered  t o  have a  r e l a t i v e l y  low 
hazard p o t e n t i a l  are t o  be  c l a s s i f i e d  a s  " s p e c i a l  wastes".  EPA i n t e n d s  t o  
promulgate s p e c i f i c  r e g u l a t i o n s  p e r t a i n i n g  t o  t h e s e  was tes ,  which a t  t h i s  
t ime inc lude  mining wastes . '  High volume was tes  a r e  intended f o r  even tua l  
r ecyc l e / r euse .  Whether t h e  high-volume s o l i d  wastes  generated by a 



g a s i f i c a t i o n  p l a n t  (e .g . ,  s l a g ,  ash)  would come under t h i s  c l a s s i f i c a t i o n  
is unce r t a in .  I t  is  l i k e l y  however t h a t  a number of g i s i f i ca t ion  wastes  
w i l l  be  g iven  hazardous s t a t u s .  

TOXIC CHEMI C - f i  REGULATION 

The Toxic Substances Control  Act g i v e s  EPA a u t h o r i t y  t o  r e g u l a t e  t o x i c  
chemicals  i n  a l l  a r e a s  of commerce. Although t h e  Act doe& not  d e a l  d i r e c t l y  
w i t h  emissions o r  c o n t r o l  technology, i t  g ives  EPA a u t h o r i t y  t o  r e g u l a t e  any 
chemicals  e n t e r i n g  commerce. Regulat ion may range  from warning l a b e l  r e -  
quirements  t o  bans on product ion  o r  d i s t r i b u t i o n .  The r e g u l a t i o n  of end 
products  i n  commerce may a f f e c t  t h e  s e l e c t i o l ~  of g a s i f i e r  des igns  and cleanup 
equ ipmetrc . 
OSHA 

The Occupat ional  Sa fe ty  and Heal th  Act is  concerned wi th  hazards  i n  t h e  
workplace environment. Considerably more chemicals a r e  r egu la t ed  under t h e  
Act a t  p resent  t han  by EPA r e g u l a t i o n s .  Standards gene ra l ly  s p e c i f y  t h e  
maximum 8-hour exposure l e v e l  which i s  permi t ted  f o r  a given chemical.  The 
number of chemicals  r egu la t ed  under t h e  Act i s  expected t o  i n c r e a s e  as t h e  
recent ly-publ i shed  OSHA Cancer Po l i cy  i s  implemented. 9 Compliance w i l l  
r e q u i r e  proper  des ign  and o p e r a t i o n a l  procedures  t o  minimize worker expos- 
u r e  t o  hazardous subs tances ,  such as c e r t a i n  o rgan ic s  and t r a c e  elements.  

3.0 CURRENT CONTROL OPTIONS 

The fo i iowing  s e c t i o n  i d e n t i f i e s  a  number of c u r r e n t l y  a v a i l a b l e  c o n t r o l  
technology op t ions  which could be used i n  g a s i f i c a t i o n  p l a n t s  t o  achieve  
r e g u l a t o r y  compliance. Whether t h e s e  op t ions  a r e  s u f f i c i e n t  t o  meet cu r r en t  
o r  expected s t anda rds  can only  be determined on a  p r o j e c t - s p e c i f i c  b a s i s ,  
where t h e  v a r i a b l e s  of s i z e ,  des ign ,  feeds tock ,  l o c a t i o n ,  land and water  
a v a i l a b i l i t y  a r e  known. A s  important a s  t h e  t echno log ica l  e f f i c i e n c y  of a  
c o n t r o l  o p t i o n  is  t h e  economics of t h e  opt ion .  Both c o n t r o l  e f f i c i e n c y  and 
economics c o n t r i b u t e  t o  t h e  s e l e c t i o n  of ECT. The d i scuss ion  which fo l lows  
w i l l  b r i e f l y  d e s c r i b e  t h e  a p p l i c a t i o n  of environmental c o n t r o l  technology 
op t ions  under c o n s i d e r a t i o n  i n  DOE g a s i f i c a t i o n  programs f o r  c o n t r o l  of a i r ,  
water  and s o l i d  waste  p o l l u t a n t s .  It is  followed by a d i scuss ion  of advanced 
technology R&D e f f o r t s  and f u t u r e  c o n t r o l  needs. 

AIR POLLUTION CONTROL TECHNOLOGY 

G a s i f i e r s  a r e  expected t o  emit l a r g e  amounts of SO2 from such sources  
a s  t a i l  ga ses  from s u l f u r  recovery u n i t s  and coa l - f i r ed  b o i l e r s  f o r  steam 
genera t ion .  A number of c o n t r o l  o p t i o n s  a r e  a v a i l a b l e  f o r  t h i s  c r i t e r i a  
p o l l u t a n t .  The Wellman-Lord FGD u n i t  can achieve  approximately 95 percent  
SO2 removal and i s  w e l l  demonstrated. Less  e f f i c i e n t  op t ions  inc lude  t h e  
S h e l l  FGD system and t h e  S N P ~ l ~ u r g i  Su l f r een  Process .  SCOT and Beavon 
systems may provide  more e f f i c i e n t  removal, bu t  a r e  more l i m i t e d  i n  t h e i r  
a p p l i c a t i o n .  I I 



Acid gas removal from t h e  raw gas stream is necessary bo.th f o r  product 
upgrading and f o r . r e g u l a t o r y  compliance. (Proposed PSD amendments set low 
emission l e v e l s  f o r  H2S, abope which - BACT and monitoring a r e  required).  The 
Rec t i so l  process provides f o r  H2S and C02 removal. It r e l e a s e s  C02 and re- 
duced s u l f u r  compounds and can opera te  a t  r e l a t i v e l y  low pressure.  Other 
opt ions  include t h e  P u r i s o l  and Selexol  processes.  Acid gas removal 
processes 'vary  as t o  s e l e c t i v i t y  and operat ing pressure  and must be se lec ted  
according t o  process requirements. 

Sul fur  recovery opt ions  a r e  d e s i r a b l e  t o  reduce severa l  regula ted  
emissions and t o  produce ' sa leable  by-products. The.Claus Unit is a w e l l -  
demonstrated option. It produces elemental s u l f u r  and SO2 emissions requi r -  
ing  add i t iona l  cleanup. On-site s u l f u r i c  ac id  production is another  opt ion ,  
but r equ i res  a d d i t i o n a l  cleanup of ac id  m i s t  and SO2. 

Regulations c o n t r o l l i n g  p a r t i c u l a t e s  a r e  expected t o  become more s t r i n -  
.gent  i n  t h e  fu ture .  -EPA hAs indica ted  its i n t e n t i o n . t o  r e g u l a t e  f u g i t i v e  
emissions under PSD and t o  p lace  increased emphasis on ' f ine  p a r t i c u l a t e s  
( 2 microns). Gas i f i ca t ion  p l a n t s . w i l 1  g e n e r a t e . s i g n i £ i c a n t  q u a n t i t i e s  
of p a r t i c u l a t e s  from c o a l  t r anspor ta t ion  and handling, c o a l  f i r e d  b o i l e r s  
f o r  s team-generat ion and wi th in  t h e  raw gas stream. Coal and s o l i d  waste 
s to rage  p i l e s  r e q u i r e  spraying f b r  p a r t i c u l a t e  suppression. Water sprays 
provide only temporary, p a r t i a l  suppression. Crust ing agents  such a s  
sprayed polymers provide more e f f e c t i v e  suppression, but  r e q u i r e  reapplica-  
t i o n  upon disturbance.  . Dust from t r a n s p o r t a t i o n  and handling u n i t s  (e.g.,  
conveyors, hoppers, c rushers ,  e t c . )  may be con t ro l l ed  wi th  vacuum hoods, 
baghouse s y s t e m  a s  w e l l  as water and chemical sprays. These opt ions  tend 
t o  provide inadequate con t ro l ,  e s p e c i a l l y  of f i n e  p a r t i c u l a t e s .  The elec-  
t r o s t a t i c  p r e c i p i t a t o r  can provide e f f i c i e n t  cleanup of f i n e  p a r t i c u l a t e s  i n  
t h e  gas stream. It may not be s u f f i c i e n t .  t o  m e e t  more f u t u r e  r egu la t ions  
however. Cyclones providexa l e s s  e f f e c t i v e  means of p a r t i c u l a t e  removal, 
but  a r e  u s e f u l  a s  a f i r s t  s t e p  i n  p a c t i c u l a t e  cleanup. Baghouse cleanup is 
not genera l ly  a p p l i c a b l e . t o  hot gas cleanup. The Venturi scrubber is  u s e f u l  
a s  a p a r t  of cleanup system but is  not  completely e f . f ec t ive  aga ins t  very 
f i n e  p a r t i c u l a t e s .  

COOLING OPTIONS 

Waste heat  generated by var ious  heat  exchangers i n  a . g a s i f i c a t i o n  p lan t  
must be d ispersed  i n  a manner which w i l l  not  a l t e r  t h e  surrounding aqua t i c  
ecosystem. Options f o r  con t ro l l ed  waste hea t  d i s p e r s a l  vary considerably , 

i n  t h e i r  design and environmental impacts. Cooling ponds and spray channels 
r e q u i r e  s i g n i f i c a n t  land a r e a  and have uncer t a in  e f fec t iveness .  Dry cool ing  
has l imi ted  e f fec t iveness ,  and may be c o s t l y  i n  some app l i ca t ions .  Various 
cooling tower des igns 'us ing  both forced and n a t u r a l  d r a f t  ' a re  e f f e c t i v e ,  but  
have t h e i r  own environmental impacts. These inc lude  blowdown wastewater,  . t h e  
genera t ion  of fog and i c e  i n  t h e  l o c a l  a rea ,  and t h e  deposi t ion  of s a l t s  
on the  surrounding landscape. 

WATER TREATMENT TECHNOLOGY 

One approach t o  water p o l l u t i o n  prevention is zero-discharge design. It may 
be accomplished both by cleanup and recycl ing  of process f l u i d s  and by 



evapora t ion .o f  wastewater.  Evaporat ion Lmposes a s i g n i f i c a n t  energy pena l ty  
on t h e  process .  I n  p r a c t i c e  ze ro  d i scha rge  w i l l  probably be used only  f o r  
s e l e c t e d  wastestreams a t  p re sen t  due t o  c o s t s  and des ign  problems. Increased  
r e g u l a t o r y  s t r i ngency  could make t h i s  o p t i o n  more necessary  i n  t h e  f u t u r e ;  
however, t h e  va lue  of t h e  water,..and t h e . a d d i t i o n a 1  burden of evapora t ive  
salts d i s p o s a l  must be incorpora ted  i n t o  t h e  dec i s ion .  

The o t h e r  a l t e r n a t i v e ,  waste  s t ream t rea tment  and d i scha rge l r ecyc le ,  
r e q u i r e s  a number of d i f f e r e n t  processes  on t h e  contaminants p re sen t  and t h e  
d e s t i n a t i o n  of t h e  cleaned stream ( i . e . ,  d i s cha rge  o r  r e c y c l e ) .  

G a s i f i e r  blowdown i s  expected t o  b e  h igh  i n  TDS and TSS and t o  c o n t a i n  
ammonia, cyanide and t o x i c  organics .  The a b i l i t y  of t h e s e  compounds t o  in-  
duce t o x i c  e f f e c t s  a t  low l e v e l s  sugges t s  that t h e  evaporlrLiolz op t ion  may be 
necessary  d e s p i t e  t h e  energy penal ty .  Discharge of t h e  blowdown would 
r e q u i r e  a number of phys i ca l  and b i o l o g i c a l  t rea tment  processes .  These in-  
c l u d e  c l a r i f i c a t i o n ,  n i t r i f i c a t i o n ,  d e n i t r i f i c a ~ i o n ,  r e v c r s c  osmosis,  a r t i v a -  
t e d  carbon f i l t e r i n g  and i n c i n e r a t i o n .  Various combination of t h e s e  
p roces ses  would b e  r equ i r ed  f o r  t rea tment  of o t h e r  blowdown streams (e .g . ,  
FGD u n i t s  o r  cool ing  tower) f o r  r euse  o r  d i scharge .  

SOLID WASTE DISPOSAL . 
P r o t e c t i n g  t h e  environment from damage by s o l i d  wastes  may r e q u i r e  a 

combination of s e v e r a l  c o n t r o l  measures. Process  des ign  may be modified t o  
reduce  t h e  volume o r  hazardous p r o p e r t i e s  of s o l i d  wastes .  Waste may be 
t r e a t e d  t o  render  i t  less hazardous o r  more s t a b l e .  The r euse  of waste  pro- 
d u c t s  i n  o t h e r  commercial a p p l i c a t i o n s  i s  another  op t ion  being considered.  

A number of s o l i d  was tes  generated a t  t h e  g a s i f i c a t i o n . p l a n t  w i l l  prob- 
a b l y  r e q u i r e  d i s p o s a l  i n  approved hazardous waste d i s p o s a l  s i t e s  under RCRA. 
These i n c l u d e  spen t  c a t a l y s t s  and t a r s ,  and p o t e n t i a l l y  s l a g ,  f l y  a s h  and 
o t h e r  wastes .  Disposa l  i n  l i n e d  (impermeable) p i t s  w i l l  be  r equ i r ed  a s  
w e l l  as runoff  c a p t u r e  and groundwater monitor ing.  Problems a s s o c i a t e d  wi th  
hazardous waste d i s p o s a l  i nc lude  l e a k s  i n  t h e  l i n e r s  and cover  s o i l ,  run-off 
c o n t r o l  and gene ra l  long-term maintenance. Even t h e  20-year maintenance 
per iod  r equ i r ed  under RCRA w i l l  no t  prec lude  long-term environmental damage. 
For t h i s  reason,  hazardous waste  t rea tment  methods should be used i n  conjunc- 
t i o n  w i t h  proper  d i sposa l .  These inc lude  n e u t r a l i z a t i o n  and o t h e r  forms of 
chemical  t rea tment  t o  render  t h e  was tes  i n e r t  and/or  non-react ive.  

A second g o a l  05 RCRA beyond s a f e  d i s p o s a l  is  t h e  r e u s e  of s o l i d  wastes .  
Reuse of c o a l  a s h  is  a l r e a d y  be ing  done on a l a r g e  s c a l e .  Ash and s l a g  from 
g a s i f i c a t i o n  p l a n t s  as w e l l  a s p r o d u c e d  gypsum may f i n d  commercial markets .  
The development of t h e s e  o p t i o n s  must i nc lude  a c a r e f u l  a n a l y s i s  o f -  t h e  
environmental e f f e c t s  of reuse .  

4.0 FUTURE NEEDS AND ADVANCED TECHNOLOGY R&D 

P i l o t  and demonst ra t ion  p l a n t s  must be designed w i t h  c o n t r o l  technolo-  
g i e s  capable  of complying wi th  f e d e r a l ,  s t a t e ,  and l o c a l  r e g u l a t i o n s .  The 
a p p r o p r i a t e  NEPA documents mus t .be  prepared and reviewed a t  each major 



scale-up s tep .  Environmental Readiness Documents analyze t h e  s u i t a b i l i t y  of 
e x i s t i n g  technology t o  c o n t r o l  a given process on a l a r g e r  s c a l e ,  and 
i d e n t i f y  a reas  r equ i r ing  f u r t h e r  study. Achieving compliance on t h e  demon- 
s t r a t i o n  s c a l e  i s  not  enough t o  guarantee environmental compliance a t  t h e  
commercial l e v e l ,  however. The s i z e  of a c o m e r c i a 1  indust ry  a lone  would 
tend t o  increase  t h e  s t r ingency of regula tory  requirements, p a r t i c u l a r l y  
f o r  p l a n t s  locat ing  i n  r e l a t i v e  proximity t o  each o ther .  I d e n t i c a l  
processes~would tend t o  have s i m i l a r  emissions and would the re fo re  be i n  
competition f o r  a v a i l a b l e  air q ~ a l i t y ~ i n c r e m e n t s .  Furthermore, environmen- 
t a l  r egu la t ions  w i l l  continue t o  develop and change during t h e  long lead 
time required f o r  commercial-scale p l a n t  cons t ruct ion .  It is t h e r e f o r e  
necessary not only t o  achieve compliance a t  t h e  demonstration l e v e l ,  but  
t o  develop advanced con t ro l  technology capable of meeting t h e  c o n t r o l  
requirements of t h e  fu tu re . '  

To meet t h e  challenge the  developing coa l  combustion and g a s i f i c a t i o n  
technology i n  an environmentally acceptable  manner t h e  Department of Energy 
(FE) has i n i t i a t e d  t h e  Advanced Environmental Control. Technology (AECT) 
Program. The ob jec t ive  of t h e  program is t o  provide technology t o  meet 
environmental r egu la t ions  and t o  meet t h e  gas stream input  requirements f o r  
advanced energy conversion equipment.. The development of e f f e c t i v e  .cont ro l  
technology demonstra,ting r e l i a b i l i t y ,  acceptable  c o s t ,  and energy e f f i c i e n c y  
a r e  p r i n c i p a l  goals  of t h e  program. 

The M C T  Program c o n s i s t s  of t h e  development, improvement, and t echn ica l  
and economic evaluat ion  of e x i s t i n g  and promising new methods f o r  cleaning 
undes i rable  p o l l u t a n t s  re leased during t h e  combustion o r  g a s i f i c a t i o n  of 
coal .  Development, improvement, and evaluat ion  a r e  accomplished through a 
number of labora tory  o r  bench-scale explora t ions ,  p i lo t -p lant  t e s t s ,  and 
f u l l - s c a l e  cleanup system evaluat ions  a t  l a r g e  e l e c t r i c  u t i l i t y  and indus- 
t r i a l  f a c i l i t i e s  i n  cooperat ion wi th  t h e  owners of these  f a c i l i t i e s .  

The program is  d i r e c t e d  toward conducting f u l l - s c a l e  v e r i f i c a t i o n s  of 
equipment t h a t  w i l l  r e l i a b l y  and economically provide s o l u t i o n s  t o  t h e  
envitonmental degradation and equipment damage problems associa ted  wi th  coal  
u t i l i z a t i o n .  

The t h r e e  d i s c i p l i n e s  a r e  described as follows: 

The Flue Gas Cleanup Category concerns t h e  technology of removing 
p a r t i c u l a t e s ,  s u l f u r  oxid.es, n i t rogen  oxides,  and o the r  harmful 
species  from exhaust gases t o  m e e t  .environmental requirements. 

The Gas Stream Cleanup Category encompasses t h e  technology f o r  
improving gas stream qua l i ty .  This  means removal of contamin- 
a n t s  both wi th  hardware and with in-process con t ro l s ,  t o  p r o t e c t  
downstream equipment a s  w e l l  a s  t h e  environment. 



a The Cleanup Base Technology Category w i l l  provide the  c rosscu t t ing  
b a s e  technology development and systems engineering evaluat ions  
f o r  t h e  program. 

Flue G a s  Cleanup 

A major emphasis of t h e  AECT Program i s  f l u e  gas cleanup. Although 
t h i s  process i s  c h i e f l y  associa ted  wi th  c o a l  combustion. it  i s  discussed 
here  because it provides one opt ion f o r  meeting environmental s tandards 
f o r  s u l f u r  compounds during t h e  combustion of coa l  t o  produce steam f o r  
g a s i f i c a t i o n  and t h e  combustion of low-Btu g a s i f i e r  product gas. Several  
of t h e  low-Btu g a s i f i e r s  cu r ren t ly  opera t ing i n  t h e  U.S. would no t  have 
aulfur control  equipment s u f f i c i e n t  t o  meet NSPS were t h e i r  products t o  be 
used f o r  e l e c t r i c  u t i l i t y  steam generat ing.  The f u t u r e  developmene of 
advanced FGD systems may a f f e c t  t h e  r e l a t i v e  cost of the pre- and post- 
romhtlstion s u l f u r  cleanup options.  

The near-term focus of t h e  flew gas cleanup program is  on SO2 removal. 
Current FGD opera t ing 'dsgigns cons i s t  o f  scri .~hhers us ing a s l u r r y ' o f  lime 
o r  limestone t o  absorb SO2 from f l u e  gas; but these  scrubbers genera l ly  

+., 

have process weaknesses such a s  sca l ing  and corrosion. .  The f i r s t  p ro jec t  c: 
i n  Flue Gas Cleanup is the re fo re  t h e  improvement of t h e  opera t ional  a spec t s  .* 

.of these  f i r s t  genera t ion u n i t s .  Wet scrubber systems a l s o  have c e r t a i n  
inherent  drawbacks including t h e  genera t ion of l a r g e  amounts of waste, t h e  
need f o r  frequent  and in tens ive  maintenance, and high i n i t i a l  c a p i t a l  
equipment cos ts .  To'address these.drawbacks, the  AECT program w i l l ,  i n  
p a r a l l e l ,  pursue a ProjeCt t o  develop advanced .FGD systems t h a t  w i l l  cost- ::: 
e f f e c t i v e l y  e l iminate  the  .drawbacks. However, they w i l l  not  ' be a v a i l a b l e  ,.: 
u n t i l  t h e  1985 time frame. A t h i r d  p r o j e c t ,  Combined Flue Gas Cleanup, 
has been es tab l i shed  t o  develop new and/or improved technology f o r  f l u e  gas ..;, 

cleanup of p a r t i c u l a t e s  and N4, in te r faced  with t h e  cleanup of SO2 a s  well.. .'. 

Gas Stream Cleanup 

Combined-cycle generat ing p l a n t s  powered by high temperature , low-Btu 
gases from dire 'c t  c o a l  gasif icat ion.-may prove t o  be an extremely a t t r a c t i v e  
approach t o  large-scale  c o a l  u t i l i z a t i o n .  The Gas Stream Cleanup Pro jec t  
w i l l  develop and demonstrate systems f o r  removing p a r t i c u l a t e  mat ter ,  
s u l f u r  compounds, a l k a l i  metals and o the r  substances t h a t  may damage power 
equipment and thus  prevent t h e  d i r e c t  use  of c o a l  gases. It w i l l  a l s o  
demonstrate technology t o  l i m i t  emissions of SO,, NOx, and o the r  p o l l u t a n t s  
v i a  process stream cleanup. 

. . .  . . . 

I n  add i t ion  t o  meeting t h e  needs of tu rb ines  and f u e l  ;ills, gas stream 
cleanup may provide a more cos t  e f f e c t i v e  means of meeting environmental 
and combustion engine requirements. It may be used t o  achieve a more 
d e s i r a b l e  end-product from t h e  standpoint  of TSCA regula t ions .  The Hot Gas 
:cleanup Program Research and .Development Announcement (PRDA) re leased by 
DOE in 1979 w i l l  provide a nucleus of ' techniques f o r  development. 



Cleanup Base Technology 

A c r i t i c a l  DOE r o l e  f o r  f o s s i l  energy cleanup i s  t o  a c t  a s  an i n t e g r a t o r  
of technology being developed by i n d u s t r y ,  o t h e r  government agencies ,  and 
w i t h i n  DOE i t s e l f .  Many technology i s s u e s  c u t  a c r o s s  i n t e r r e l a t e d  c l ednup '  
and powerplant a r e a s  i n  genera l .  TliE-purpose of t h i s  Cleanup .Base Technology 
ca tegory  i s  t o  provide t h e s e  c r i t i c a l  c r o s s c u t t i n g  s e r v i c e s  f o r  both F lue  . 
G a s  and Gas.Strearn Cleanup. The f o u r  p r o j e c t s  included i n  t h i s  ca tegory  
a r e  Waste Management, Systems and Economic Comparisons, Ins t rumenta t ion ,  
and Applied Research. 

The o b j e c t i v e  of t h e  Waste Management P r o j e c t  i s  t o  develop improved 
methods of handl ing,  reuse ,  and d i s p o s a l  and combustion of cleanup wastes.  
E f f o r t s  w i l l  inc lude  t h e  s tudy of FGD s ludge  u t i l i z a t i o n  op t ions  a s  w e l l  a s  
improving t h e  performance of dewater ing equipment. The Systems and Economics 
Comparisons P r o j e c t  w i l l  perform economic and t e c h n i c a l  t rade-off  ana lyses  
of v a r i o u s  cleanup a l t e r n a t i v e s  t o  ensure  t h a t  t h e  b e s t  system combinations 
a r e  provTded. The Ins t rumenta t ion  P r o j e c t  w i l l  t r y  t o  develop monitor ing 
technology capable  of measuring process  v a r i a b l e s  dur ing  ope ra t ion ,  I n s t r u -  
mentat ion t h a t  is  accu ra t e  and p r e c i s e ,  and capable  of func t ion ing  a t  t em-  

- p e r a t u r e  and p re s su re  p r e s e n t  i n  t h e  p roces s  stream w i l l  cont inue  t o  be a 
c r i t i c a l  requirement.  Applied Research e f f o r t s  w i l l  focus  on understanding 
of t h e  s c i e n t i f i c  bases  f o r  f l u e  gas  and process  s t ream cleanup technologies .  
This  p r o j e c t  w i l l  inc lude  s t u d i e s  of m a t e r i a l s  e ros ion  and co r ros ion ,  and 
chemica l /phys ica l  c h a r a c t e r i s t i c s  of products ,  contaminants ,  so rben t s ,  e t c .  

THE EFFECTS OF REGULATORY DEVELOPMENTS ON FUTURE DOE ACTIVITTES 

The developing na tu re  of environmental r e g u l a t i o n s  sugges ts  t h a t  DOE 
a c t i v i t i e s  may need t o  undergo p a r a l l e l  mod i f i ca t ions  a s  t ime goes on. 
Areas which a r e  l i k e l y  t o  r e c e i v e  increased  emphasis i n  t h e  f u t u r e  i nc lude  
c o n t r o l  technology f o r  organics  and t r a c e  elements ,  r ecyc l ing  of s o l i d  
wastes ,  and in-plant  c o n t r o l s  prevent ing  worker exposure. 

The increased  emphasis which r ecen t  l e g i s l a t i o n  has  placed upon t o x i c  
(carc inogenic)  subs tances  w i l l  u l t i m a t e l y  r e s u l t  i n  r e g u l a t i o n s  which 
s p e c i f i c a l l y  address  a l a r g e  number of suspected o r  proven carcingoens.  
Experience i n d i c a t e s  t h a t  many carcir iogel~s a r e  organic  s p e c i e s ,  some of 
which a r e  found i n  f o s s i l  f u e l  processes .  Current e f f o r t s  t o  i d e n t i f y  t h e  
components of g a s i f i c a t i o n  s t reams i n  conjunct ion  wi th  ongoing and f u t u r e  
t ox ico log ic  t e s t s  w i l l  g ive  a b e t t e r  understanding of t h e  chemical.. spc.cie.s.: 
r e q u i r i n g  c o n t r o l .  Standards a r e  expected t o  be s t r i n g e n t  ' f o r  carcinoge:-~ic 
subs tances  and may r e q u i r e  t h e  development of advanced c o n t r o l  t e c h o l o g y .  

Waste waters  from g a s i f i e r s  gene ra l ly  con ta in  v a r i o u s  o rgac i c s  and t r a c e  
elements.  Phenol appears  t o  be t h e  major organic  c o n s t i t u e n t ,  and phengllcs  
as a c l a s s  c o n s t i t u t e  60 t o  80 percent  o f  t h e  t o t a l  o rganic  carbcn (TOC) i n  
t h e  wastewater.  Other c l a s s e s  of o rgan ic s ,  such a s  mono- and po lycyc l i c  
ni t rogen-containing aromat ics ,  oxygen- and su l fur -conta in ing  h e t e r o c y c l i c s ,  
and polunuclear  aromatic  hydrocarbons, appear t o  be present  a t  s i g n l f i c a n t  



concen t r a t ions t  Conventional wastewater t r e a t i n g  schemes a r e  bel ieved t o  be 
adequate  f o r  reducing concen t r a t ions  of major contaminants t o  w i t h i n  t h e  
l i m i t s  o f ' a p p l i c a b l e  e f f l u e n t  s t anda rds .  However, z e r o . d i s c h a r g e s  of c e r t a i n  
t o x i c s ,  e .g . ,  carc inogens ,  may be r equ i r ed ,  I n  t h e  c a s e  of zero d i scha rge ,  
t h e  only  c e r t a i n  t rea tment  is  forced-evaporat ion followed by i n c i n e r a t i o n  
of t h e  concent ra ted  wastes.  The drawbacks of t h i s  t rea tment  scheme a r e  heavy 
energy pena l ty ,  high c a p i t a l  c o s t s ,  and increased  t o x i c  emissions t o  t h e  a i r  
which may not::be d e s i r a b l e  a f t e r  a l l .  Development of advanced c o n t r o l  tech-  
nology t o  c o n t r o l  t h e  h ighly  t o x i c  contaminants from c o a l  g a s i f i c a t i o n  waste- 
was t e r s  may be necessary .  Evalua t ion  of c o a l  conversion wastewater t r e a t -  
a b i l i t y  of c o a l  conversion wastewater being c a r r i e d  ou t  a t  t h e  Univers i ty  of 
North Caro l ina  under EPA's sponsorship has shown promising r e s u l t s .  

Regulat ions under RCRA w i l l  i n c r e a s e  t h e  c o s t  of s o l i d  waste d i s p o s a l  
and w i l l  encourage t h e  r ecyc l ing  of u seab le  s o l i d s .  E f f o r t s  t o  s tudy o p t i o n s  
f o r  t h e  reuse of g a s i f i e r s  s o l i d  wastes  may need t o  be stepped up i n  t h e  
f u t u r e .  The environmental and h e a l t h  e f f e c k s  oE t h e s e  optlbrls,  t u g r t l ~ e r  
w i t h  development OK ways t o  render  t h e  wastes  i n e r t  should p a r a l l e l  t h e s e  
e fKur ts .  

The recent  p u b l i c a t i o n  of t h e  OSHA cancer  po l i cy  i s  a  s i g n i f i c a n t  event  
which e s t a b l i s h e s  a  methodology f o r  ca t egor i z ing ,  t e s t i n g ,  and r e g u l a t i n g  
suspected o r  proven carcinogens.  It w i l l  u l - t imately r e s u l t  i n  t h e  a d d i t i o n  
of numerous chemicals t o  OSHA r e g u l a t i o n s  l i m i t i n g  worker exposure; and may 
r e q u i r e  t h h  development of more e f f e c t i v e  c o n t r o l s .  i' 



FOOTNOTES 

1. Calendar of Federa l  Regulat ions,  U.S. Regulatory Council ,  November 28 
1979 (44 FR 68247) 

2. Alabama Power Co., et  a l . ,  P e t i t i o n e r s ,  v .  Douglas M. Cos t le ,  as 
~ d m i n i s t r a t o r  , EPA e t  a l .  , Respondents, S i e r r a  Club, e t  a l .  , I n t e r -  
venors ,  No. 78-1006, June 18,  1979, a s  r epo r t ed  i n  t h e  Environmental 
Reporter ,  13  ERC 1225, J u l y  13 ,  1979. 

3 .  EPA ~ r o p o s e i l  Amendments t o  Prevent ion  of S i g n i f i c a n t  D e t e r i o r a t i o n  
Regulat ions, .September 5 ,  1979 (44 FR 51924) 

4. Calendar of Federa l  Regulat ions (44 FR 68238-68239) 

'5 .  Nat iona l  Emission Standards f o r  I d e n t i f y i n g ,  Assessing and Regulat ing 
Airborne Substances Posing a '  Risk of Cancer, EPA, October 10,  1979 ..!. . 
(44 FR 58642) : I_ 

.*. 
. .I 

. . 
,It. . 'I.* 
.., 
;.: 6. Gage, Stephen J . ,  A s s i s t a n t  Administrator  f o r  Research and Development, ">. .-A 

, . .,. ' & .- 
EPA, Statement before  t h e  Subcommittee on Energy and Power, Committee 3 ;, 

., ' 

* -. 
, . on I n t e r s t a t e  and Foreign Commerce, October 18 ,  1979. 

7. Calendar of Federa l  ' ~ e ~ u l a t i o n s  (44 FR 68249) 

. 8. See S t a t e  Underground I n j e c t i o n  Control  Programs; Minimum Requirements 
and Grant Regulat ions (proposed U I C  r e g u l a t i o n s ) ;  (44 FR 23738) 

-. ,;* 
> 4 

J , : ,.?. 
':, 9. I d e n t i f i c a t i o n ,  C l a s s i f i c a t i o n  and Regulat ion of P o t e n t i a l  Occupational . % .  ,> 

Carcinogens, OSHA, DOL, January 22, 1980, (45'FR 5002) 

10. Major p o r t i o n s  of t h i s  s e c t i o n  a r e  taken from t h e  Mult iyear  Program P lan  
f o r  Advanced Environmental Control  Technology, December 14,  1979, 
prepared- f o r  F o s s i l  Energy, DOE, by TRW. 



GLOSSARY OF ACRONYMS AND ABBREVIATIONS 

AECT 

ASEV 

BACT 

CAA 

CFR 

CWA 

E A 

EnP 

EIS 

ERD 

FE 

FGD 

. FR 

LAER 

NAAQS 

NEPA 

NESHAP ( ' S) 
NIOSH 

N4, 

NPDES 

NSPS 

OSHA 

PMN 

POM 

RCRA 

SIP 

SO2 

Sox 
TSCA 

TSP 

UIC 

Advanced Environmental Control Technology 

Assistant Secretary' for Environment (DOE) 

Best Available Control Technology 

Clean Air Act 

Code of Federal Regulations 

Clean Water Act 

Environmental Assessment .- . 

Environmental Development Plan 

Envir onmeat a1 Impact St at emen t 

Environmental Readiness Document 

Fnssil Energy 

Flue Gas Desulfurization 

Federal Register 

Lowest Achievable Emission Rate 

National Ambient Air Quality Standards 

National Environmental Policy Act 

National Emission Standards for Hazardous Air Pollutants 

National Institute for Occupational Safety and IIealth 

Nit.rogen Oxide (s) 

National Pollutant. Discharge Elimination System 

New Source Performance Standards 

Occupational Safety and Health Administration (DOL) or 
Occupational Safety and Health Act 

Premanufacture Notice 

~ o l ~ c ~ c i i c  Organic Material 

Resource Conservation and Recovery Act 

State Implementation Plan 

Sulfur Dioxide 

Sulfur Oxide ( 6 )  

Toxic Substances Control Act 

Total Suspended Particulates 

Underground Injection' Contr0.1 ' 
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ZERO LIQUID DISCHARGE 
FOR THE 

ILLINOIS COAL GAS.IFICATION GROUP 
DEMONSTRATION PLANT 

The waste treatment and disposal system being designed into the I l l i n o i s  
Coal Gasi.fication Group Pipeline Gas Demonstration Plant i s  one of zero dis-  
charge. All water streams are  recovered, t reated and recycled, and a l l  so l id  
wastes a re  placed i n  l a n d f i l l s .  The decision to  design the plant in t h i s  manner 
has been made by ICGG in the early program phase, ac tua l ly  when the proposal t o  
DOE was being prepared. 

The DemonstratSon Plarrl i s  .designed'to process 2,300, tons per day o f  , 

I l l i n o i s  coal ,  with provisions to .process  Western and Pennsylvania coals as  
par t  of t h e  program. The architect-engineer f o r  the wo.rk i s  the Chemical 
Plants Division of Dravo Engineers and Constructors, who are  designing a l l  
areas ,  including water and waste. This paper will confine i t s e l f  t o  the 
I l l i n o i s  case. The coal i s  pyrolyzed and gasified t o  obtain 1 .iquids' and ' 

synthesis gas. .The l iquids are  t reated t o  produce 2,100 barrels per day of 
naphtha and fuel o i l s .  The synthesis gas i s  purified and then methanated t o  
produce nearly 24 million cubic. f ee t  per day of pipeline gas. The.water demand 
i s  approximately 900 gallons per minute, which i s  obtained from the Mississippi 
River, a t  a point nearly 20 miles away from the plant.  . The Wastewater treatment 
recovers 417 GPM to  be recycled. The remaining water i s  l o s t  by evaporation 
i n  the Cool ing Towers and i n process consumption. 

There are  three main wastewater streams emana.ting from t h e  inain,coal 
gasif icat ion process t ~ n i t s .  Two of these streams cons is t  of the wastewater 
from ammonia s t r ippe r s ,  one of which i s  high in phenolics. The other stream. 
i s  the process sewer which picks u p  any waste l iquid leakage from any of the 
other  process areas.  This water i s  t reated in the Wastewater Treatment Plant 
and then returned to  the Water Treatment Section where i t  i s  blended with 
f i l t e r e d  r iver  water, fur ther  t rea ted ,  and u t i l ized  a s  cooling water and 
boi le r  water make-up. The sol ids  removed from the wastewater by the Wastewater 
Treatment Plant are  disposed of in l a n d f i l l s  along w i t h  any of the other pro- 
cess areas so1 ids  wastes. 

Process wastewaters high i n  dissolved so1i .d~  a r e  not dumped t o  the 
Process Sewer, b u t  ra ther  are pumped to  an Inorganic Waste Evaporator. The 
recovered water i s  conveyed to Water Treatment and i s  f ina l ly  u t i l i zed  as! 
boi ler  water make-up, All of the rainwater runoff a t  the plant perimeter i s  
collected through the Clean Storm Sewer System.to the  Clean Stormwater Basin, 
where . i t  i s  t reated fcrr sol ids removal and returned t.o t h e  Raw Water Reservoir. 
Kunoff.collected in process areas flqws through the Contaminated Storm Sewer 
System to  the Contaminated St0rmwate.r Basin, where i t  i s  treated and pumped 
to  the Wastewater Treatment Plant fo r  fur ther  handling. Figures I and 11, 
show the general flow scheme. . - 

An emergency overflow and storage system i s  provided to  accept wastes 
from the plant in the event an upset occurs in. the wastewater t reat ing.  This 
water then i s  processed through the treatment system when the operation returns 
to  normal. 



Ppimary Separat ion and Equa l i za t i on  

The Process Sewer and S t r i p p e r  wastewaters. a re  pumped i n t o  one main stream, 
which f l ows  i n t o  Oi l-Water Separator No. 1. The separator  removes a l l  f ree  
f l o a t i n g - o i l  and s e t t l e a b l e  so l  i d s .  , The separated o i l  ( s l o p  o i l  ) i s  c o l l e c t e d  
and pumped t o  t h e  O i l  Recovery Area o f  t h e  p l a n t  f o r  recyc l i ng . .  The s e t t l e d  
s o l i d s  c o l l e c t  a t  t he  bottom o f  t h e  separator  and, a r e  pumped ou t  t o  t he  Primary 
Sludge Ho ld ing  Tank. A stream of water sprayed i n t o  t h e  bottom o f  t he  separa tor  

. . 
p revents s o l i d s  b r i d g i n g  and r a t h o l i n g .  

The separa tor 's  wastewater e f f l u e n t  i s .  pumped t o  t h e  ~ ~ u a l  i z a t i o n  Tanks, 
which have approx.imately a two day de ten t i on  capac i t y  based on design flow, 
t o  dampen o u t  any minor  h y d r a u l i c  and/or contaminant l oad ing  surges i n  t he  
wastewater f l ow .  I n  t he  event major h y d r a u l i c  surges and/or contaminant shock 
load ings  occur, t he  wastewater stream o r  streams i n  quest ion  w i l l  be d i v e r t e d  
t o  t h e  Emergency Storage Basin. 

I n  o r d e r  t o  keep the  wastewater w e l l  mixed and prevent  any s e t t l i n g  of 
suspended s o l i d s ,  t h e  Equa l i za t i on  Tanks a r e  a g i t a t e d  by bubb l ing  a i r .  An 
added b e n e f i t  t o  us ing  a i r  m ix ing  i s  t h a t  i t  would a i d  i n  s t r i p p i n g  and/or 
o x i d i z i n g  any hydrogen s u l f i d e  and mercaptans t h a t  might  be present  i n  t he  
wastewater. Hydrogen s u l f i d e  o r  mercaptans s t r i p p e d  f rom the  wastewater, a re  
t r e a t e d  w i t h  ozone as t h e  tank a i r  passes through an Ozone Odor Cont ro l  System 
be fo re  ven t i ng  t o  t h e  atmosphere. 

Lime-Soda Sof ten ing  

From t h e  Equa l i za t i on  Tanks the  wastewater i s  pumped t o  the  Lime-Soda 
Sof ten ing  System. The system cons i s t s  o f  two tanks, each w i t h  a mixer ,  a  
m ix ing  zone, a sludge concent ra t ion  zone, and a c l a r i f i c a t i o n  zone. The 
system i s  used t o  reduce the  concent ra t ion  o f  calcium,(Ca) and rnagnesium,(Mg) 
i n  t h e  Wastewater t o  l e v e l s  approximate ly  equ iva len t  t o  those found i n  the  
r i v e r  water.  Slaked l ime,  Ca(OH)* and soda ash, Na2C03, a r e  added t o  t h e  
wastewater. f o r  s o f t e n i n g  and a pr imary coagulant i s  a l s o  added t o  the  
wastewater t o  hasten p r e c i p i t a t e  s e t t l i n g .  

Excess s laked l i m e  may have t o  be added t o  t h e  wastewater t o  e f fec t  t h e  
des i red  amount o f  Mg(0H)z. p r e c i p i t a t i o n .  I f  t h i s  i s  t h e  case, and if there  i s  
n o t  s u f f i c i e n t  carbonate i n  t h e  wastewater t o  r e a c t  w i t h  t h e  Ca++ from t h e  
excess l ime,  then a recarbonat ion s tep  f o l l o w i n g  .l ime o r  l ime-soda so f ten ing  
may be necessary. 

Carbon Diox ide,  which has been scrubbed from t h e  syn thes is  gas, i s  
bubbled through t h e  wastewater as i t  passes through t h e  Recarbonation Tank. 
The wastewater then flows through a f l o c c u l a t i o n  tank and a recarbonat ion '  
c l . a r i . f i e r  where the  p r e c i p i t a t e  i s  removed. The so f ten ing  sludge from both  
t h e  Lime-Soda Sof ten ing  System and Recarbonation C l a r i f i e r  i s  pumped to.  t h e  
Sof ten ing  S l  udge Press. 
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F l o t a t i o n  C l a r i f i c a t i o n  and Cool i n g  

The wastewater flows from sof ten ing proceed t o  the  F l o t a t i o n  C l a r i f i e r  
where i t  i s  blended w i t h  a coagulant. The coagulant e f f e c t s  p a r t i c l e  charge 
des tab i l i za t i on  among the suspended and c o l l o i d a l  so l i ds  and emuls i f ied o i l  
d rop le ts  i n  the wastewater. Wastewater then flows i n t o  two f l o c c u l a t i o n  tanks 
where i t  i s  jo ined by a secondary f l occu lan t  and gent ly  mixed. The wastewater 
f i n a l l y  f lows i n t o  two f l o t a t i o n  tanks, where a i r  bubbles capture the so l i ds  
and o i l  f l o c s  and f l o a t  them t o  the water surface t o  be scraped i n t o  a sludge 
box. The f loc  sludge i s  pumped t o  the  Primary Sludge Holding Tank. 

The wastewater i s  now v i r t u a d l y  free o f  a l l  so l i ds  and o i l  p a r t i c l e s  and 
has a pH range o f  7 t o  10, and i s  pumped t o  the Bio-Treatment P lan t  In f luen t  
Coolers. A d i l u t i o n  recyc le  i s  added t o  the wastewater t o  lower the phenolics 
concentrat ion i n  the wastewater t o - a  concentrat ion not  t o x i c . t o  ac t i va ted  b io -  
sludge. The combined' stream f lows through one o r  both o f  the coolers t o  br ing:  
t he  wastewater t o  90°F, the optimum ac t i va ted  sludge biso-treatment temperature.. 

A f t e r  cool ing, the wastewater i s  jo ined  by the Sani tary Sewer ( a f t e r  i t  
has passed through the Septic Tank), sludge press f i l t r a t e ,  sand f i l t e r  back- 
wash,and possibly phosphoric ac id  and ammonia. The l a t t e r  two streams are 
c e l l u l a r  growth nu t r ien ts ,  i n  the event they are no t  i n  the wastewater i n  
s u f f i c i e n t  quan t i t i es .  The combination o f  streams, which cons t i t u te  the 
i n f l u e n t  t o  the Bio-Treatment P lant  are blended and pH adjusted by e i t h e r  
adding sodium hydroxide o r  s u l f u r i c  acid. 

Blo-Treatment . ,  . - 
The Bio-Treatment P lant  consists o f  a covered, m u l t i - c e l l ,  ac t i va ted  

sludge aerat ion tank w i t h  an aerator i n  each c e l l  and a h igh p u r i t y  oxygen 
atmosphere. As the wastewater passes through the tank, ac t i va ted  sludge 
absorbs and digests the so lub le  organics i n  the wastewater re leas ing C02 
and forming addi t iona l  b i o l og i ca l  growth. I n  order t o  maintain a constant 
optimum ac t i va ted  sludge concentrat ion i n  the aerat ion tank, i t  i s  necessary 
t o  remove ac t i va ted  sludge a t  a r a t e  equivalent  t o  the  r a t e  new b io l og i ca l  
growths are being synthesized. As the'wastewater f lows ou t  o f  the aerat ion 
tank i n t o  the  c l a r i f i e r s ,  i t  takes w i t h  i t  an equivalent  concentrat ion of 
ac t i va ted  sludge which s e t t l e s  t o  the  bottom o f  the  c l a r i f i e r .  A po r t i on  of 
t h i s  s e t t l e d  sludge i s  pumped t o  the Bio-Sludge Thickener and t he  r e s t  i s  
recycled back t o  the aerat ion tank. 

A oxygen atmosphere i s  maintained i n  the  aerat ion tank t o  provide the 
oxygen f o r  r esp i ra t i on  and c e l l u l a r  synthesis. The cover over the  aerat ion 
tank i s  used t oecon ta in  the h igh p u r i t y  oxygen atmosphere and t o  maintain the 
proper temperature, p a r t i c u l a r l y  dur ing w in te r  operations. A f te r  the ac t i va ted  
sludge has s e t t l e d  from the wastewater i n  the Bio-Sludge C l a r i f i e r s ,  the waste- 
water overflows the c l a r i f i e r  weirs t o  the  F ina l  E f f l uen t  F i l t e r  System. 
F loa t ing  mater ia l  found i n  the Bio-Sludge C l a r i f i e r s  i s  co l l ec ted  and i s  
pumped t o  the Bio-Sludge Thickener. 



F ina l  E f f l u e n t  Treatment 

The wastewater f l o w s . i n t o  the F ina l  E f f l uen t  F i l t e r  System through the  
deep bed g r a v i t y  f i l t e r s  t o  remove any bio-sludge so l i ds  t h a t  were i n  the 
wastewater. The f i  1 te red  wastewater. overflows t o  the Ozone Contactor.. 

The ozone i s  bubbled through the wastewater as i t  passes through the 
Ozone Contact Tanks t o  ox i d i ze  res idua l  organics, and destroy any bac te r ia  
and v i ruses.  The t rea ted  wastewater i s  pumped t o  the water treatment area 
where i t  i s  f u r t h e r  t rea ted  f o r  use as coo l ing  tower and b o i l e r  water make-up. 

Primary, Sludge Dewatering 

Primary sludge from several sources prev iuus ly  n~en t i m e d  i s  co l  1 ected i n  
t he  Primary Sludge Holding Tank. The sludge i s  then mixed w i t h  a sludge condi- 
t i o n i n g  polymer and pumped t o  the Primary Sludge Presses, The sludge i s  
dewatered and conveyed t o  the Miscellaneous Sol ids  L a n d f i l l .  The f i l t r a t e  
i s  pumped t o  the  i n f l u e n t  of the Bio-Treatment P lan t  System. 

Bio-Sl udqe Digest ion and Dewateri n q  

Waste ac t i va ted  sludge and bio-sludge skimmings a re  pumped from the Bio-  
Sludge C l a r i f i e r  t o  the f l o c c u l a t i o n  tanks o f  the Bio-Sludge Thickener. The 
bio-sludge i s  gen t l y  blended w i t h  a f loccu lant .  The bio-sludge then flows 
i n t o  the f l o t a t i o n  tanks where a i r  bubbles f l o a t  the bio-sludge so l i ds  t o  the 
water surface, t o  be skimmed o f f  i n t o  a sludge box. The thickened bio-sludge 
i s  then pumped t o  the Aerobic Digester  Tanks. The thickened bio-sludge i s  
thoroughly mixed and aerated i n  the  Aerobic Digester  Tanks i n  order t o  e f f ec t  
the  process o f  auto-digest ion t o  render most of the bio-mass i n e r t .  The 
thickened and s t a b i l  i zed b io -s l  udge i s  then mfxed w i t h  a s l  udge condi t i o n i  ng 
agent and pumped t o  the Bio-Sludge Presses. The bio-sludge i s  dewatered and 
conveyed t o  the Bio-Sludge L a n d f i l l .  The f i l t r a t e  i s  pumped t o  the i n f l u e n t  
of t h e  Bio-Treatment P lan t  System, 

Softening Sludge Dewateri ng 

Softening . s l  udge from t h e  Lime-Soda so f ten ing  .System and the Recarbonation 
C l a r i . f i e r  i s  mixed w i t h  a sludge cond i t i on ing  polymer then i s  pumped t o  the 
Softening Sludge Press. The sludge i s  dewatered. i n  the press and conveyed t o  
the  Softening Sludge Land f i l l .  The f i l t r a t e  i s  pumped.to the i n f l u e n t  o f  the 
B-io-Treatment P lan t  Sys tem. 

Inorqanfc Waste Evaporation 

Wastewaters h igh i n  d isso lved s o l i d s  a re  pumped t o  the  Inorganic Waste 
Hold Tank from the fo l lowing sources: 

Lime Reactor Regenerant 
Cooling Tower Blowdown 
Fi  1 te red  Water Deioni zer  Backwash and Regenerant. 
Condensate. Deionizer Backwash and Regenerant 
Cool i n g  Tower Water Cation Exchanger Regenerant 
Process and Potable,  Water Cation Exchanger Regenqrant 
L i v e  Coal P i l e  Stormwater Runoff ( i n t e r m i t t e n t )  



I n  add i t ion,  s u l f u r i c  ac i d  and caust ic '  are added t o  the  tank, as required, f o r  
pH con t ro l . .  A f ter  b lending, . the wastewater i s  pumped t o  the 1norganic.Waste 
Evaporator System. This system consists. o f  a t r i p l e  e f f e c t ,  ho r i zon ta l  
forced L I r c u l  a t i o n  evaporator and a1 1 the o ther  anci 11 ary  equipment necessary, 
such as pumps and compressors, ' t o  e f f ec t  the requ i red process performance. 
The dissolved . s l i l  i d s  .are deposited i n  s 1 u r r y  form. on a dryer  and del i vered - . t o .  the Evaporator Sol i d s  Landfi 11 . The evaporator d i  s t i  11 a te  . i s  returned f o r  
use as b o i l e r  water. make-up. 

Stormwater Treatment 

Contaminated stormwater r u n o f f  i s  co l l ec ted  from three sources, the Dead 
Coal' P i l e ,  the ' O i l  Storage Area, and the Contaminated S t o m  Sewer. The con- 
taminated. r u n o f f  i s  then pumped t o  O i  1 -Water Separator No. 2 which removes 
a l l  f r e e  f l o a t i n g  , o i l  and se t t l eab le  sol  i ds .  from the contaminated~.runoff. 
The separated o i  1 (s lop  o i  1 ) i s  . i ntermi t tent ' l y  pumped to'  the o i  1 recovery 
sect ion o f  the. p lant .  . The s e t t l e d  so l i ds  are pumped from the bottom of the 
separator t o  the Primary Sludge.Holding Tank. A spray,pump i s  used t o  prevent 
so l  i d s  b r idg ing  o r  r a tho l  i n g  i n  the bottom o f  the separator. . .  The separator 
e f f l u e n t  f lows through.an I n l i n e  Mixer t o  the Contaminated Stormwater Basin. 
The i n l i n e  mixer i s  used t o  blend any s u l f u r i c  ac id  o r . c a u s t i c  added f o r  pH 
con t ro l .  The contaminated, stormwater i s  surged i n  the basin, then pumped a t  
a con t ro l l ed  r a t e  t o  the head end o f  the Wastewater Treatment P lan t  fo r  
f u r t h e r  treatment. 

Clean stormwater r u n o f f  i s  co l l ec ted  i n  the Clean Stormwater Sewer System, - 
pumped t o  the Stormwater C la r i f i e r , :  where se t t l eab le  sol  i d s  are removed, and 
s tored i n  the Clean Stormwater Basin. 'The water i s  returned. t o  the Raw Water i 

A 

Reservoir o r  a1 t e rna te l y  ' to the Wastewater .Treatment Plant, ' if contaminated. 

So l ids  Disposal Systems 
% 

The f o l 1 o w i n g . i ~  .a l i s t  o f  the  l a n d f i l l s :  

Bio-Sl udge 
Softening ~l udge 
Evaporator So l ids  
Sl ag 
Calcium Su l f i  te/Sul f a t e  from SO2 Removal 
M i  scel  1 aneous Sol i d s  

With the  exception of some of the so l ids .  dumped.in the Miscellaneous Sol ids  
L a n d f i l l ,  a1 1 o f  the so l  i d s  .and: s l  udges are ,transported t o  t h e i r  respect ive 
l a n d f i l l s  by conveyors. They are then placed in .  layers,  o r  l i f t s ,  by a b u l l  .. 
dozer and covered w i t h  s o i l  a t  the end.of each.dayts a c t i v i t y .  f h e  sides and 
bottoms of the l a n d f i l l s  are l i n e d  w i t h  an.impermeab1.e na t i ve  c l ay  l a y e r  t o  
prevent any 1 andf i 11 leachate from percol a t i n g  i n t o  the groundwater. The 
bottoms. of the l a n d f i l l  s are  . s l ' i gh t l y  sloped so t h a t  any . leachate' w i t h i n  the 
l a n d f i l l s  wi.11 f l o w . t o  c o l l e c t i o n  sumps and be pumped t o  the Wastewater 
Treatment P lan t  . f o r  ..treatment. The var ious sol  i d s  are  no t  dumped i n t o  a 
conmon 1 , a n d f i l l ' s o  t h a t  separate leachate ana lys is  may be made. The use o f  
na t t ve  c lays as p i t  1 i n i n g  mate r ia l  i s  pre ferab le  t o  synthet ics,  as they have 
a demonstrated s t a b i l  i ty no t  present i n  those synthet ics.  
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Capital Costs 

The capital cost of. the -facility, as designed for the Demonstration plant 
is, approximately $22,500;000. This cost includes engineering, detailed design, 
procurement, construction and contractor's fees. It' does not include interest 
on construction funds, client project management costs, start,,up .costs or 
working capital.. 

Operating costs 

The cost of operating the waste system is an incremental portion of the total 
plant operating cost. As such, it is not meaningful to calculate a separate 
cost. However, the systems require the following materials to process the 
wastewate. Data here is given for the case of processing Ill. No. 5 and 6 
coal s . 

Total Wastewater - To Biotreatment - 308.6 'GPM . 

- To Evaporation - 119..7 GPM 
Chemical Consumption 

- 435 Tonslyear 
93% solution) - 4,380 Gal ./Year 

Cationic Pcilymer - 14,000 Gal./Year 
Anionic Polymer - 7,100 Gal ./Year 

Utilities 

Steam 
Cooling Water 
Electric Power 

- 30,000 Lb./Hour - 2,100 GPM - 1,100 ::u 
Thermal Efficiency Impact 

The biotreatment system is not a major energy consumer, and it can be 
considered that its energy demands would not add significantly to the overall 
energy consumption. Indeed, it would approximate that needed for open dis- 
charge. However, the concept of the total recycle of water does give an 
energy credit by reducing the pumping demand.. The water supply from the 
plant comes from the Mississippi River, 20 miles from the plant. This 
power saving is estimated at 143 HP, or equivalent to 0.05 percent of the 
coal fed to the Demonstration Plant. 

The use of the evaporator,. however, has a negative impact on the.therma1 
: efficiency of. the facil i ty. Generating the 30,000 I bs./hour, of steam wi 1 1  
require an addition of coal feed to the plant. That .quantity of coal is 
approximately 1 .9 percent of the feed, and has the effect of' reducing 'the 
plant thermal efficiency by that amount. The evaporator is required, however, 
since brackish water cannot be discharged. from new plants in the State of 
Illinois. 



Summary and Conclusion 

The concept o f  zero l i q u i d  discharge i s  v i a b l e  and can be accomplished 
using c u r r e n t  technology. I t  does save water ,  however, i t  i s  a t  the  expense, 
o f  o v e r a l l  thermal e f f i c i e n , c y  o f  the  f a c i  1 i t y .  



LEACHING STUDIES OF COAL GASIFICATION SOLID WASTE TO MEET 
RCRA REQUIREMENTS FOR LAND DISPOSAL 

T. Tamura and W. J. Boegly, Jr. 
Oak Ridge Nat iona l  Laboratory 

INTRODUCTION 

The 1977 Nat iona l  Energy Plan (NEP) proposes t h a t  u t i l i t i e s  and indus- 
t r i e s  throughout t h e  United S t a t e s  s h i f t  from t h e  consumption of o i l  and 
n a t u r a l  gas  t o  t h e  u t i l i z a t i o n  of t h e  more abundant s u p p l i e s  of coa l .  1 
U t i l i z a t i o n  of c o a l  a s  an energy source  r e s u l t s  i n  t h e  product ion of 
s i g n i f i c a n t  amounts 'of a s h  r equ i r ing  some form of d i s p o s a l  o r  u t i l i z a -  
t ion .  Coal a sh  has been used as a f i l l  m a t e r i a l  o r  i n  t h e  product ion of 
bu i ld ing  products ;  however, a t  t h i s  time t h e  amount of a s h  produced is  
f a r  i n  excess  of t h e  demand. Although t h e  Resource Conservation and 
Recovery Act of 1976 (RCRA) w i l l  s t i m u l a t e  t h e  recovery and u t i l i z a t i o n  
of waste  m a t e r i a l s ,  i t  a l ' so  imposes s t r i n g e n t  r e g u l a t i o n s  on t h e  methods 
used f o r  t h e  d i s p o s a l  of all so1.i.d wastes .  A kcy. f e a t u r e  of RCRA i s  
t h e  des igna t ion  of c e r t a i n  s o l i d  was tes  a s  hazardous wastes .  These 
types  of wastes  must be disposed i n  such a manner as t o  prevent  any 
s i g n i f i c a n t  degradat ion of t h e  environment. 

Resource Conservation and Recovery Act d e f i n e s  a hazardous waste  a s :2  

I I a s o l i d  waste ,  o r  comhinatfon of s o l i d  waotcs,  which because of 
i t s  q u a n t i t y ,  concent ra t ion ,  o r  phys i ca l ,  chemical o r  i n f e c t i o u s  
c h a r a c t e r i s t i c s  may - 

(A) cause,  o r  s i g n i f i c a n t l y  c o n t r i b u t e  t o  an  i n c r e a s e  i n  
m o r t a l i t y  o r  an i n c r e a s e  i n  s e r i o u s  i r r e v e r s i b l e ,  o r  
i n c a p a c i t a t i n g  r e v e r s i b l e ,  i l l n e s s ;  o r  

(B) pose a s u b s t a n t i a l  p re sen t  o r  p o t e n t i a l  hazard t o  human 
h e a l t h  o r  t h e  environment when improperly t r e a t e d ,  
s t o r e d ,  t r anspor t ed ,  o r  disposed o f ,  o r  o therwise  man- 
aged. " 

In  t h e  l a t e s t  ve r s ion  of t h e  hazardous waste  r e g u l a t i o n s  proposed by EPA 
t o  implement RCRA, s o l i d  was tes  w i l l  be des igna ted  as hazardous us ing  
two s e t s  of gu ide l ines :  (1)  determining i f  t h e  waste is l i s t e d  as being 
a known hazardous waste  under o t h e r  f e d e r a l  r egu la t ions ,  and (2) a s e t  
of c h a r a c t e r i s t i c s  t h a t  d e f i n e  t h e  hazard. Eight  c h a r a c t e r i s t i c s  have 
been suggested:  i g n i t i b i l i t y ,  c o r r o s i v i t y ,  r e a c t i v i t y ,  t o x i c i t y ,  
r a d i o a c t i v i t y ,  i n fec t iousness ,  phy to tox ic i ty ,  and t e r a t o -  and muta- 
gen ic i ty .  I n  t h e  d r a f t  regli.l.ations proposed f o r  pub l i c  colrnnent on 
December 18,  1978, only t h e  f i r s t  f o u r  c h a r a c t e r i s t i c s  were considered,  
wi th  t h e  o t h e r s  de fe r r ed  f o r  i n c l u s i o n  i n  t h e  r e g u l a t i o n s  a t  a l a t e r  
date .  Of these  four  c h a r a c t e r i s t i c s ,  t o x i c i t y  is t h e  major concern f o r  
g a s i f i e r  ash.  I n  t h e s e  r e g u l a t i o n s ,  an e x t r a c t i o n  t e s t  is proposed t o  
de f ine  a waste a s  t o x i c  i f  t h e  l e a c h a t e  concen t r a t ion  of any one of 
e i g h t  t r a c e  elements  exceeds t en  t imes t h e  maximum concen t r a t ions  l i s t e d  
i n  t h e  EPA In t e r im  Primary Drinking Water Standards (IPDWS). Because 



comments on these  d r a f t  regula t ions  w e r e  so numerous, t h e  f i n a l ' r e g u l a -  
t i o n s  have n o t  y e t  been issued.  Thus, t h e  conclusions and observations 
presented i n  t h i s  paper regarding the  hazardous na tu re  of the  waste w i l l  
r equ i re  a reexamination when t h e  f i n a l  r egu la t ions  a r e  published. 

To date ,  much of t h e  expressed concern regarding RCRA has centered.on 
the  c o s t s  of hazardous waste d isposal ,  and on the  ex t rac t ion  procedure 
propbsed t o  determine i f  a waste is  tox ic  (and thus,  would be c l a s s i f i e d  
a s  hazardous). For a hazardous w a s t e ,  RCRA d e f i n e s , v e r y  s t r i c t  require- 
ments of l i n e r s  and . l eacha te  c o l l e c t i o n  systems; whereas, f o r  non- 
hazardous wastes,  EPA has  recen t ly  published c r i t e r i a  which w i l l  be  used 
t o  determine i f  t h e  d isposal  operat ion is  an acceptable  l a n d f i l l  o r  an 
i l l e g a l  operat ion (."open dump").' One .of the  key f e a t u r e s  of the  
c r i t e r i a  is t h a t  groundwater cannot be canraminated by l e a c l a t c  i n  
excess of t h e  allowable l e v e l s  spec i f i ed  i n  t h e  In ter im Primary and.  
Secondary Drinking Water Standards a t  the  s o l i d  waste boundary (see  
Table ,1 ) ." ,6  'l'hus, the burden of yruul: Llrat a nm-haztr~douo wacte 
l a n d f i l l  is acceptable wi l l . r emain  wi th  the  f a c i l i t y  owner. Regardless 
a f  whether the waste i s  hazardous or  non-hazardous, a l l  l a n d f i l l s  t h a t  
comply with RCRA w i l l  have t o  #evaluate the  e f f e c t s  of leachate  from t h e  

. - s o l i d  waste and i ts subsequent t r anspor t  t o  groundwater. 

The purpose of t h i s  paper i s  t o  descr ibe  the  research cur ren t ly  underway 
a t  ORNL r e l a t e d  t o  the  land disposal  of coal  g a s i f i c a t i o n  ash. 9' 

Included a r e  data  on t h e  chemical composition and p roper t i e s  of a s h  from 
f i v e  of s i x  proposed gasification/liquefaction demonstration p l a n t s  and 
of severa l  se lec ted  s o i l s .  Batch leaching r e s u l t s  a r e  presented which 
determine compliance wi th  RCRA, along with o the r  suggested batch leach- 
i n g  procedures. Leaching s t u d i e s  with a s h l s o i l  columns a r e  a l s o  pre- 
sented. The u l t ima te  g o a l . o f  t h i s  s tudy is  t o  provide design informa- 
t i o n  and procedures to. insure  t h a t  s o l i d  wastes f,rom g a s i f i c a t i o n  
p l a n t s  w i l l  comply with.RCRA regardless  of whether t h e  waste is  c l a s s i -  
f i e d  a s  hazardous o r  non-hazardous. 

PHYSICAL AND CHEMICAL CHARACTERIZATION OF ASH AND SOIL 

A number of a s h l s l a g s  have been obtained from var ious  p i lo t -sca le  
g a s i f i c a t i o n  f a c i l i t i e s ;  however, t h e  major emphasis i n  t h e  program i s  
cur ren t ly  being d i r e c t e d  t o  the  s i x  p l a n t s  included i n  t h e  DOE Demon- 
s t r a t i o n  P lan t  Program. These a r e  COGAS (ICGG), B r i t i s h  Gas/Lurgi 
(Conoco) , U-Gas (Memphis Light, Gas and Water), Texaco (Grace/Ebasco) , 
SRC-I (Southern Services  Corp), and SRC-I1 (Gulf Minerals).  Rela t ively  - 
l a r g e  (> 100 kg) amounts of f i v e  of the  s i x  s o l i d  wastes have been 
obtained and a r e  s to red  a t  ORNL (no SRC-I mate r i a l  was ava i l ab le  a t  the 
time t h i s  paper was prepared). To da te ,  s o i l  samples have been obtained 

' from the  p l a n t  sites f o r  ICGG, Conoco, GracelEbasco, and SRC-I. 

'Chemical and Physical  P roper t i e s  of AshISlags 

Leachabil i ty of s o l i d  wastes depends on t h e  physica l  p roper t i e s  of t h e  



STANDARDS APPLICABLE IN  RCRA ANALYSES 

LEACHING 
(all values in ppm) 

ARSENIC 0.5 
BARIUM 10.0 
CADMIUM 0.10 
CHROMIUM 0.10 
LEAD 0.50 
MERCURY 0.02 

.SELENIUM 0.10 
SILVER 0.50 

PESTICIDES VARIOUS 
LIMITS 

MAXIMUM CONCENTRATION 
IN EPA-EP EXTRACTANT 

(40 CF R 250) 

GROUNDWATER MONITORING 

fall values in ppm) 
ARSENIC 0.05 
BARIUM 1 .O 
CADMIUM 0.010 
CHROMIUM 0.05 INTERIM PRIMARY DRINKING 
LEAD 0.05 WATER STANDARDS 
MERCURY 0.002 (40 CFR 257) 
NITRATE (as N) 10.0 
SELENIUM 0.01 
Sl LVER 0.05 

(units as noted) 
CHLORIDE 250 ppm 
COLOR 15 COLOR UNITS 
COPPER 1 PPm 
FOAMING AGENTS 0.5 ppm MAXIMUM CONTAMINANT 
l RON 0.3 ppm LEVELS IN NATIONAL 
MANGANESE 0.05 ppm SECONDARY DRINKING 
ODOR 3 THRESHOLD ODOR NO. WATER REGULATIONS 
PH 6.5-8.5 (40 CFR 143) 
SULFATE 250 ppm 
TDS 500 ppm 
Zl NC 5 PPm 

,Table 1 Interim Primary and Secondary Drinking Water standards used 
for BCRA compliance analysis . . , - 

I . .  . . 



s o l i d ,  chemical form of i ts  components, the  composition of the  aqueous 
,leaching medium, and the  amount and d i s t r i b u t i o n  of the  elements i n  the  
wastes. Figure 1 i s  included f o r  i l l u s t r a t i v e  purposes and shows scan- 
ning e lec t ron  micrographs and the  x-ray spec t ra  of waste E.* Figure 1A 
shows t h e ' g e n e r a l  character  and appearance of the  waste. The remaining 
photos show t h e  d i f f e r e n t  types. of s e l e c t e d , p a r t i c l e s  and the  x-ray 
spec t ra  revealing t h e  chemical compositioh'of d i f f e r e n t  p a r t i c l e s  and 
p a r t s  of p a r t i c l e s .  I n  Table 2,  t he  major and minor elements of four  
w a s t e  types a r e  l i s t e d .  Since the  "as received" g a s i f i e r  wastes have a .  
magnetic and nonmagnetic f rac t ion ,  analyses of. two of the  magnetic 
f r a c t i o n s  a r e  included. The contr ibut ion of the  magnetic f r a c t i o n s  a r e  
5 and 7% by weight of wastes E and I, .respectively.  

I n  waste C, t h e  calcium and magnesium c6r lcent ra~ions  are high r e l a t - f v e  
t o  t h e i r  concentrat ions i n  the  o the r  wastes. The increased concentra- 
t i o n s  of these  elements i n  t h i s  waste a r e  due t o  t h e  add i t ion  of lime- 
s tone  f l u x  during the  g a s i t i c a t i a n  process. Although the Limestone f l u x  
would lower t k c  r e l a t i v e  rnncentra t ions  of the  o the r  elements, i t  
appears tha t  tho i ron  rontent  is  r e l a t i v e l y  low i n  t h i s  waste. WasLes I 
and H conta in  s i g n i f i c a n t l y  more s u l f u r  than i n  waste C and E. ILL 
add i t ion ,  waste H conta ins  about 20% carbon. Since t h e  a n a l y s i s  of t h i s  
waste i s  f o r  t h e  f i n e  s i z e  f r a c t i o n  which represent  about 113 of t h e  
waste, the  high carbon content ,  which i s  not  an t i c ipa ted  i n  the  coarser  
f r a c t i o n ,  would be propor t ionate ly  reduced. I n t e r e s t i n g l y ,  t h e  i ron 
concentrat ion i n  t h e  magnetic f r a c t i o n  of waste I has doubled from t h a t  
i n  the  unsegregated waste; however, the  i ron  i n  the  magnetic f r a c t i o n  of 
waste E remains nea r ly  the  same a s  the  unsegregated waste. Likely, t h e  
i ron  i n  waste I i s  present  a s  i ron  s u l f i d e  p lus  i ron  oxide o r  s i l i c a t e ;  
whereas, the  i ron  i n  waste E is present  mainly a s  t h e  oxide o r  s i l i c a t e .  

Of the  t r a c e  elements, manganese i s  high i n  waste C by over an order  of 
magnitude compared wi th  the  o the r  wastes. Trace elements such a s  N i ,  
C.o, Cu, Zn, and Mo commonly associa ted  wi th  i r o n  minerals  iricreased i n  
t h e  magnetic f rac t ion .  On the  o the r  hand, the  t r a c e  elements commonly. 
associa ted  wi th  s i l i c a t e  minerals and organic f r a c t i o n s  i n  coa l  w e r e  
decreased i n  the  magnetic f rac t ion .  

Proper t ies  of S i t e  S o i l s  

Of f o u r  s i te  s o i l s  co l l ec ted  thus f a r ,  only t h e  I l l i n o i s  and Kentucky 
s i te  s o i l s  have been character ized t o  any s i g n i f i c a n t  degree. Further- 
more, s ince  a s h l s o i l  column t e s t i n g  is being conducted only on the  
I l l i n o i s  s o i l ,  t h i s  s o i l  has  been more f u l l y  characterized..  P roper t i e s  
included pH, p a r t i c l e  s i z e  d i s t r . ibu t ion ,  mineral content ,  
hydraulic conductivi ty,  bulk densi ty ,  poros i ty ,  and t h e  d i s t r i b u t i o n  
c o e f f i c i e n t s  of severa l  t r a c e  elements. These p roper t i e s  a r e  being 
evaluated f o r  app l i ca t ion  i n  depic t ing t h e  migrat ion of t r a c e  elements 
i f  and when the  wastes a r e  disposed of a t  the  proposed s i t e .  

*Demonstration p lan t  waste d a t a  have been coded s ince  r e s u l t s  a r e  pre- 
liminary and waste compositions a r e  subject  t o  change p r i o r  t o  p lan t ,  
operat  ion. 



Fig. 1 Scanning electron micrographs and X-ray spectra of Waste E: (A) 
general view of waste particles; (B) closeup of spherical particles 
with a gypsum crystal (mark g) on the surface; (C) cross section 
of magnetic particles; (D) closeup of iron sulfide inclusion (mark 
h) in a magnetic particle (mark K) ; (E) closeup of iron oxide (&rk 
i) in a magnetic particle; and (F) X-ray spectrum of; (i) matrix of 
magnetic and non-magnetic particles, (ii) iron sulfide inclusion, 

" (iii) iron oxide, and (iv) gypsum. 



* - 
' 

. ' i  1 

; I . < :  
, ! 1 

' T f 4  

+ e 1 
I ,I 

; !  ' 
~ k i I e  2.' 'Chemical Composition of Unf ractionated and Magnetic Fractions 

'! of Coal Conversion Solid Wastes 
] A - .  

, 

ElatCnt . Waste G Waste E Waste, I Waste H 
' .  

, .  . . ~&@c- Unfrac- Hametic Unfrac- Bsetlc Unf~ac- 
tionated tionsted FYacrlaa tiunated Fraction tionated 

wt. X 
8.8 10.1 10.2 
18.5 2.9 2.7 
3.8 13.4 14.1 
0.6 1.5 1.3 
4.9 .0,8 0.7 
0.3 1,8 1.6 
Q, 5 0" 6 9.5 
17.9 22.5 20.4 

4 4  1.0 
B : ;  285.3 
Ba - 654.5 
B e .  ' 10.3 
Cd - 1.0 
Ce 146.5 
Co 7.2 
Cr 78.1 
Cu, , 29.8 
Ga 65.9 
La 152.1 

' $ 3 .  - , 86.3 
I%i 3987.2 ' 

~0 . ' .  4.0 
Nb 17.2 
NS 73.0 
P 466.7 

. SC . 30. 2 
Sr , 519.8 
Th 28,8 
V 154.3 
S 34.8 

. Zn 8.3 
Zr - 1 ,  191-7 

> . 

I . '  

: .  . a  Not determined 
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In preventing leached trace elements from migrating from a disposal F&-- 

site, one of the most important mechanisms fo r  retention of trace y& . - 
elements is s o i l  adsorption. A common expression fo r  this adsorption is 
the dis tr ibut ion coefficient (Kd) , i n  ml/g, which can be simply 
expressed a s  the ra t io  of the amount adsorbed per uni t  weight to that 
remaining i n  solution per uni t  volume. Of the s o i l  properties influenc- 
ing Kd, pH is one of the most significant. In Figure 2 is shown the Kd 
f o r  nine trace elements a s  a function of s o i l  pH. In  addition, the 
equation relat ing Kd -to pH was found to  be of the form y = ax + b, where 
y is the log Kd and x is pH. The slope is represented by a, and b is 
the intercept. Results*obtained thus f a r  indicate that the elements 
investigated ean be divided into three groups on the basis  of the 
measured Kd values a t  various pH's. Group a elements (As and V) have 
Kd's which a r e  relat ively independent of the s o i l  pH. Arsenic is 
included i n  t h i s  category since the slope of the Kd vs pH l i n e  was less 
than 0.2, indicating a very s m a l l  variation of Kd with pH. Group b 
elements (Ni, Cd, Co, Cu, and Pb) have pH dependent Kd' s which increase 
with increasing pH. Group c elements (Cr and Mo) also  have pH dependent 
Kd's, but these values tend to  decrease a s  the pH increases. Among s o i l  
factors  investigated a t  t h i s  laboratory, it appears that s o i l  pH is one 

.s,' of the most important factore detexmbing the gd, so tha t  reasonable 
,.. estimation of Kd can be made i f  s o i l  pH is known. 

) iFf IS& BATCH AND COLUMN LEACHING 

Batch Leaching 

r In addition t o  routine chemical analysis, par t ic le  s i z e  dis tr ibut ion 
$ measurement, and loss  on ignition, a l l  of the sol id wastes a r e  subject 

t o  a number of batch leaching protocols. These include the EPA extrac- 
t ion procedure (EP) required by RCRA, the two AS= leaching t e s t s  f o r  
sol id waste materials, and leaching with 0.1 $I HMOs and 0.1 N NE40H. 
The EPA-EP is used t o  determine i f  a tmste wi l l  be c lass i f ied  a s  toxic, 
and therefore, must be handled as  a hazardous waste. The two ASlM tests 
are suggested alternative procedures t o  the EPA-EP, and are included in  
the leaching program t o  cover the contingency that  one of these tests 
might be l i s t e d  as  an a l te rnate  to  the EPA-EP a t  a l a t e r  date. The 
f i n a l  two tests have been developed a s  a part  of t h i s  study t o  compare 
strong acid and basic leaching conditions fo r  each of the waste mate- 
r i a l s .  These procedures, except d i s t i l l e d  water, a r e  more stringent 
than could ever be expected i n  actual sol id waste disposal operations; 
however, the resu l t s  do provide insight ln to  potential  mitigation 
measures, such a s  al ter ing the pH of the waste material by lime addition 
or-removing trace elements that might cause groundwater problems i n  
disposal operations prior  t o  actual disposgil. 

The resul t s  of the batch leaching tests using the EPA-EP are  given in 
Table 3 fo r  the f ive  wastes studied. Also included i n  Table 3 are  the 

m RCRA c r i t e r i a  fo r  determining i f  the waste is toxic or  hazardous. These 
c r i t e r i a  a r e  ten times the trace elements l i s t e d  i n  the Interim Primary 
Drinking Water Standards. Certain organic materials are a l so  l i s t e d  i n  
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Fig. 2 Variation of log Kd of different trace elemeats as a function of s o i l  
pH's. "a" and "bb" are the slope and intercept, respectively, in  the 
equation y = ax .f b. The broken l ine  in  (b) represents the 
approximate position of the Cd, Co, Cu, and X i  l lnes.  



Table 3 EPA-EP leaching results for five gasification/liquifaction 
solid wastes 

Element Waste C RCRA 
Waste E Waste G Waste H Waste I 

Arsenic 
Barium 
Cadmium 
Chromium 
apper 
Lead 
Mercury 
Selenium 
Silver 
Nickel 
Zinc 

(all concentrations in ppb) 

aRCRA standards are ten times the interim primary drinking water standards 
brio standards have been established for these elements at this time 



the c r i t e r i a ,  but thus far ,  have not been found i n  detectable amounts i n  
the ash/slag leachates. It can be seen i n  Table 3 that  none of the 
wastes l i s t ed  exceed the c r i t e r i a ,  and thus, these gas i f ier  ashes w i l l  
l ike ly  be designated a s  non-hazardous sol id wastes. Of the elements 
considered, cadmium i n  waste H comes closest to exceeding the RCRA 
standard; the other elements a re  on the order of 1% of the permissible 
values . 
Table 4 i l lus t ra tes  the resul ts  of a l l  f ive  types of batch leaching 
observed for  a typical gas i f ier  ash (waste G ) .  This ash does not exceed 
the RCRA definition of a hazardous waste, i n  fac t ,  none of the values 
measured exceeded one percent of the allowable standards. Both of the 
ASTM ieaches gave about the same values as the EPA-EP; however, Clw ASTPl 
(pH 4.5) gave s l ight ly  higher values for  Ba and C r  which a re  elements 
l i s t ed  i n  the IPDWS, a s  w e l l  a s  higher values for  N i  and Zn. In w a s t e  
H, the ASTM (pH 4.5) gave only 114 the cadmium concentration as compared 
to the EP. Only in the case of the 0.1 N HNO3 leach were trace element 
concentrations approaching the IPWS. Thus, it appears that  t h i s  gasi- 
f i e r  ash would probably be classif ied a s  non-hazardous regardless of any 
minor modifications i n  the EPA-EP. 

Ash/Soil Column Leaching 

In addition t o  the small-scale batch leaching experiments, leachate 
production and s o i l  attenuation in large-scale ash/soi l  columns have 
also been investigated. Six leaching columns (56 cm i n  diameter) w e r e  
loaded with 120 kg (depth of 30.5 em) of s i t e  s o i l  from the Waste E , 
plant, and overlaid with a 30.5 cm depth (approximately 100 kg) of Waste t 

E. Figure 3 gives some indication of the s ize and scale of the leaching Y 

column (lysimeter) experiments. The purpose of t h i s  large-scale leach- 
ing experiment was to  examine the ab i l i t y  of the disposal site s o i l  t o  
attenuate the movement of t race metals known to  be released from the 
~ n l i d  waste. 

Each of the s i x  waste-soil lysimeters was subjected to  a ser ies  of 
simulated ra in fa l l s  of 2.44 cm per week; totaling, t o  date, 34 applica- 
t ions covering a period of approximately ten months. Leachate samples 
resulting from each simulated ra in fa l l  a re  periodically checked for  
changes i n  pH and e lec t r i ca l  conductivity. The data thus f a r  indicate 
tha t  the leachate pH from a l l  s i x  lysimeters has remained i n  the neutral 
range (6.2-8.2), and the pH does not appear to  be increasing or  decreas- 
ing with t i m e .  Labotatory-scale experiments with t h i s  same waste 
showed that  the leachate pH was i n  the range of 3.7 to  4.1 as a result 
of the acidic nature of the waste. The observed neutral pH range of the 
leachate pH is evidence of the strong buffering capacity of the soi l .  
It should be mentioned that t h i s  s i t e  s o i l  showed a s l ight ly  basic pH; 
whereas, other site so i l s  have shown pH i n  the range of 4.5-5.0. Thus, 
leachate pH would depend on the waste, a s  w e l l  as the soi l .  Values of 
the e lec t r i ca l  conductivity have remained relat ively constant averaging 
3200 mhos/cm, and as  with pH, have shown no signs of increasing or  
decreasing over the ten-month study period suggesting no breakthrough of 
components leached from the waste. 



Table 4 Atomic absorption analysis of leachates derived from various 
batch leaching protocols 

EPA ASTM ASTM . 0.1 N 0.1 N RCRA 
ELEMENT EP . H,O pH 4.5 HNO, NH40H STANDARDSa# 

ARSENIC 
BARIUM 
CADMIUM 
CHROMIUM 
COPPER 
LEAD 
MERCURY 
NICKEL 
SELENlUM 
SILVER - 
ZINC 

(all concentrations given in ppm) 

a RCRA standards (as proposed December 18,1978) are ten times the EPA l nterim Primary 
Drinking Water Standards 

brio standards have been established for copper, nickel and zinc 





Af te r  30 water  a p p l i c a t i o n s  ( e i g h t  months), one of t h e  l y s i m e t e r s  w a s  
disassembled t o  examine t h e  r e l e a s e  of me ta l s  from t h e  w a s t e  and t h e i r  
movement through t h e  s o i l  l a y e r .  The was te  l a y e r  was removed i n  3 cm 
increments and t h e  s o i l  l a y e r  was removed i n  1 .5  cm increments  f o r  t h e  
f i r s t  7.5 cm depth, .  followed by 7.5 cm increments  u n t i l  a l l  of t h e  s o i l  
had been removed from t h e  lys imeter .  

Each increment of s o i l  was a i r - d r i e d  and a r e p r e s e n t a t i v e  sample was 
submitted f o r  complete e lementa l  a n a l y s i s  by neut ron  a c t i v a t i o n  methods. 
Th i s  type  d a t a  r ep re sen t ing  element concen t r a t ion  v e r s u s  s o i l  depth  
should r e v e a l  t h e  d i s t a n c e  of migra t ion  of an element i n  t h e  e i g h t  month 
period.  Furthermore, s i n c e  t h e  downward migra t ion  was mathematical ly  
modeled, t h e  d a t a  should provide va luab le  information f o r  v a l i d a t i o n  of 
the,model. To d a t e ,  . the ana lyses  by neut ron  a c t i v a t i o n  have n o t  been 
completed. 

A s e p a r a t e  a l i q u o t  of sample was taken and an  e x t r a c t i o n  was performed 
on each s o i l  increment us ing  d i s t i l l e d  water ,  0 .1  M hydrochlor ic  a c i d ,  
and a  1 .0  M ammonium a c e t a t e  (pH 7 ) .  A 1:l s o i l  t o  l i q u i d  r a t i o  was 
shaken f o r  a 24-hour per iod ,  cen t r i fuged ,  f i l t e r e d ,  and t h e  r e s u l t i n g  
l e a c h a t e  analyzed. To d a t e ,  on ly  t h e  r e s u l t s  of t h e  n i c k e l  determina- 
t i o n s  have been obtained.  I n  add i t i on ,  pH and e l e c t r i c a l  conduc t iv i ty  
measurements were made on t h e  d i s t i l l e d  water  e x t r a c t .  These r e s u l t s  
a r e  t abu la t ed  i n  Table 5. The pH of each increment of s o i l  remains 
r e l a t i v e l y  cons t an t ,  b u t  t h e  e l e c t r i c a l  conduc t iv i ty  increased  wi th  
depth  and is approaching t h e  v a l u e  obtained from s o i l  on ly .  P o s s i b l e  
~x.pJ .anat ions f o r  t h c  incrcaoing  conduc t iv i ty  is: L l l aL  t h e  deeper incre-  
ments of s o i l  were i n  c o n t a c t  w i th  t h e  l e a c h a t e  longer  than t h e  incre-  
ments n e a r  t h e  su r f ace ,  and thus ,  were n e a r e r  equ i l i b r ium i n  s o l u t e  
conten t  when conduc t iv i ty  was measured, o r  t h a t  s o l u b l e  m a t e r i a l s  were 

, being leached from t h e  upper l a y e r s  of t h e  s o i l  and a r e  being d i s t r i -  
buted downward i n  t h e  s o i l .  

The d i s t r i b u t i o n  of n i c k e l  shows t h a t  i t  i s  d i s t r i b u t e d  about  6 cm i n t o  
t h e  s o i l .  The f i r s t  1 .5 cm increment c o n t a i n s  t h e  h i g h e s t  n i c k e l  con- 
t e n t  based on a l l  t h e  e x t r a c t s .  The ammonium a c e t a t e  e x t r a c t i o n  w a s  
appl ied  i n  order  t o  eva lua t e  t h e  exchangeable n i c k e l  concent ra t ion ;  t h e  
water  e x t r a c t  should r e f l e c t  t h e  water-soluble  f r a c t i o n .  The d i f f e r e n c e  
between t h e  a c i d  and ammonium a c e t a t e  e x t r a c t  v a l u e s  may b e  considered 
t h e  "fixed" n i c k e l  concent ra t ion .  

Using t h e  a c i d  s o l u b l e  va lues  as t h e  amount on t h e  s o l i d  phase and t h e  
concen t r a t ion  i n  t he  water  as t h e  l i q u i d  phase, t h e  Kd w a s  c a l c u l a t e d .  
The s i m p l i f i e d  mathematical model used t o  d e p i c t  t h e  d i s t r i b u t i o n  i s  
based on. incremental  a d d i t i o n s  t o  t h e  column f o r  t h i r t y  (30) "simulated 
r a i n s "  and i s  defined a s :  

and 



where Cw and Cs is  t h e  concentrat ion of n i c k e l  i n  the  water and s o l i d  
phase, n is t h e  number of app l i ca t ions  of r a i n ,  p i s  the  bulk densi ty,  
ne is  t h e  e f f e c t i v e  poros i ty ,  Q is the re ta rda t ion  f a c t o r ,  and Kd the  ' 

d i s t r i b u t i o n  c o e f f i c i e n t  a s  defined e a r l i e r .  The bulk densi ty  a s  
'determined i n  the  conta iner  was 1.4 g/cm3 and the  e f f e c t i v e  poros i ty  was 
46%. The value obtained was 10-20 ml/g depending on t h e  assumption 
made, which appeared t o  be  low based on the  value  f o r  nickel. a t  the  
s l i g h t l y  bas ic  pH (pH = 7.5) reported i n  Figure 2. Since t h e  mathemat-. 
i c a l  model had been prepared t o  depic t  the  downward t ranspor t  of t r a c e  
metals ,  the  observed d i s t r i b u t i o n  i n  t h e  f i r s t  four  l ayers  of segmented 
s o i l  was compared using Kd values of e i t h e r  20 o r  100; the  l a t t e r  being 
t h e  expected equil ibrium Kd value. The r e s u l t s  i n  Table 6 suggest t h a t  
the  Kd of 20 more near ly  dep ic t s  the  observed d i s t r i b u t i o n .  Fur ther- .  
more, s i r ice .d ispers ion w a s  not  considered i n  t h e  present  model, t h e  
r e s u l t s  suggest the  p o s s i b i l i t y . o f  c lose r  agreement i f  t h i s  parameter is  
included. The poss ib le  disagreement of the expected Kd and t h e  observed 
Kd may l i e  i n  t h e  t i m e  dependent f u n ~ e d o n  of achieving equilibrium.., Th.e 
considera t ions  of d ispers ion and time dependency of Kd a r e  now being 
examined. 

Since the  remaining lysimeters a r e  s t i l l  under operat ion,  they w i l l  
provide f u r t h e r  oppor tuni t ies  t o '  improve the  mathematical model, a s  we l l  
a s  the  model providing i n s i g h t  t o  obtaining necessary parametric infor-  
mation. It is en%isioned t h a t  the  information being obtained i n  the, 
lysimeter  t e s t s  w i l l e b e  the  b a s i s  for performing experiments under f i e l d  
condit ions.  



. TABLE 5. . Soil-Extracted Nickel Concentrations Using Selected Solvents ( 1 : l  s o i l -  . . 
so lut ion r a t i o ) .  S o i l  pH and Conductivity Measured in D i s t i l l e d  Water 
&tract .  

S o i l  Depth Nickel i n  Extract (pg/ml) Conductivity 

. o-1.5 
1.5-3.0 
3.0-4.5 
4.5-6.0 
6.0-7.5 
7.5-15.0 

15.0-22.5 
22.5-31.0 

control  s o i l a  

' ~ o t  subjected t o  the 30 water applications.  
' 



TABLE 6 .  Calculated and Observed Distribution 
of Nickel i n  Top Four Layers of S o i l  
After Eight Months. 

Calculated B z e d  on Kd of Depth -. . . ... . . 

(cm) 100 20 10 Observed 
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ABSTRACT 

An i n t e r d i s c i p l i n a r y  s t ra tegy i s  ou t l i ned  f o r  character iz ing the d is -  

p o s i t i o n  o f  b ioac t i ve  ( tox ic ,  teratogenic, mutagenic, and/or carcinogenic) 

mate r ia l s  i n  coal -ddrived hydrocarbon 1 iqu ids  during. upgrad,inq processing, 

Engineering input  i s  required t o  se lec t  representat ive PDU and pi lot-s.cale 

sampl es and appropriate prochssi ng schemes and condi t ions f o r  upgrading 

experiments t o  ensure re1 i a b l e  ext rapo la t ion o f  r e s u l t s  t o  demonstration and 

commercial-scale. Biology exper t ise  i s  required t o  perfnrm and i n te rp re t  

short-term -- i n  v i t r o  c e l l u l a r  assays and whole-animal t o x i c i t y  and carcino- 

genesis t es t i ng  on raw and upgraded samples. Chemical separation and i d ~ n t i f i -  . 

ca t ion  o f  ac t ive  classes and components i n  the samples aids i n  i n t e rp re t i ng  

b i o - a c t i v i t y  resu l t s  and i n  quant i fy ing e f f ec t s  o f  various upgrading processes 

and condi t ions.  The end r e s u l t  w i l l  be a  data base f o r  r e l i a b l y  assessing and 

addressing po ten t i  a1 occupati onal and envi ronmental safe ty  and heal th  concerns 

associated w i t h  upgraded coal-derived l i qu i ds .  

An example o f  the value o f  t h i s  i n t e r d i s c i p l i n a r y  approach i s  given by 

work performed on generical l y  representat ive raw and hydrotreated SRC-I1 gas 

o i l  samples. B io log ica l  and chemical character izat ion ind icates s i g n i f i c a n t  

loss o f  b i o - a c t i v i  t y  dur ing hydrotreatment, w i t h  one postulated mechanism being 

removal o f  primary ami ne groups from mu1 t i  - r i ng  aromatic compounds. 



INTRODUCTION 

One of the goals of current U.S. energy policy is the development of a 

coal-derived 1 i.quid fuels industry. Such" an industry wi 1 1  involve both coal 

liquefaction plants and refineries for upgrading the liquid products into 

marketable transportation and power generation fuels. A major concern in 

developing the coal-liquids industry is to ensure 'the acceptability of associ- 

ated health and environmental impacts. The potential for genotoxic (e.g., 

carcinogenic) effects in humans exposed to certain coal-derived 1 iquid 

materials is of special concern. Understanding the fate of potentially 

genotoxic materials in refinery upgrading operations is thus important in 

determining the potential human health impacts of a coal-1 iquids industry. 

Such an understanding requires an interdisciplinary effort involving, biology, 

chemistry, and engineering to ensure that a useful and reliable data base can 

be created for assessment and resolution of potential .health concerns associ- 

ated with the coal-liquids industry. This paper presents the results of 

exploratory work which indicates that a significant reduction in the microbial 

genotoxi'c activity of a coal-derived liquid results when hydrotreatment is 

employed as an initial upgrading step. 

Background 

Coal-derived liquids consist primarily of complex mixtures of aromatic and 

hydroaromatic compounds together with larger concentrations of heteroatomic 

species than are typically present in comparable petroleum fractions.(') In 

addition, these complex mixtures may contain genotoxical ly active classes of 

compounds such as polynuc 1 ear aromatic hydrocarbons (PAH) , heterocycl i c PAH, 
and primary aromat ic ami nes (PAA) . (ly2) Limited epidemiological data 
suggest that. at least some coal -derived 1 iquids. may exhibit carcinogen 
activity. ( 3 )  In addition, certain coal liquids have been shown to be both 

carcinogenic in small animal skin painting tests and mutagenic in submammal ian 

mutagenesi s assays. (4) Two classes of compounds, namely mu1 ti-ring nitrogen 
heterocycles and polynuclear aromatics, both of which are present in coal 

liquids in low ~ o n c e ~ t r a t i o n s ( ~ ' ~ ' ~ ~ ~ ) ,  have been implicated as possible 

'causative agents in eliciting the carcinogenic and/or mutagenic responses 

observed upon exposure to coal -derived 1 i quids. 



The physical and chemical proper t ies  of raw, coal l i q u i d s  are such t ha t  

considerable upgrading may be required t o  produce cer ta in  types o f  marketable 

products, espec ia l l y  t ranspor ta t ion fuels. '  A l i k e l y  i n i t i a l  upgrading step i s  

hyddrea tment ,  which i s  a standard petroleum r e f i n e r y  process f o r  c a t a l y t i -  

c a l  l y  hydrogenating mater ia ls  ranging from naphthas t o  heavy res idua l  t o  

produce acceptable feedstocks fo r  downstream r e f i n e r y  processing un i t s  such as 

reformers and c a t a l y t i c  crackers. ~ ~ d r o t r e a t m e n t  removes or  modi f ies much o f  

the heteroatomic mate r ia l  and resu l t s  i n  some aromatic r i n g  satura t ion and 

cracking, w i t h  product p rope r t i es  and y i e l ds  depending p r i m a r i l y  on the degree 

o f  hydrogenation. 

Purpose '. 

Considerinq the chemical charac te r i s t i cs  nf the p o t e n t i a l l y  genotoxic 

mater ia ls  i n  coal-derived l i q u i d s  and the types o f  react ions which occur i n  

hydrotreat ing,  i t  i s  reasonable t o  expect s i g n i f i c a n t  changes i n  genotoxic 

a c t i v i t y  o f  coal-derived 1 iqu ids  as a r e s u l t  o f  hydrotreatment. However, 

cooperative engineering, chemistry, and bio logy e f f o r t s  are required t o  def ine 

adequately the nature of such changes and t h e i r  relevance t o  development and 

comnercial i z a t i o n  o f  a coa l - l i qu ids  industry. Ba t te l  l e  P a c i f i c  Northwest 

Laboratory has performed exp lora tory  b i o l og i ca l  and chemical character izat ion 

work on gener i ca l l y  representat ive raw and hydrotreated coal l i q u i d s  which 

o f f e r s  i n i t i a l  conf i rmat ion o f  the expected decrease i n  genotoxic a c t i v i t y  due 

t o  hydrotreatment. This paper sumnarizes the resu l t s  o f  t h i s  work as an 

example o f  the i n t e r d i s c i p l i n a r y  approach required i n  character iz ing the 

po ten t i a l  hea l th  and environmental impacts associated w i t h  upgrading complex, 

coal-derived mater ia ls.  

This work was performed on coal l i q u i d s  produced by the P i t t sbu rg  & 

Midway Coal Mining Company's SRC- I1  coal 1 iquef  act ion p i l o t  p l an t  which were 

hydrotreated by UOP, Inc. i n  laboratory-scale reactors. Whi l'e the p i l o t  p lan t  

mater ia ls  characterized' thus may not be s t r i c t l y  representat ive o f  expected 

comnercial-scale mater ia ls,  they do have generic process s ign i f icance and have 

been shown t o  be b i o l o g i c a l l y  act ive. This paper, therefore, provides an 

engineering assessment o f  the process relevance o f  the mater ia ls  studied and 



describes the b i o l o g i c a l  and chemical cha rac te r i za t i on  work i n  the  contex t  o f  

an i n i t i a l  e f f o r t  i n  an area r e q u i r i n g  f u r t h e r  de l i nea t ion  o f  process, b i o -  

l o g i c a l ,  and chemical r e l a t i o n s h i p s  and t h e i r  s ign i f i cance.  Each o f  the  

d i s c i p l i n a r y  e f f o r t s  invo lved i s  discussed separate ly  i n  t h i s  paper, f o l  lowed 

by an in tegra ted d iscussion o f  the  imp l i ca t i ons  o f  t h i s  work. 



ENGINEERING ASSESSMENT OF SAMPLE MATERIALS 

Biological and chemical characterization work was perf ormed on three 
SRC-I1 samples obtained from UOP, Inc. These were an SRC-I1 pilot plant 
distillate blend (boiling points 400 to 800'~) and the 400°F+ products 
resulting from moderate ... and severe hydrotreating of this pi lot plant material 
by UOP. The engineering assessment of these materials consists of a general 
characterization of the pilot plant operation during sample collection and the 
hydrotreating conditions employed in re1 ation to projected commercial-scale ' 

operations. 

Pilot Plant Conditions 

The SRC-I1 distillate blend sample was collected for UOP by the Pittsburq 
& Midway Coal Mining Company from its SRC-I1 pilot plar~l; in Fort Lewis, 
Washington, in March 1979. The material is a 2.9 to 1.0 blend of middle and ' 

heavy distillates produced over a series of pilot plant runs. These runs 
extended from October 1978 to February 1979 and were all made with Powhaton 
No. 5 bituminous coal. The middle to heavy distillate blending ratio was 

I 

based on the best available estimate of what would constitute the eventual I 
I ' 

demonstration plant liquid fuel. Eight material balance runs were included in 1:  

this period (78SR-22 through 78SR-29), with the same single set of target . a 

operating conditions for each run. However, the distillates stored during 
this period and subsequently sampled included a considerable quantity of 
material produced during upset or poorly defined operating conditions. (6) 

For this reason, the sample can only be considered as being generically. 
representative of SRC-I1 product during operation .with Powhaton No. 5 coal. 
In addition, the relationship.of the sample to a commercial or demonstration 
scale material is only generic because the significance of differences between 

the pilot plant process conditions and those for projected large-scale opera- 
\ 

tion is not fully known at present. 

Hydrotreatinq Conditions 

The SCR-I1 distillate blend sample was hydrotreated by UOP(~) in its, 
own standard pilot plant reactors using a commercial UOP catalyst (Group VI 



and VIII metals on. a high surface area refractory support). Two extended runs 
of over 300 hours were made in July 1979 under different temperature, pressure, 
and residence time conditions to produce mildly and severely hydrotreated pro- 

ducts. Reaction conditions f or this type of hydrotreating can range from ,650 
to 900'~ temperature, 700 to 3000 psi pressur-k, and 0.2 to 5.0 hours resi- 
dence' time. (a) The two runs resulted in hydrogen consumption rates of about 
1300 SCF Hz per barrel of fPed under mild conditions and about 1900 ScF/bb1 . 

under severe conditions.. This increased the hydrogen content of the. products 
to 10.4 wt% and 11.2" wt%, respectively, compared to 8.7 wt% hydrogen in the . 
feed. Table 1 summarizes the' feed and whole liquid product inspections made 
by UOP, as well as the overall yields for the two hydrotreatfng runs. Sulfur 
levels were reduced by over 95% in each run, while nitrogen and oxygen were 
removed to a lesser degree (32% to 79% removal for nitrogen and 46% to 61% 
removal for oxygen for mild and severe hydrotreatment, respectively). ' The 

7 whole liquid products were distil led by UOP t o  give 400'~ end-point naphthas 

:, and 400°~+ gas oils. PNL received samples of the two 400°~+ materials, 
the UOP' inspections of which are also included in Table 1. 

Sample Relevance 

The SRC-I1 pilot plant distil late blend sample hydrotreated by UOP is not 
strictly representative of expected demonstration or commercial scale material. 

..'. While the sample is qualitatively representative of the type of material 

expected from a comercial. SRC-I1 plant, it was produced over a ,series of runs 
under a range of both steady and upset conditions which in some cases could 
differ significantly from those expected for a commercial plant. In addition, 

the pilot plant dist,illate blend sample is a lighter boiling range material 
than, the projected demonstration scale fuel oil product. This is shown by 

Figure . , 1, which compares the UOP sample distillation curve with the whole 
liquid product distillation curves for the demonstration plant design. (a)(6) 

The UOP sample has a lighter end-point than the projected demonstration scale 
producc~(800'? vs. 900'~) due primarily to limitations in the pilot plant 

-7 

(a) Equivalent' to 5.0 to 0.2 l'iquid hourly space velocity (volume of oil per 
Ilj~ur per volume o f  catalyst), respectively. 
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FIGURE 1. Comparison of Projected Demonstration Plant Product and.7 , 

Pilot Plant Sample Distillaton Curves ;W ( 



TABLE 1. UOP Inspections o f  S R C - I 1  ~ i s t i l  1 ate and Hydrotreated 

UOP Sample No. 

O A P I  @ 600F 
Spec i f  i c Grav i t y  @ 600F 
W t .  Pct. 

Hydrogen 
Carbon 
Oxygen 

W t .  ppm 
Su l f u r  
N i t rogen 

FIA, Vol. PC 
1 Color Band 

A 
P&N 

ASTM D 1160 D i s t i l l a t i o n ,  
LV%, OF 

Feed H$;otreated HYd;Gr;;;rxi;+* 
Drum l* /Drum 2 WLP 400OF+* WLP 

% Over 

Product D i s t r i bu t i on ,  W t %  

'5-:6 
400 F EP naphtha 

400°~+ bottoms 

NH3 
Tota l  

Hz Consumption, SCF/bbl 

- -  

(a )  Feed was Drum 1. 

t b) Feed was Drum 2. 
c )  Whole l i q u i d  product. 

(d) H igh ly  po la r  compounds 
* Ind icates  samples to,PNL. 



vacuum flash tower operation. In addition, the UOP sample contains less heavy 
distillate material (550°~+) than the demonstration scale product due to a 
combination of: 1) difficulties in determining the relative middle to heavy 
distillate blend ratio which best approximated eventual demo plant products, 
and 2) possible differences in yield structures caused by different reactor 
operating conditions. These differences between the UOP pilot plant sample 
and projected demonstration scale product in end-point and heavy disti 1 late 

content may have a major impact in assessing both the hydrotreating processing 
requirements and the .potential qenotoxic e f fec ts  of .SRC-I1 distil late 
materials. 

The hydrotreating conditions employed by UOP should be technically feasi- 
ble on a commercial scale based on comparison with representative conditions 
for hydrotreating a typical Arabian crude vacuum gas oil . ( 5 )  However, the 
hydrotreating conditions and severities which would be used in commercial 

refining of coal -derived 1 iquids have not yet been precisely defined because 
of various technical and economic uncertainties. The UOP hydrotreated samples 
have, therefore, simply generic relevance to possible commercial scale hydro- 
treated materials. 

As a final note on sample representativity, the UOP fuel oil sample con- 
tained about 9 wt% dfphenyl ether. This is a major component of Dowtherm A, 
which is a heat transfer fluid used extensively in the Fort Lewis pilot plant. 
Dowtherm contamination of fuel oit material at the pilot plant is not uncommon, 

although 9% contamination is unusually high.(4) The effect of this contami- 
' nation on the hydrotreating and bio-assay results outside of simple dilution is 
unclear at present. 

(a) The demonstration plant design distillations are on a weight percent basis, 
while the UOP sample distillation i s  on a liquid volume percent basis, 
because data was not available to convert the two to a common basis. 
Converting the demonstration plant design distillations to a volumetric 
basis would shift the distillation, curves slightly to the.right (i.e. 
higher naphtha and lower fuel oil yields .are obtained on a volume basis 
than on a weight basis). 



CHEMICAL CHARACTERIZATION OF SAMPLE MATERIALS 

chemical  cha rac te r i za t i on  o f  t he  raw and hydro t rea ted  S R C - I 1  samples was 

performed by gas chromatographic mass spectrometry. I n  add i t ion ,  t he  samples 

were f r a c t i o n a t e d  by solvent  p a r t i t i o n i n g  and by d i s t i l l a t i o n  t o  a i d  i n  t he  

b i o l o g i c a l  and chemical i d e n t i f  ?ca t ion  and q u a n t i f i c a t i o n  o f  genot.oxica1 l y  

a c t i v e  compound classes. The chemical c h a r a c t e r i z a t i o n  and f r a c t i o n a t i o n  

methods and r e s u l t s  are b r i e f l y  described below. 

Methods 

Solvent  F r a c t i o n a t i o n  

Separat ion o f  the raw and hydrotreated samples, i n t o  f r a c t i o n s  was c a r r i e d  

ou t  by d i s s o l v i n g  the  coa l -der ived l i q u i d s  i n  isooctane and then p a r t i t i o n i n g  

s e q u e n t i a l l y  w i t h  1N - HC1, 1 l  NaOH and d imethy lsu l fox ide .  The r e s u l t i n g  f r a c -  

t i o n s  are isooc tane- inso lub le  ta r ,  basic,  acid-induced t a r ,  ac id i c ,  base- 

induced t a r ,  n e u t r a l  and polynuclear  aromatic hydrocarbon (PAH) . The 

recover ies o f  t he  feedstock, moderately and severely  hydro t rea ted  products i n  

t h i s  procedure were 98%, 64% and 88% by weight, respec t i ve l y .  The losses are 

a t t r i b u t e d  t o  evaporat ion o f  l ow-bo i l i ng  components dur ing  the  concent ra t ion  

s tep  f o r  removal o f  isooctane from the  ac id i c ,  basic,  neu t ra l  and PAH 

f r a c t i o n s .  

F r a c t i o n a l  D i s t i l l a t i o n  

The raw d i s t i l l a t e  blend feedstock was subjected t o  f r a c t i o n a l  d i s t i l l a -  

t i o n  under continuous n i t rogen  f 1  ow. F rac t i ons  were c o l l e c t e d  a t  approximately 

1 0 ' ~  i n t e r v a l s .  C o l l e c t i o n s  were i n i t i a t e d  and terminated as t h e  temperature 

w i t h i n  the  d i  s t i  11 a t i o n  vessel peaked and subsequently dropped. Twenty f r a c -  

t i o n s  were co l l ec ted ,  f r a c t i o n  No. 20 being the  po t  res idue a t  265 '~  (510'~) .  

Number 19 s o l i d i f i e d  i n  t h e  condenser and was removed on l y  by heat ing  the  

g l  assware. 

GC-MS Ana lys is  

Both e l e c t r o n  impact and chemical i o n i z a t i o n  mode GC-MS analyses were per-  

formed on a  Hewlet t  Packard 5985-A GC-MS system us ing  e i t h e r  a  60 m x  0.25 mm 



ID wall-coated open tubing glass column coated with SP-2250 liquid phase or a 
specially prepared 25 m x 0.25 mrn ID WCOT glass column coated with SE-52 phase. 
Splitless mode injection was employed for the capillary columns and the eluent 
stream was split to allow simultaneous flame ionization (FID) and mass spectro- 
metric detection. The 'FID trace was automatically integrated for GC peak quan- 
titation and the MS data were used for peak identification. Concentrations of 
those PAH compounds having four or more rings were determined by gas chromato- 
graphy alone using a 4 mm ID x 2 m glass column packed with SP-301 (liquid 
crystal ) stationary phase at 270'~ isothermal. 

PAH concentrations were determined both in the raw samples and in the PAH 
fractioris usinq benzo(a)pyrene, benzp(e)pyrene and perlyene as external .stan- 

dards. Primary aromatic amine and nitrogen heterocycle concentrations were 
cstimatcd from thc basic and tar fractions on both the SP-2250 and S E - 5 2  

columns using methylene dianiline and dI0 anthracene . .. as internal standards. 
Phenolic, aromatic and hydroaromatic concentrations were determined in the raw 
sample using the SE-52 column. Undetermined amounts of the more volatile 
ani lines, pyridi nes, and a1 kyl benzenes were lost during the fractionation 
procedure; hence, no quantitative data are presented for these lower molecular 
weight components. 

Results 

As expected, the chemical composition of the SRC-I1 distillate blend 

material was drastically altered by catalytic hydrotreatment. This is illus- 
trated by the sumnary in Table 2 of the concentrations of selected chemical 

cl ass compounds i n the raw and hydrotreated samples . Overall , compounds having 
lower boiling points were produced, suggesting,that the higher molecular weight 
aromatic compounds in the SRC-I1 feedstock had undergone extensive hydrogena- 
tion. This resulted in the formation of a series of hydroaromatic compounds ' 

a1 ong with their a1 kyl ated homologs. Inspection of total ion chromatograms, 
single ion chromatograms and mass spectra generated a1 so indicated a substan-tial 
decrease in the concentration of larger heteroatomic species. However, sulfur 
and oxygen containing co,mpounds were detected in the intact hydrotreated 

materials, the sulfur being in thiophenic species and the oxygen in the form of 



TABLE 2. Alteration in Chemical Composition of SR I Distillate Due to 
Hydrotreatment for Five Compound Classes fd 

(b) 
Aromatics an 1.1 Polynucle r 

(a) Material Phenols N-heteroc cles (b) p, Aromatics tc 1 
Feedstock Cphenols 130 ZN-heterocycles 28 xprimary aromatic amines 1,9 Caromatics + 450' Cpolynuclear 110 

hydroaromat ics aromatics 

Cl phenols 41 quinoline 3.6 ami nonaphthalenes 0.09 naphthalene 97 '14~10 38 

C2 phenols 35 C1 quinoline 1.4 mi noanthracenel 0.07 C1 naphthalenes 82 C16H10 9.2 
. . ami nophenant hrene 

phenol 27 carbazole 1.3 aminobiphenyl s 0.03 C2 naphthalenes 65 ClRH12 3.5 

C3 phenols 16 C2 quinoline 0.8 mi nopyrenel 0.03 tetra1 in 57 benzo(a)pyrene .'. 0.041 
aminofluoranthene 

o-cresol 9 acridine 0.1 aminocbrysene 0.02 C1 tetralin 26 benzo(e)pyrene 0.077 
ami nocarbazo.les trace biphenyl 24 

Moderately Cphenols 30 ZN-heterocycles 1.2 Cprimary aromatic 50.005 xarornatics + 660. xpolynuclear 18 
Hydrotreated ' . amines hydroaromat ics aromatics 

: C1 phenols 5.5 ; tetrahydroquinoline 0.08 tetralin 71 '14~10 2.5 , 

: C2 phenols 2.6 tetrahydrocarbazole 0.06 none detected 50.005 C2 tetralins 51 C16H10 . 0.8 ' .P 

phenol 1.6 carbazole 0.04 C1 tetra1 ins 48 C18H12 0.4 
h, 
4 

C3 phenols 1.2 C1 quinoline 0.03 C1 naphthalenes 41 benzo(a)pyrene 50.010 
tetrahydroazapyrene 0.02 benzo(e)pyrene 50.010 

Severe 1 y Cphenols 17 CN-heterocycles 1.0 Cprimary aromatic 10.005 xaromatics + 780 ~polynuclear 7.5 
Hydrotreated ami nes hydroaromat ics aromatics 

C1 phenols 4.3 - tetrahydrocarbazole 0.07 1 I C1 tetralins 120 C14H10 1.9 

C2 phenols 2.1 tetrahydroquinoline 0.05 none detected 50.005 C2 tetralins 41 '16~10 0.5 

phenol 1.2 carbazole 
trace I tetralin ,34 benzo(a)pyrene 10.010 

C3 phenol 0.8 C1 quinoline trace C3 tetralins 27 benzo(e)pyrene 50.005 - - - 
(a) Estimated directly in the unfractionated material by GC and GCMS.. 
(b) Estimated in the basic fraction by GCMS. Concentrations given have been calculated for the unfractionated material. 
(c) Estimated in the unfractionated material and in the PAH fraction by GC and GCMS. Concentrations given have been 

calculated for the unfractionated material. 
(d) The contributions listed do not total 100% .due to the presence of compound classes not listed (e.g., aliphatics) and 

losses during extraction. Specific compounds listed under each heading are those found in the highest concentrations within that class. 



benzofurans, phenols and phenylether: Tetrahydroquinol ines were the only 

n i t rogen contain ing species detectable i n  the hydrogenated o i l s  p r i o r  t o  t h e i r  

f rac t iona t ion .  

Acid Fract ion 

.The to ta l ,  ion chromatogram o f  the ac id  f rac t ion  'from the hydrotreated 

SRC- I1  feedstock was dominated by a l k y l  phenols having molecular weights of 

122 (C2 phenols, 4 isomers), 136 (C3 phenols, 3 isomers), 150 ( ~ i  phenols, 

2 isomers), 164 and 178 according t o  the mass spectra. Comparison o f  the 

reconstructed s ing le  ion and t o t a l  ion chromatograms from the hydrogenated, 

products w i t h  those from the feedstock ind icated t ha t  the concentrat ions of 

phenolic '  compounds were lowered (Table 2), and t h a t  some other ac id ic  compounds 

(probably s u l f u r  contain ing) were not detectable a f t e r  hydrotreatment. . . Overal l ,  

phenolic content o f  the hydrotreated products was between 13% and 23'% o f  t ha t  

i n  the feedstock, depending on the hydrot reat ing sever i ty .  

Basic F rac t ion  

Table 2 l i s t s  the approximate concentrat ions o f  several n i t rogen compounds 

detected i n  the  three mater ia ls.  As can be seen, the feedstock contained re l a -  

ti ve l y  1 arge amounts o f  several n i t rogen heterocycles along w i t h  lower concen- 

t r a t i o n s  o f  several primary aromatic amines. More than 100 peaks were resolved 

i n  the FID chromatograms; however, most represented i n s u f f i c i e n t  mater ia l  t o  

a l l  ow mass spectral  i d e n t i f  i 'cat ion. 

A f t e r  severe hydrotreatment, the basic f r ac t i ons  cons t i tu ted  on ly  about 

0.8% o f  the t o t a l  recovered sample weight compared t o  2.4% f o r  the untreated 

s t a r t i n g  mater i  a1 . Nitrogen compounds which were detected were present i n  '1.0~. 

concentrat ions and consisted essent i  a1 l y  o f  tetrahydroqui  no1 ines, tetrahydro- 

carbazoles, carbazoles and a l k y l  quinol  ines. Hydroaromatic and small amounts . , 

o f  phenolic compounds which pa r t i t i oned  i n t o  the basic and t a r  f r ac t i ons  o f  the 

hydrotreated mater ia ls  contr ibuted t o  t h e i r  weight percentages, making these 

higher than would be ind icated by ' t he  concentrations of n i t rogen bases present. 

No primary aromatic amines were detected i n  any o f  the hydrotreated f rac t ions .  



Neutral and PAH Fract ions 

Changes brought about by hydrotreatment were most apparent i n  the neu t ra l  

and PAH f rac t ions .  While aromatic compounds such as naphthalenes, phenan- 

threnes, biphenyls and pyrenes were i n  h igh concentrat ions i n  the feedstock 

(Table 2), a homologous ser ies  o f  hydroaromatic; having molecular ions a t  m/e 

132, 146, 160, 174 and 186 were the..most prominent i n  the gas chromatogram of, 

the hydrotreated products. D i  hydro-, tetrahydro-, hexahydro-, octahydro- and 

decahydro-aromatic species having up t o  f ou r  r i ngs  were detected i n  the hydro- 

t reated products, along w i t h  t races o f  some aromatics such as naphthalenes, 

acenaphthenes, anthracenes and phenanthrenes. PAH compounds detected having 

f ou r  or more r i ngs  cons t i tu ted  a t o t a l  concentrat ion o f  1.3 pa r ts  per thousand 

i n  the feedstock. The i r  concentrat ions were reduced subs tan t i a l l y  by hydro- 

treatment; however, the amount o f  reduct ion was not  uniform f o r  the var ious 

species present. E l e c t r o n i c a l l y  in tegra ted area percent r a t i o s  from the FID 

chromatograms ind icated t h a t  between 90% and 95% o f  the neut ra l  f r a c t i o n  

weight i n  the severely t reated product was comprised o f  hydrogenated o r  

p a r t i a l l y  hydrogenated species. 

Tar Fract ions 

The acid- induced and isooctane-insoluble t a r  f r ac t i ons  obtained from the 

d i s t i l l a t e  blend feedstock were r e l a t i v e l y  r i c h  i n  carbazoles and contained 

other nitrogen.bases inc lud ing  primary aromatic amines. As has been character- 

i s t i c  o f  these two types o f  t a r s  i n  the coal l i q u i d s  studied thus fa r ,  h igher 

molecular weight n i t rogen compounds, p a r t i c u l a r l y  azapyrenes and amino 'pyrenes, 
(13) were present i n  higher r e l a t i v e  concentrat ions than i n -  any other f r ac t i on .  

The same t a r  f r ac t i ons  from the hydrotreated mate r ia l s  contained lower concen- 

t r a t i o n s  o f  carbazoles, p a r t i a l l y  hydrogenated carbazoles, and phenanthridine as 

we1 1 as tetrahydroazapyrenes and azapyrenes . 



BIOLOGICAL CHARACTERIZATON OF SAMPLE MATERIALS 

While PNL has performed a va r i e t y  o f  -- i n  v i t r o  and -- i n  v ivo bio-assays on 

SRC-I1 p i l o t  p l an t  m a t e r i a l ~ ( ~ ) ,  on ly  the rapid, inexpensive, and widely 

used Ames assay f o r  -- i n  v i t r o  microb ia l  mutagenesis was used t o  provide . a  

screening character izat ion o f  the e f f e c t  o f  hydrotreatment on the genotoxic 

a c t i v i t y  o f  gener ica l l y  representat ive SRC-I1 samples. Although it should be 

emphasized t h a t  a quan t i ta t i ve  l i n k  between mutagenic potency i n  the Ames t e s t  

and other b i o l og i ca l  e f f e c t s  (e.g., carcinogenic i ty)  remains t o  be establ  ished, 

i t has been shown t h a t  the mutagenic potencies o f  SRC-I1 materials, as deter- 

mined by the Ames test ,  are a t  leas t  roughly re la ted  t o  t h e i r  carcinogenic 

potency i n  small -animal sk i n  pa in t ing  studies.(4) The Ames assay, therefore, 

i s  a valuable t oo l  i n  screening or exploratory studies such as the one sum- 
marl zed here. &: 

. Methods C 

The Ames assay i s  performed by mixing the t e s t  mater ia ls  w i th  mutant 

strain-Salmonella Typhimurium c e l l s  i n  the presence or absence o f  mammalian , 

1 i v e r  microsomal enzymes. (S9) and determining the number o f  bac te r ia  which '! 
undergo reverse mutation' from dependency on h i s t i d i n e  i n  the medium t o  non- . , t  ". 

11' 

dependency. Assay i n  the presence o f  S9 detects mutagens which requi re  meta- i: 

b o l i c  ac t i va t ion  t o  e f f e c t  mutagenesis whi le assay i n  the absence o f  S9 detects 

mutagens which do not requi re  metabolic act ivat ion.  Use o f  appropriate s t ra i ns  

o f  Salmonella permits determination o f  the nature o f  the mutation (frame s h i f t  

o r  po in t  mutation) which i s  a funct ion o f  the biochemical proper t ies  o f  the 

t e s t  materials. For 'each mater ia l  assay resu l t s  are quan t i f i ed  by the slope 

o f  the i n i t i a l  l i n e a r  por t ion  o f  the dose-response curve (revertants per micro- 

gram) obtained by t es t i ng  over a range o f  t e s t  mater ia l  concentrations. 

Agar p l a te  mutagenicity assays were car r ied  out  essen t ia l l y  as described 

by h e s ,  e t  al.  (lo) A l l  t es t s  were conducted w i t h  Salhonella s t r a i n  TA98 i n  

the  presence o f  S9 ac t i va t ing  enzyme. This combination has been shown t o  g ive 

optimum assay response when tes t i ng  SRC- II materials. ( 4 )  Dimethyl s u l f  oxide 
was used as the solvent f o r .  a l l  o f  the standard cont ro l  chemicals and the 

ti ' 



sample f r a c t i o n s .  A f t e r  the top  agar l a y e r  was poured onto the  3 7 ' ~  p la tes ,  

they were incubated i n  t he  u p r i g h t  p o s i t i o n  f o r  several  hours t o  a l low harden- 

i n g  o f  the semisol id  t op  agars. The assay p l a t e s  were then i nve r ted  and incu- 

bated f o r  24 t o  36 hours t o  a l low expression o f  mutant co lonies.  Colonies were 

counted us ing an automated colony counter.  

Resul ts  

Mutagenic response f o r  the  moderately and severe ly  hydrotreated n ~ a t e r i  a l  s 

i n  the  Ames t e s t  was s u b s t a n t i a l l y  reduced compared t o  t h a t  observed f o r  t he  

d i s t i l l a t e  blend sample. As shown i n  Table 3 and F igure  2, t h e  mutagenic 

a c t i v i t y  o f  t he  bas ic  f r a c t i o n  was s i g n i f i c a n t l y  reduced and the  a c t i v i t i e s  o f  

the  var ious t a r  f r a c t i o n s  were undetectable a f t e r  moderate o r  severe hydro-' 

treatment.. The t o t a l  weighted a c t i v i t i e s  o f  t he  hydrotreated products 

(weighted sum o f  the i n d i v i d u a l  f r a c t i o n  a c t i v i t i e s )  were reduced by 97 t o  

99%, depending on the  hyd ro t rea t i ng  seve r i t y .  This  i s  due t o  bo th  the reduced > 

a c t i v i t y  o f  the f r a c t i o n s  and t o  the reduced y i e l d  o f  t he  f r a c t i o n s  a f t e r  

hydrotreatment (Table 3).  

I n  agreement w i t h  previ,ous observat ions f rom the  analys is ,  o f  var ious  SRC 

mater ia ls ,  t he re  i s  good correspondence between the  concentrat ions o f  three and 

f o u r  r i n g  PAA and t o t a l  mutagenic a c t i v i t y .  (11) The decrease o f  PAA concen- 

t r a t i o n s  i n  the  hydrotreated samples and the  l oss  o f  mutagen ic i ty  i n  these 

m a t e r i a l s  were i n  agreement w i t h  the e a r l i e r  observat ionso I t  i s  p a r t i t u l a r i y  

noteworthy t h a t  t he  h i g h l y  mutagenic th ree  and f o u r  r i n g  pr imary aromatic 

amines were no t  de tec tab le  i n  bas ic  and t a r  f r a c t i o n s  o f  the  hydro t rea ted  

mater ia ls ;  hence, t he  q u a n t i t a t i v e  r e l a t i o n s h i p  between the  d r a s t i c  reduc t i on  

o f  mutagenic a c t i v i t y  o f  the moderately and severe ly  hydrotreated products and 

the  reduct ion  i n  PAA content  could no t  be r i g o r o u s l y  establ ished.  Neve~ the -  

less,  i t  should be noted t h a t  the imp l ied  100- fo ld  o r  so reduc t i on  !n P f i  

content would render these compounds undetectable by the  methods described 

here. 

, Ames t e s t i n g  was a l so  performed on the  20 cu ts  obta ined f rom f r a c t i o n a l  
. .  . 

d i s t i l l a t i o n  o f  the .  raw S R C - I 1  d i s t i l l a t e  blend samples. The r e s u l t s  are 

depicted i n  F igure  3, and c l e a r l y  suggest t h a t ' t h e  heavier  molecular  weight 

components i n  t h i s  m a t e r i a l  have the  g rea tes t  mutagenic p o t e n t i a l ,  . , .. ?. . 



.. . . .TABLE 3. The E f f e c t  o f  C a t a l y t i c  Hydrogenation on the  Mutagen ic i ty  6f SRC-I1 Coal L i q u i d '  . . . 

Basic 1.44 2.2 
Moderately Acid Induced Tar.  0.06 0  0 f,= 0.03 None detected 
Hydrot reated Base Induced Tar 0.03 0  0  above backbround 

Isooctane I n -  0.44 0  0  
so lub le  Tar 

T o t a l  
Weight.ed Weighted To ta l  Rever tants 

Chemical. . Percent o f  Revertants per  Resporse, Response, Unf rac t iona ted  
Ma te r i  a1 F rac t i on (b1  T o t a l  W t .  ,,g F r a c t i b n ( c )  r e ~ i ~ ~ ( a . 1  r e v l v g  Material,rev/,,g 

I 
Basic  0.99 0.79 

Severely A c i d I n d u c e d T a r  1.31 0  0  x= 0.01 None detected 
Hydrot reated Base Induced Tar 0.03 0  0 above background 

Isooctane I n -  0.44 0  0  
so lub le  Tar 

Feedstock a 

( a )  (Revertants per ,,g) x (percent  t o t a l  weight)/100. 
( b )  Other f r a c t i o n s  were no t  ac t i ve .  
( c )  S t r a i n  TA98 w i t h  S9 enzyme a c t i v a t i o n .  

' Bas ic  5.37, 16.2 
Ac id  1 n d u c e d ' ~ a r  '5.97 2.7 0.16 
Base Induced Tar 1.40 5.6 0.08 x= 1.20 2.54 
I sooctane I n -  1.16 8.9 

, so lub le  Tar . . 
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DISCUSSION OF PRELIMINARY SCREENING RESULTS 

While the specific effects of hydrotreatment on the chemical composition . ' .  

and biological activity of a given coal-derived fuel product depends on. para- 
meters such as reaction conditions, catalysts and'starting material composi- 
tion, it appears certain that such treatment will, in general, result in 
products of reduced microbial genotoxic activity. This is due to the fact 
that compound classes in coal liquids thought to be primarily responsible for 

..inducing genetic damage, namely the nitrogen containing aromatics and poly- 
nucl-ear aromat'ic hydrocarbons, are susceptible to hydrogenation, and therefore 
substanti a1 1 y a1 tered or destroyed during hydrotreatment. The biological and 

chemi cal screening characterization results summarized here support this expec- 
tation, .and also offer an initial indication that hydrotreating conditions can 
affect'the degree to which genotoxic activity is reduced (Tables 2 and 3). It 
is noteworthy, however, that compared to differences from the feedstock, the . 

moderately and severely hydrotreated materials do not differ greatly in micro- 
bial mutagenic activity (Table 3) or PAH and PAA content (Table 2). , Consider- 
ing the almost 50% increase in hydrogen consumption between moderate and 
severe hydrotreatment (Table I ) ,  this seems to indicate that the genotoxic 
activity of coal -derived 1 iquids may be readily and significantly reduced by 
hydrotreating. 

While the marked reduction in the microbial mutagenic activity of the 
hydrotreated products is of substantial significance by itself, the additional 
understanding of the likely causes of this reduction which is provided by the 
chemical characterization data increases the reliabi 1 ity and uti 1 ity of this 
work. The near' total elimination of PAA content observed .in the hydrotreated 
products (Table 3), for example, is consistent with other evidence that primary 
aromatic amines play a major role in the mutagenic response of heavy SRC-I1 

disti 11 ates. In addition, the observation of substantial reductions in phe- 

no.lics is of interest since certain compounds in this class may be.associated 
(12) with promotion of carcinogenesis. 

The most probable series of reactions leading to eventual Joss of hetero- 
cyclic nitrogen begins with the addition of hydrogen across carbon-carbon bonds 



followed by carbon-nitrogen bond cleavage and addit'ion of hydrogen to form 
primary amino functionali ties(13) which in turn are rapidly deaminated. The 
presence of compounds such as alkyl tetrahydroquinolines and tetrahydrocar- 
bazoles, as major constituents of the residual basic components in the hydro- 
treated product, lend support to.this view.. PAA themselves are thought to 
deaminate very quickly under such conditions. Thus, the, overall process can 

be seen as one of successive destruction' of 1 arger ring systems to form 1 ighter 
weight alkylated and/or hydrogenated species with overall loss of sulphur, 

nitrogen and oxygen in the form of Has, NH3, and H20, respectively. A 

second possible mechanism which could also be important for removal of nitrqgen 
during hydrotreating is one in which the nitrogen ends up in alkyl anilines or 
other relatively volatile constituents which are subsequently removed during 

"topping" (separa t inn  nf the naphtha and gas oil products) and ma.v also have 
been lost during sample fractionation. 

Finally, the engineering assessment of the materials characterized is 

important in evaluating the significance of the biological and chemical results 
obtained. The results presented here (Figure 3) and related work on SRC-I1 
materials(4) indicate that significant genotoxic activity is primarily 
associated with the higher molecular weight components of SRC-I1 distillates. 

This suggests that the differences between the pilot plant mater-ials studied 
and projected demonstration scale distillates in heavy end content and cut- 
point (Figure 1) may be important in assessing the commercial scale signifi- 
cance of these results. Heavier components will likely change both the 
genotoxic properties of the hydrotreatl ng feedstocks and the hydr.uLr.ea1 i r ~ y  

conditions employed. 



SUMMARY AND RECOMMENDATIONS 

Summary 

I n i t i a l  b i o l o g i c a l  and chemical screening c h a r a c t e r i z a t i o n  o f  g e n e r i c a l l y  

rep resen ta t i ve  raw and hydro t rea ted  S R C - I 1  coa l -der ived  l i q u i d  i n d i c a t e s  t h a t  

c a t a l y t i c  hydrogenat ion s u b s t a n t i a l l y  reduces the  genotox ic  a c t i v i t y  o f  t h e  

feed m a t e r i a l .  Chemical analyses suggest t h a t  t h e  decrease i n  m i c r o b i a l  

mutagenic a c t i v i t y  i s  due p r i n c i p a l l y  t o  t he  d e s t r u c t i o n  o r  t r ans fo rma t i on  o f  

pr imary aromatic amines and/or o ther  n i t r o g e n  con ta in ing  species du r i ng  hydro- 

treatment.  

Recommendations 

The Ames m i c r o b i a l  mutagenic assay r e s u l t s  repor ted  here represent  o n l y  

t he  f i r s t  t i e r  i n  b i o a c t i v i  t y  assessment. A d d i t i o n a l  t e s t s  which characte. r ize 

o ther  b i o l o g i c a l  end p o i n t s  a t  severa l  t i e r  l e v e l s  are requ i red  f o r  a  more' 

d e f i n i t i v e  understanding o f  t he  e f f e c t  o f  hydrotreatment on t h e  g e n o t o x i c i t y  

o f  coal -der ived l i q u i d s .  

Some o f  the da ta  obta.ined i n  t h l s  work underscore the  need t o  cha rac te r i ze  

m a t e r i a l s  which are more rep resen ta t i ve  o f  p ro jec ted  demonstrat ion sca le  p ro-  

ducts with respec t  t o  heavy-end components. I n  add i t ion ,  samples having b e t t e r  

documented h i s t o r i e s  which are as c l o s e l y  rep resen ta t i ve  as poss ib le  o f  p ro-  

j ec ted  demonstrat ion p l a n t  opera t ion  are needed. 

The ex ten t  o f  upgrading which w i l l  be requ i red  t o  y i e l d  marketable coa l -  

der ived  l i q ~ r i d s  i s  s t i l l  be ing i n v e s t i g a t e d  and may change as economics change. 

B i o l o g i c a l  and chemical c h a r a c t e r i z a t i o n  i s  requ i red  as a  p a r t  o f  paramet r ic  

upgrading s tud ies  t o  p rov ide  i n p u t  t o  t h e  techn i ca l ,  economic, environmental ,  

and h e a l t h  t r a d e - o f f  eva lua t ions  invo lved  i n  o p t i m i z i n g  coa l  l i q u i d s  r e f i n i n 3  

schemes. Processes o the r  than hydrotreatment need t o  be assessed, w i t h  perhaps 

some c r e a t i v e  e f f o r t  i n  seeking o ther  means f o r  reducing t h e  genotox ic  a c t i v i t y  

o f  coa l -der ived  l i q u i d s .  The r e s u l t s  sumrnariz&d here represent  a  s i n g l e  p o i n t  

i n  a m a k i x  -of. process -and ' 1  i f e  science parameters which must be understood t o  

assess p o t e n t i a l  occupat ional  and environmental  concerns w i t h  a  developing coa l  

l i q u i d s  i ndus t r y .  
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TREATMENT OF ' PHENOLIC COAL GAS1 FICATION EFFLUENTS 

Richard G. Luthy and James R . Campbell 
Department o f  C i v i l ,  Engineering 

Carnegie-Me1 l o n  Univers i ty,  Pi t tsburgh,  PA 15213 

Several research p ro jec ts  recen t l y  conducted a t  Carnegie-Me11 on 
Un ivers i t y  have been d i rec ted  towards eval uat ion o f  environmental problems 
associated-wi th coal conversion processes. A po r t ion  of t h i s  work has 
focused on treatment o f  phenolic coal g a s i f i c a t i o n  process condensates. 
The purpose o f  these studies has been t o  def ine physicochemi.ca1 and 
b i o l og i ca l  treatment charac te r i s t i cs  o f  those wastewaters i n  order t o  
ob ta in  basic engineering and design data. 'I he .follow4ng dlscusslor~ 
summarizes the general scope and conclusions o f  these t r e a t a b i l i t y  
studies w i t h  high-BTU coal gas i f i ca t i on  wastewaters 

BIOLOGICAL O X 1  DATION STUDIES 

B io log ica l  ox idat ion experiments have been .performed w i t h  gas i f i ca t i on  
process e f f l uen ts  obtained from the Hygas p i l o t  p l an t  operated by the 
I n s t i t u t e  o f  Gas Technology i n  Chicago, I l l i n o i s  and the slagging f i x e d -  
bed p i l o t  p lan t  operated by the Grand Forks Energy Technology Center 
(GFETC) i n  Grand Forks, North Dakota. The ob ject ives o f  these experimental 
i nves t iga t ions  a re  summarized below: 

1. Inves t iga te  coal gas i f i ca t i on  wastewater compositional 
character is t ics ,  and assess how these charac te r i s t i cs  
impact pretreqtment p r i o r  t o  b io log ica l  ox idat ion.  

2. I d e n t i f y  min'imum d i l u t i o n  requirements for  b io log ica l  
treatment o f  coal gas i f i ca t i on  eff luents, and evaluate 
b io log ica l  ox idat ion o f  coal g a s i f i c a t i o n  e f f luents  
rece iv ing d i f f e r e n t  types o f  pretreatment. 

3. Determine b i o l og i ca l  ox idat ion growth constants f o r  
treatment o f  coal gas i f i ca t i on  e f f  1 uents , and determine 
removal e f f i c ienc ies  f o r  primary e f f l u e n t  contaminants, 

,4. Invest igate  parameters which e f f e c t  b l o l og i  cal  .ox ida t ion  of 
cyani.de and thi ocyanate, and determi ne ..the f a t e  of cyanogen- 
n i t rogen, 'and.evaluate the po ten t i a l  f o r  single-stage 
n i ' t r i  f i  ca t ion '  o f  animoni a 1 iquors , and 

5. Determine removal e f f ic ienc. ies  f o r  coal gas i f i ca t i on  
wastewater t race  organic compounds. 

Figure 1 shows the experimental des.ign employed t o  inves t iga te  
b i o l og i ca l  t r ea tab i  li t y  charac te r i s t i cs  of GFETC wastewater. This 
design permit ted study o f  raw, l ime pretreated, and ammonia s t r ipped  
wastewater, .as we1 1 as wdstewater rece iv ing  an addi . t ion o f  cyan1 de. 
In f luen t  and ef f luent  samples f o r  Reactor I 1  on Figure 1 were 
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1 
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For A l l  Reactors pH.7.0-7.5; Temperature = 20-25OC;D.O. > 3 mg/P 

Figure 1 
Experimental design for biological oxidation study with 

GFETC quench condensate 



character ized f o r  t race  organic compounds. A s i m i l a r  experimental 
design w i t h  somewhat d i f f e r e n t  ob ject ives was employed i n  studies w i t h  
Hygas e f f luent .  The b i o l og i ca l  systems i n  a l l  o f  these t es t s  were 
complete-mix, s i ng le  stage a i r  ac t i va ted  sludge reactors w i t h  i n t e rna l  
c l a r i f i e r s .  

Table I l i s t s  the source of wastewaters employed i n  the b i o l og i ca l  
ox ida t ion  studies and the form o f  pretreatment employed p r i o r  t o  
b i o l og i ca l  oxidat ion.  General r esu l t s  o f  b i o l og i ca l  treatment inves t iga t ions  
w i t h  Run 64 Hygas and Run RASE slaggin fixed-bed g a s i f i c a t i o n  e f f l uen t s  
are summarized i n  references (1 ) and (2  3 Pespectively. Informat ion 
presented i n  reference (3 )  compares the r e s u l t s  of these studies w i t h  
inves t iga t ions  performed w i t h  o ther  coal r e f i n e r y  e f f l uen ts ,  and provides 
data on i n te rp re ta t i on  o f  r e s u l l s  horn b i o l og i ca l  trcatment. I n  add i t ion,  
reference (3 )  presents r e s u l t s  f o r  wastewater pretreatment hy solvent  
ex t rac t i on  and ammonia s t r ipp ing .  Reference (4 )  summarizes resu l t s  o f  
combined gas chromatography-mass spectrometry analysis f o r  est imat ion o f  
removal of organic contaminants dur ing b i o l og i ca l  ox idat ion o f  coal 
gas i f i ca t i on  wastewaters. General observations from these Invest iyal%ons 
a re  discussed be1 ow. 

Quenchwater Buf fer  Capacity Coal g a s i f i c a t i o n  quench waters contai n h igh 
concentrat ions o f  d issolved carbon d iox ide and ammonia. Quench waters 
employed i n  these invest igat ions may be envisioned as contain ing 0.25 
t o  0.8 m / l  ammonium bicarbonate; t h i s  r e s u l t s  i n  a very s t rong ly  buf fered 
so lu t i on  f o r  which estimated buf fer  capaci.ties a re  i n  the range of 0.025 
t o  0.1 m / l  o r  more. Calculated values o f  base neutral i .z ing capac i t ies  
are  i n  t he  range o f  0.5 t o  1.7 m / l ,  and are approxfmately tw ice as 
great  as ac id  neu t ra l i z i ng  capaci t i e s .  These resu l t s  show tha t  i t  i s  
impract ica l  t o  consider pH adjustments t o  raw g a s i f i c a t i o n  quench 
waters u n t i l  much o f  the ammonia and carbon d iox ide have been removed 
from the so lu t ion.  

Ammonia S t r ipp ing  Character is t ics  I t  has been shown i n  theory and i n  
bench-scale s t r i pp ing  experiments t h a t  95 t o  99% o f  the t o t a l  ammonia 
i n  quench condensates may be l i be ra ted  from so lu t ion  by steam s t r i pp ing  
wi thout  the need f o r  add i t i on  o f  caust ic  o r  l ime. Nonetheless, because 
of the h igh ammonia leve ls ,  a residual  ammonia concentrat ion of up t o  
several hundred mg/l NH -N may remain a f t e r  f ree- leg ammonia s t r i p p i n g  
and w i  11 requ i re  addi t i d n  o f  base i n  order t o  be s t r ipped from so lu t ion.  

Acceptable Amnonia Levels Invest igat ions conducted with. unstr ipped Hygas 
wastewater showed t h a t  ammonia concentrat ions o f  up t o  1600 mg/l NH -N 
may be present i n  reac to r  mixed 1 iquor  wi thout  i n h i b i t i n g  b i o l og i ca f  
oxidat ion,  wh i le  ambient concentrat ions of 3200 mg/l NH3-N impaired 
b i o l og i ca l  a c t i v i t y .  It was a lso shown tha t  raw GFETC gas i f i e r  quench 
condensate could be processed a t  40% st rength w i t h  an i n f l u e n t  ammonia 
concentrat ion of approximately 2700 mg/l . However, i n  t h i s  case n i t r i f i c a t i o n  
reduced ammonia concentrat ions i n  reactor  mixed l i q u o r  t o  approximately 
1000 mg/l NH3-N. These r e s u l t s  show t h a t  g a s i f i e r  quench waters may be 
processed w i t h  ambient ammonia concentrat ions i n  t h e  range o f  1000-1600 
mg/l a t  pH = 7.0-7.5, which i s  subs tan t i a l l y  h igher than res idua l  ammonia 
concentrat ion t h a t  would remain a f t e r  f ree- leg amnonia s t r i pp ing .  



Wastewater Source and Form o f  Pretreatment 

Employed i n  B io log i ca l  Oxidat ion Studies 

With Coal Gas i f i ca t i on  Condensates 

TYPE OF BIOLOGICAL REACTOR . 
PROCESS RUN - COAL TYPE INFLUENT 

Hygas process, 1 : 1 blend Run 64; B i  t m i  nous coal ,  l i l  Raw wastewater w i thou t  
o f  cyclone and quench I l l i n o i s  No. 6 pretreatment 
condensates fii) D i l u t e d  and und i l u ted  l i m e  

pre t reated wastewater 

f i i i l  Di 1 uted and undi 1 u ted 
amr~onia s t r i pped  wastewater 

Hygas process, quench Run 72; bituminous coal ,  ( i l  Ammonia s t r i pped  wastewater 
condensate I l l i n o i s  No. 6 (liil Solvent extracted,  ammonia 

s t r i pped  wastewater ' 

Hygas process, quench Run 79; b i  tuninous coal , I-il Ammonia s t r i pped  .wastewater 
condensate I l l i n o i s  No; '6  

GFETC process, quench Run RA-52, I nd ian  Head l i l  . Di 1 u ted raw wastewater 
condensate 1 i g n i t e  f i i l  D i l u t e d  1 ime-pretreated 

wastewater 

f i i i l  D i l u t e d  and. und i l u ted  
ammonia s t r i pped  wastewater 



D i l u t i o n  Requirements It has been determined t h a t  Hygas quench water and 
coke p l a n t  ammonia s t i l l  e f f luent ,  w i t h  COD values i n  t he  range o f  3000-5000 
mg/l, ca.n be processed r e l i a b l y  a t  moderate values o f  COD removal r a t e  
(e. g. 0.2-0.5 mg COD removedlmg MLVSS-day) w i thou t  d i  1  u t i o n .  However, 
i t  was shown by a se r ies  o f  p a r a l l e l  and sequent ia l  experiments t h a t  
ammonia s t r i p p e d  GFETC wastewater w i t h  an average COD o f  approximately 
22,000 mg/l cou ld  n o t  be processed a t  f u l l  s t reng th  w i t h  COD removal r a t e s  
i n  the  range o f  0.3 t o  0.5 day.-] S tab le  b i o l o g i c a l  o x i d a t i o n  was obta ined 
i n  t h a t  range of COD removal r a t e s  by d i  l u t l n g  the  was,lewater\ ,to 33% 
s t rength .  Factors which impose l i m i t a t i o n s  on i n f l u e n t  s t reng th  a re  
n o t  we1 1 understood, a1 though the  presence o f  i n h i b i t o r y  organic compounds 
a r e  suspect. B r i t i s h  researchers b e l i v e  t h a t  i n h i b i t i o n  t o  b i o l o g i c a l  
ox i 'da t ion  o f  pheno l ic  l i q u o r s  may be due t o  ox id i zed  o r  polymerized 
substances o f  ~~nknown composit ion, b u t  which may be associated w i t h  the  
r e s i d a l  COD and c o l o r  o f  b i ' o l og i ca l  l y  t r e a t e d  phenol i c  wastes. 

Performance I n  general bes t  removal e f f i c i e n c i e s  and ope ra t i ona l  s t a b i l  i ty  
have been associated w i t h  r e l a t i v e l y  long values o f  mean b a c t e r i a l  c e l l  
resi.dence t ime (s ludge age)- and correspondi.ng low values of subs t ra te  removal 
r a t e .  Recommended values of sludge age a r e  i n  t h e  range of twenty t o  
f o r t y  days. 

B i o l o g i c a l  reac to rs  employed i n  these s tud ies  showed r e l a t i v e l y  low , 

s ludge y i e l d s .  This  may be explai-ned i n  p a r t  hy l ong  values of mean 
b a c t e r i a l  c e l l  res idence t imes and a l s o  by the  presence o f  i n h i b i t o r y  
substanc~es. I n  add i t i on ,  c a l c u l a t i o n s  show t h a t  compounds such as 
phenol and th iocyanate do n o t  y i e l d  as much energy f o r  b i o l o g i c a l  
syn thes is  as compared t o  o rgan ic  compounds common t o  l e s s  complex e f f l u e n t s .  
I t  was demonstrated t h a t  low values o f  sludge y i e l d  do n o t  adversely  
e f f e c t  b i o l o g i c a l  r e a c t o r  performance a t  recommended opera t ing  cond i t ions .  
I n  f a c t  i t  may be des i rab le  t o  have minimum sludge y i e l d  as t h i s  presents 
l e s s  o f  a s o l i d s  d isposal  problem. 

Various s tud ies  have shown t h a t  under s u i t a b l e  operati.ng cond i t i ons  
h igh  removal e f f i c i e n c i e s  may be a t t a i n e d  f o r  pr imary wastewater 
contaminants, v i z .  phenol ics,  BOD, organ ic -n i t rogen,  and tk iocyanate.  
COD removal e f f i c i e n c i e s  were t y p i c a l l y  i n  t he  range of 80% w i t h  BOD 
removals of  95-99-%. However, e f f l u e n t  COD concentrat ions can be q u i t e  l a r g e  
because of h igh  i n f l u e n t  COD l e y e l s ,  N i t r i f i c a t i o n  has been observed w i t h  
coke p l a n t  wastewater, and GFETC and Hygas condensates w i t h  the  except ion 
o f  Hygas wastewater from Run 64. The e x t e n t  o f  n i t r i f i c a t i o n  has been 
found t o , b e  dependent on subs t ra te  removal r a t e  when processing ammonia 
s t r i p p e d  GFETC and coke p l a n t  wastewater. It i s  necessary t o  consider  t he  
f a t e  o f  cyanogen-ni t rogen when eva lua t i ng  n i t r i f i c a t i o n ,  as degradat ion 
o f  cyanide and th iocyanate  r e s u l t s  i n  increased wastewater ammonfa con- 
c e n t r a t i o n ,  For  example, n i t r o g e n  mass balances f o r  b i o l o g i c a l  o x i d a t i o n  
o f  coke p l a n t  ammonia s t i l l  waste revealed t h a t  i n  t h e  absence o f  
s u b s t a n t i a l  n i t r i f i c a t i o n ,  b i o l o g i c a l  r e a c t o r  e f f l u e n t  concent ra t ion  o f  
ammonia-ni t rogen was s i g n i f i c a n t l y  g rea te r  than i n f l u e n t  values owing t o  
re lease  o f  ammonia-nitrogen from degradat ion o f  th iocyanate.  



Removal o f  Organics The removal o f  organic compounds by a c t i v a t e d  sludge 
t reatment  of Hygas and GFETC wastewater was est imatqd by c a p i l l a r y  column 
gas chromatography/mass spectrometry (GM/MC) o f  e x t r a c t s  from wastewater 
sample composites. I n  bo th  cases nea r l y  99% o f  t h e  t o t a l  e x t r a c t a b l e  
and chr~matographable organ ic  ma te r i a l  was comprised o f  phenol and 
a1 ky la ted  phenols. , Ac t i va ted  sludge t reatment  removed these compounds 
almost completely.  Removal e f f i c i e n c i e s  o f  base compounds was genera l l y  
good w i t h  the  except ion of c e r t a i n  a1 k y l a t e d  py r i d ines .  Removal e f f i c i e n c i e s  
f o r  cerha in  compounds i n  t he  neu t ra l  f r a c t i o n  were poor, i . e .  a l k y l a t e d  
benzenes, cycloalkanes, and cycloalkenes. The Hygas sample a l s o  showed 
poor removal e f f i c i ency  f o r  po lycyc l  i c  aromatic hydrocarbons. 

SOLVENT EXTRACTION STUDIES 

Coal g a s i f i c a t i o n  quench waters t h a t  con ta in  h igh  l e v e l s  o f  pheno l ic  
compounds may be processed f o r  phenol recovery by so l ven t  e x t r a c t i o n .  
High phenol i c concent ra t ions  may prov ide  several  economic i ncen t i ves  
f o r  recovery. 'Recovered phenol may be used as a f u e l  o r  poss ib l y  s o l d  
as a chemical commodity, a l s o  phenol recovery would reduce the  organ ic  

t l oad ing  t o  a b i o l o g i c a l  t reatment  f a c i l i t y .  Solvent  e x t r a c t i o n  may 
a l s o  serve t o  p r o t e c t  b i o l o g i c a l  o x i d a t i o n  systems from shock loads, 

- and i t  may prov ide  a means f o r  removal o f  s l ow ly  degradable o r  non- 
degradable t r a c e  organic con~pounds. The l a t t e r  i ssue  may be e s p e c i a l l y  
important  w i t h  regard  t o  reduc t i on  o f  toxic/hazardous organ ic  compounds. 

Hygas Run 72 quench condensate was employed i n  screening so l ven t  
e x t r a c t i o n  experiments. The wastewater was processed by so l ven t  e x t r a c t i o n ,  
fo l lowed by h igh  temperature s t r i p p i n g  and b i o l o g i c a l  ox ida t i on .  N-butyl  
ace ta te  was the  so l ven t  used i n  these studies,~which gave a pheno l ic  
d i s t r i b u t i o n  c o e f f i c i e n t  i n  t he  range o f  50 t o  55'. 

-& Pretreatment by so l ven t  e x t r a c t i o n  was designed t o  remove 99% o f  
wastewater phenol ics. This  r e s u l t e d  i n  approximate ly  75% reduc t i on  o f  
wastewater COD f rom an i n i t i a l  va lue  o f  10,000 mg/l. B i o l o g i c a l  
o x i d a t i o n  o f  so l  vent ex t rac ted  wastewater gave an a d d i t i o n a l  78% reduc t i on  
i n  COD. This was s i g n i f i c a n t  cons ider ing  t h a t  e a s i l y  o x i d i z a b l e  
phenol i c ma te r ia l  had been removed by pretreatment. .  Organic ma t te r  
remaining a f t e r  so l ven t  e x t r a c t i o n  o f  g a s i f i e r  wastewater appeared t o  be 
no more r e f r a c t o r y  t o  b i o l o g i c a l  o x i d a t i o n  than organics i n  raw 
s t r i p p e d  wastewater. It was observed a l s o  t h a t  wastewater p re t rea ted  by 
so l  vent e x t r a c t i o n  showed much 1 ess tendency t o  foam dur ing  b i o l o g i c a l  
ox ida t i on .  Add i t i ona l  experiments a r e  i n  progress t o  assess t h e  removal 
o f  p o l y c y c l i c  aromatic hydrocarbons by so l ven t  e x t r a c t i o n  and t o  evaluate 
b i o l o g i c a l  o x i d a t i o n  of so l  vent ex t rac ted  GFETC wastewater. The GFETC 
quench condensate t o  be used i n  these s tud ies  has a raw pheno l ic  concent ra t ion  
of 4000-6000 mg/l . 



ADDITION OF POWDEREU ACTIVATED CARBON 

Although biological treatment of gas i f i ca t ion  wastewaters can r e s u l t  
in-good. t o  excel lent  BOD removal e f f i c ienc ies ,  t reated wastewater may 
contain appreciable residual organic. material owing t o  high in f luen t  
COB concentrations. This residual" 'organic material may present problems 
f o r  reuse o-f t h i s  wastewater as  cooling tower makeup water o r  a s  makeup 
t o  bo i le r  feed water preparation. For t h i s  reason a s e r i e s  of s tud ies  
were i n i t i a t e d  t o  evaluate powdered and gcanul a r  ac t ivated carbon treatment 
of a coal gas i f i ca t ion  wastewater. These s tudies  assessed treatment technologies 
which would achieve addit ional  removal of residual organic contaminants 
d u r i n g  wsst .~water processing, The experimental design employed i n  these  
s tud ies  i s  shown i n  Figure 2 ;  and the  r e su l t s  wil l  be summanzed I n  a 
forthcoming report .  

Powdered act ivated carbon ( P A C )  treatment Nas evaluated d t sludge 
ages of twenty and fo r ty  days with mixed l iquor  carbon concentrations 
ranging from 0 t o  5000'mg/l. A high q l~r face  area powdered act ivated 
carbon was employed i n  these invest igat ions ,  and GFETC wastewater a t  
33% d i lu t ion  was used f o r  purposes of comparing t he  r e s u l t s  w i t h  the  
previous biological oxidation experiments. The PAC t e s t s  were performed 
under optimal biological reactor operating conditions and r e su l t s  showed 
t h a t  treatment without addit ion of powdered carbon gave an e f f l uen t  BOD 
of about 30 mg/l from an inf luent  value of 3700 mg/l. Addition of powdered 
act ivated carbon gave lower residual COD and color ,  and somewhat lower 
values of BOD. However, screening GC/MC analyses of soluble base and neutral 
f rac t ion  organics i n  e f f luen ts  of PAC reactors  showed t h a t  these soluble  
organics a r e  not removed subs tan t id l ly  below the low levels  observed i n  
bi ologi cal reactor  e f f luen t  w i t h  no addi t i  on of powdered ac t i  vated carbon. 

WASTEWATER DEMINERALIZATION STUDIES 

A conceptual diagram of major wastewater streams i n  a  coal 
gas i f i ca t ion  process is  shown i n  Figure 3. These streams include cooling 
tower and bo i le r  feed water streams, process condensates, blowdowns, and 
water f o r  s l u r ry  of coal and sludges. Possible choices f o r  reuse of water 
which has come in to  contact  w i t h  e i t h e r  coal o r  product gas include: 
( i )  water f o r  coal s l u r ry  feeding, ( i i )  recycle s l u r ry  water f o r  g a s i f i e r  
s l ag ,  ash, o r  char removal, ( i i j )  d i r e c t  contact  quench water, and ( i v )  
water f o r  the  CO s h i f t  r eac tor (5) .  Other plant  water needs which may be 
pa r t i a l  ly o r  completely s a t i s f i e d  by use of t rea ted  wastewater include: 
( i )  cooling water makeup, ( i i )  bo i le r  feed water make up, and ( i i l i )  
water f o r  sol ids  disposal .  

If i t  i s  assumed tha t  there  has been maximum reuse of minimally (1 ' 
t r ea ted  water in the  gas i f i ca t ion  process, then excess water wil l  require 
treatment t o  meet qua l i ty  const ra ints  governing one o r  more plant  
needs. I t  i s  most l i ke ly  t h a t  wastewater not completely reused in  the  
gas i f i ca t ion  process w i  11 be used prlmarily as  cooling tower makeup water 
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s ince  c o o l i n g  wate r  q u a l i t y  c o n s t r a i n t s  are l e s s  than those f o r  b o i l e r  feed 
water .  Coo l ing  water  q u a l i t y  c o n s t r a i n t s  i n c l u d e  the  need t o  c o n t r o l  
chemi c a l  sca l  i ng and f o u l  i ng , b i o l o g i  c a l  a c t i  v i  ty  , and co r ros ion .  A1 though 
spec ies which cause s c a l i n g  problems can be p r e d i c t e d  u s i n g  s o l u b i l i t y  
r e l a t i o n s h i p s ,  l i t t l e  can be p r e d i c t e d  rega rd ing  t h e  e x t e n t  t o  which r e -  
f r a c t o r y  o rgan ic  compounds such as b i  o l o g i  ca l  r e a c t o r  e f f l u e n t  COD may 

undergo decomposi t i  on i n  a  coo l  i ng tower system and promote b i  01 og i  c a l '  
a c t i  v i  ty  . 

F igure  4 shows a schematic o f  a  wastewater t rea tment  t r a i n  employed 
t o  eva lua te  advanced wastewater p rocess i  ng o f  a  coa l  gas i  f i  c a t i o n  quench 
condensate. Th is  s tudy  a1 lowed f o r  e v a l u a t i o n  o f  1  ime-soda so f t en ing ,  
a c t i  vated carbon adsorp t ion ,  and reverse  osmosis. These u n i  t processes 
rep resen t  a  sequence o f  t rea tment  s teps which may be employed t o  process 
quench condensate f o r  reuse as makeup wate r  t o  a  c o o l i n g  tower o r  t o  a .  
b o i l e r , f e e d  wate r  p o l i s h i n g  f a c i l i t y .  Whi le d e t a i l e d  d i scuss ion  o f  t h e  
r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  w i l l  be a v a i l a b l e  i n  t he  near  f u t u r e ,  summary 
analyses a re  presented i n  Table I 1  which shows quench wate r  qua1 i ty char-  
a c t e r i  s t i  cs through successi  ve t rea tment  s teps.  I n  these i n v e s t i  g a t i  ons , 
ammonia removal s imu la ted  f ree-and f i x - l e g  steam s t r i p p i n g  by l i m i n g  and 
a i r  s t r i p p i n g .  However, i n  t h i s  case, s u l f i d e  was e v e n t u a l l y  o x i d i z e d  t o  
su l f a te ,  r a t h e r  than  b e i  ng s t r i p p e d  f r om s o l u t i o n  as would occur  d u r i n g  
h i g h  temperature f r e e - l e g  s t r i p p i n g  opera t ions .  

B i o l o g i c a l  o x i d a t i o n  removed 99% o f  BOD and approx imate ly  90% o f  COD. 
Ni tri f i  c a t i o n  r e s u l t e d  i n  p a r t i  a1 convers ion o f  organic-14, SCN--N, and 
NH3 -N t o  n i  t r a t c .  Lime-soda s o f t e n i n g  rXerlluved .hardness t o  p r a c t i  ca'l 
1  i mi t s  ; however, t h i  s  s tep  requ i  r e d  1 arge soda dosages t o  remove noncarbonate 
hardness s i nce  most o f  t h e  quench wa te r  a l k a l i n i t y  was consumed d u r i n g  
b i o l o g i c a l  o x i d a t i o n .  A c t i v a t e d  carbon t rea tment  reduced wastewater COD 
t o  110 mg/l and c o l o r  t o  130 Pt-Co u n i t s .  . 

Reverse osmosis exper iments conducted wi t h  a  h o l l  ow f i b e r  polyami de 
membrane operated a t  75% convers ion  and 400 . p s i  produced a h i g h  q u a l i t y  
permeate, a1 though low l e v e l s  o f  COD (20 mg/ l )  passed through t he  membrane. 
The reverse  osmosis s t u d i e s  r e p o r t e d  here  .were r e 1  a t i  v e l y  s h o r t  t e rm  and 
addi t i  onal work needs t o  be performed t o  eva l  ua te  problems w i  t h  membrane 
f o u l  i ng and a l s o  t o  s tudy  membrane c l e a n i n g  techniques.  

DISCUSSION 

I n v e s t i g a t i o n s  performed a t  C-MU and elsewhere have he lped t o  i d e n t i f y  
wastewater t rea tment  c h a r a c t e r i s t i c s  f o r  coa l  g a s i f i c a t i o n  condensates. 
Th i  s  work has p r o v i  ded i n i  t i  a1 es t imates  o f  spec i  f i  c  t rea tment  process 
capabi 1  i t i e s  and l i m i t a t i o n s .  F u r t h e r  s tud ies  need t o  be per formed t o :  
( a ) -  eva lua te  minimal c o s t  a n d . i n n o v a t i v e  t rea tment  systems, ( b )  assess 
wate r  reuse s t r a t e g i e s  a t  reasonable sca le ,  and ( c )  determine t h e  f a t e  of 
t o x i  c  and hazardous wastewater contami nants  . 

I t  has been es t imated  t h a t  t rea tment  c o s t  f o r  pheno l i c  process 
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Table. [ I  

TREATMENT 3F A 

COAL GASIFICATION QUENCH' CONDENSATE 

1 Specification . BOD COD Phenolics Org-N SCN- CN- HH3-N NO;-N 

.. . 
Raw - 10,400 1950 7 0 .  260 3.8 13,200 <2 

Lime Pretreated . - 10,200 1970 60 290 3.9 10,800 <2 

: BiologicalEff luent 30 715 0.74 11 '9.0 6.0 100 150 
. . 

' Lime-Soda Softened 30 600 0.50 10 8.3 6.0 . . 
85 140 

Reverse Osmosis 4 20 0.04 2 0.4 0.1 , 0.5 0.55 

- ' Product 2 . '  

. Notes: 1. ' Hygas Run 79 quench water, q/l except as noted. 
2. ,Reverse osmosls tests were conducted a t  400 psi and 

75% conversion with a hollow f iber  polyamlde membrane 

Total Calcium Total Color 
Freon Hardness Hardness A1 kal i n i  t y  pH Cond Pt-Co 

Extractable as CaC03, as CaC03 as CaCOj units ~mhos/cm units 



condensates can exceed $50 per 1,000 gallons ( 6 ) .  I t  is  important therefore 
f o r  both reasons of cost  and water avai labi  1 i t y  t h a t  wastewater management 
be considereg an in tegral  pa r t  of any coal conversi'on process. Since high 
BTU coal gas i f i ca t ion  processes are  net  consumers of water, s trong incen- 
t i ve s  e x i s t  f o r  l imi t ing discharge of aqueous streams, and wherever possible 
process modi f i  cations should be considered t o  faci  1 i t a t e  water reuse. 

One example of process modification i s  the  use of a two s tage quench 
condensation process proposed by Arthur G. McKee and Co. ( 7 ) .  This system 
accomplishes a preconcentration of inorganic sa1 t s  i n  one quench condensate 
stream while leaving a second stream w i t h  predominantly vo l a t i l e  species.  
Another example of process modification t o  f a c i l i t a t e  wastewater treatment 
r e l a t e s  t o  chan i ng g a s i f i e r  operation and/or configuration. Studies by 
Nakles , e t  a1 . 9 8) and Fi  1 l o  (9 )  have shown tha t  the  production .of organi cs 
during gas i f i ca t ion  is  especia l ly  s ens i t i ve  t o  operating variables such as 
coal devolatization temperature, gas-solids mixing, and gas residence time. 
Thei r resul ts suggest t h a t  there  a r e  exploi table  process modi f i  ca t i  ons 
which may help t o  reduce o r  el iminate the production of organic  contaminants. 
A t h i r d  example i s  d i r ec t  in jec t ion  of concentrated process wastewater 
back i n t o  the ga s i f i e r .  T h i s  fea ture  has been incorporated i n  the  Texaco 
entra ined bed slagging g a s i f i e r ,  where i t  i s  reported t h a t  quench water. 
organics are  recycled t o  thermal e x t  inction.(lO) . Feasi bi 1 i t y  and cos t  
s tud ies  need t o  be conducted t o  evaluate the advantages of d i r e c t  use of 
condensate f o r  steam purposes; a possible drawback i s  t h a t  l a rge r  oyygen 
plant  and gas handling systems would be needed ( 6 ) .  

The biolagi cal oxidation s tudies  reported here and i n  the bi b l io-  
graphy of reference ( 3 ) ,  have defined the basic biological oxidation 
cha rac t e r i s t i c s  f o r  phenoli c gasi f i  cat ion wastewaters by act ivated sludge 
treatment. Consideration should be gi ven t o  a1 t e rna t i  ve biological  
treatment systems i n  order t o  evaluate processes which may o f f e r  lower 
treatment costs  and/or energy requi rements . Candidate processes i ncl ude 
rotat i .ng disk biological treatment and anaerobic biological contact  
f i  1 t e r s .  

The cooling tower i s .  the  most probable t a rge t  f o r  reuse of phenolic 
wastewaters. Unfortunately, there ' i s  lack of information t o  p red ic t  
minimum makeup water qua1 i t y  c r i t e r i a  w i t h .  respect  t o  acceptable loadings 
of organics and t race  contaminants. Hence, i t  would be prudent f o r  the  
f i r s t  demonstration plants  t o  be designed w i t h  a conservative approach 
towards reuse of wastewater as a cooling tower makeup source. T h i s  
s t r a t egy  i s  exemplified by the  Continental Oil Company design f o r  a iurgi 
slagging gas i f i e r  i n  which gas l iquor  is  processed a s  makeup t o  the  
u t i  1 i ties cooli ng tower. The treatment system includes solvent  ex t rac t ion ,  
arnmoni a recovery, biological oxidation,  sand f i  1 t r a t i  on, and act ivated 
carbon adsorption (11) .  In con t ras t ,  the  Lurgi process design f o r  El Paso 
Natural Gas Company cal led f o r  only phenol extract ion and ammonia 
recovery pr io r  t o  reuse i n  the  main plant  eooli ng tower (12) .  This water ' . 

management plan presents questions regardi ng co.oli ng tower foul ing,  a s .  
we1 1' as j u s t i f i a b l e  concern f o r  contamination via  cooling tower d r i f t  and 
stri ppi ng/evaporation. 

The problem of ultimate disposal of residual  s a l t s  and sludges a l so  



needs a d d i t i o n a l  study. . I n  many instances i t  i s  c l e a r  t h a t . t h e  goal o f  
zero discharge o f  aqueous streams can on ly  be achieved by a h igh  degree 
o f  b r i n e  concent ra t ion  which necessar i l y  resu l  t s  i n  a sa l  t s l  u r r y .  Pos- 
s i  b l e  'disposal a1 te rna t i ves  o f  t he  . s a l t  so lu t i ons  i nc lude  s o l a r  evaporat ion 
ponds, deepwell. -i n j e c t i  on, o r  1 and f i 114 ng . , Inorgani  c s 1 udges disposed 
by l a n d f i l l i n g  w i  11 require,  some form o f  chemical f i x a t i o n  o r  g l a s s i f i -  
c a t i o n  t o  render them non-leachable. Where feas ib le ,  d i  1 u te  s a l t  streams 
may be' re turned t o  the. ocean o r  o ther  na tu ra l  body w i t h  a l a r g e  ass imi la -  
t i v e  capaci ty .  Organic .s lud es may u l t i m a t e l y  be dis~os.ec! o f  by recyc le  7 t o  the  gas i f i e r ,  by i n c i n e r a  i on , .o r  by c o n t r o l l e d ~ l a n d f i t l i n g ;  A t  ' .  
t h i s  t ime, i t  does n o t  appear t h a t  techn ica l  f e a s i b i l i t i e s ,  economic 
i ncent i  ves , and po l  i c y  imp1 i cat ions  are s u f f i  c i  e n t l y  c l e a r  t o  permi t 
r a t i o n a l  choice between these a1 t e r n a t i  ves . 

F i n a l l y ,  there  i s  need t o  address issues re levan t  t o  environmental 
c o n t r o l  " ' O f '  'coal g a s i f i c a t i o n  f a c i l i t i e s  from a more fundamental . p o i n t  o f  
view. I n  the  past,  much o f  t he  coal  g a s i f i c a t i o n  environmental research 
has taken the  form o f  s p e c i f i c  s tud ies  focusing on i n d i v i d u a l  processes. 
Although t h i s  research has provided a s o l i d  basis upon which t o  under- 
s tand c e r t a i n  environmental issues, the  cu r ren t  need ' i s  t o  consider  
c r i  ti c a l  wastewater treatment .problems i n  greater  de ta i  1 . For example ,., 
work now being planned' a t  C-MU w i  11 i nvest iga te  adsorpt ion o f  p o l y c y c l i c  
.aromatic hydrocarbons (PAH) i n  coal gasi f i  c a t i o n  wastewaters . PAH have 
been i dent i  f i e d  i n  some coal  conversion wastewaters, and p r e l  imi,nary . 
s tud ies  i n d i c a t e  t h a t  PAH may be l a r g e l y  associated w i t h  suspended p a r t i c u -  
l a t e s  i n  these wastewaters. It i s  proposed t o  evaluate several impor tant  
issues i n c l u d i n g  the  e f f e c t  o f  PAH molecular s t r u c t u r e  on' adsurpt ion, 
t he  e f f e c t  on adsorpt ion due t o  compet i t ion  f o r  adsorpt ion s i t e s ,  and the 
e f f e c t  on adsorpt ion due t o  the  presence o f  aqueous phase organic solvents 
which enhance PAH s o l u b i l i t y .  In format ion  gained from t h i s  study w i l l  
a i d  understanding o f  t he  f a t e  and t ranspor t  o f  PAH dur ing  and. f o l l o w i n g  
wastewater treatment. 
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INTRODUCTION 

The eventual  commercial-scale development o f  coa l  conversion processes  
r e q u i r e s  an assessment o f  t h e i r  t echn ica l  f e a s i b i l i t y ,  p o t e n t i a l  environ-  
mental impacts and economic mer i t .  An economical process ing  scheme must 
be deweloped t h a t  produces t h e  primary product (s )  while  impacting on t h e  
environment a t  a minimum, a s  d i c t a t e d  by expected r e g u l a t o r y  g u i d e l i n e s .  
The environmental c h a r a c t e r i s t i c s  o f  t h e  process  determine t h e  need f o r  
u t i l i z i n g  environmental c o n t r o l s ,  t h e i r  type  and consequent ly t h e i r  c o s t .  
As such, it i s  necessary  t o  i d e n t i f y  and eva lua t e  p o t e n t i a l  r o u t e s  i n  t h e  
t o t a l  p rocess ing  scheme t h a t  econo~mically c o n t r o l  t h e  r e l e a s e  o f  p o l l u t a n t s  
t o  t h e  environment. 

Figure 1 i l l u s t i i t e s  a gene ra l i zed  process  i n  which raw m a t e r i a l s  a r e  
r eac t ed  t o  produce both products / in te rmedia tes  and p o t e n t i a l  waste m a t e r i a l s .  
Reactor e f f l u e n t s  a r e  subsequent ly processed ( i n d i v i d u a l l y  and/or  combined) 
t o  recover?;heat,. s e p a r a t e  phases,  upgrade and process  products / in te rmedia tes  
and remove waste m a t e r i a l s .  S p e c i f i c  c o n t r o l  technology is most o f t e n  
invoked t o  b r ing  process  waste s t reams i n t o  compliance with r e g u l a t i o n s  
p r i o r  t o  t h e i r  d i scharge  from t h e  p l a n t .  I t  may a l s o  be necessary  t o  
u t i l i z e  "control  technology" t o  a l t e r  p o t e n t i a l l y  hazardous p r o p e r t i e s  o f  
products,. 

The a b i l i t y  t o  impact on t h e  n a t u r e  o f  con t ro l  hardware e x i s t s  a c r o s s  
t h e  network -- i n  product ion and d i s t r i b u t i o n ,  a s  wel l  a s  t h e  con t ro l  phases 
o f  t h e  process .  There i s  p o t e n t i a l  f o r  reducing t h e  need f o r  environmental 
c o n t r o l s  o r  changing t h e  type  of  c o n t r o l s  by a l t e r i n g  t h e  f a t e  o f  p o l l u t a n t s  
(or  t h e i r  p redecessors )  wi th in  t h e  process .  While process  development 
always inc ludes  experiments t h a t  seek t o  determine t h e  response o f  t h e  r eac -  
t o r  t o  changes i n  t t s  ope ra t ion ,  it i s  becoming i n c r e a s i n g l y  c l e a r  t h a t  t h e  
"responset1 being examined must inc lude  t h e  f a t e  o f  p o l l u t a n t s .  A knowledge 
of process  v a r i a b i l i t i e s ' t h a t  a f f e c t  t h e  f a t e  o f  p o l l u t a n t s  dur ing  product ion 
and d i s t r i b u t i o n  preserves  o p t i o n s  f o r  c o n t r o l ,  and consequent ly permi ts  
economic op t imiza t ion  a c r o s s  both product ion and environmental u n i t  ope ra t ions .  
I t  i s  t h e  economic. op t imiza t ion  a c r o s s  both process  and environmental u n i t  
ope ra t ions  t h a t  i s  t h e  d r i v i n g  f o r c e  f o r  ga ther ing  environmental d a t a  a s  a 
p a r t  o f  process  development. This  paper  addresses  two a s p e c t s  o f  t h i s  
problem which a r e  r e l e v a n t  t o  coa l  g a s i f i c a t i o n :  1 )  t h e  f a t e  o f  p o t e n t i a l  
p o l l u t a n t s  dur ing  g a s i f i c a t i o n ;  and 2 )  gene r i c  p o l l u t a n t  product ion p a t t e r n s  
which might a i d  i n  e x t r a p o l a t i o n  o f  PDU/pilot-scale d a t a  t o  demonstration/ 
commercial s c a l e s  o f  development. 
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ALTERNATIVES FOR CONTROL OF GASIFICATION 
ENVIRONMENTAL CHARACTERISTICS 

The environmental c h a r a c t e r i s t i c s  of  any coal  g a s i f i c a t i o n  process a r e  
a complicated function o f  t h e  main processing scheme ( i .e . ,  gas production) 
and the  types o f  cont ro l '  technology used t o  reduce po l lu tan t  emissions. A s  
i l l u s t r a t e d  i n  Figure 2, t h e  primary processing blocks c o n s i s t  o f :  

Production - r e l e a s e  o f  p o t e n t i a l  p o l l u t a n t s  from coal  v i a  chemical 
r eac t ion  during pretreatment and g a s i f i c a t i o n ,  

e Dis t r ibu t ion  - po l lu tan t  species  p a r t i t i o n i n g  during raw process gas 
quenching and gas processing, and 

Control - removal of  po l lu tan t  species  from process streams t h a t  w i l l  
eventual ly  be discharged t o  t h e  environment. 

The function o f  each o f  these  blocks, a s  well a s  t h e i r  r o l e  i n  a f f e c t i n g  
environmental c h a r a c t e r i s t i c s ,  i s  discusssed .below. 

Pol lu tant  Production 

Pol lu tant  species  a r e  produced during thermal t reatment o f  coal  t o  proL 
, duce gas. This occurs pr imar i ly  i n  the  g a s i f i c a t i o n  process where coal  i s  

reac ted  with mixtures of steam, a i r  o r  oxygen t o  produce hydrogen, carbon 
oxides and hydrocarbon gases. Gas i f i ca t ion  o f  agglomerating bituminous coal  

" r equ i res  ox ida t ive  pretreatment ( i . e . ,  steam p lus  a i r )  p r i o r  t o  g a s i f i c a t i o n ,  
a l s o  r e s u l t i n g  i n  po l lu tan t  r e l ease .  Vent gases from pretreatment can be 
routed through t h e  g a s i f i e r  with p re t rea ted  coal  o r  sepa ra te ly  t r e a t e d ,  
depending upon t h e  p a r t i c u l a r  process conf igura t ion .  

Po l lu tan t  production c o n s i s t s  o f  an i n i t i a l  r e l e a s e  from coal  v i a  chemi- 
c a l  r eac t ion  followed by secondary reac t ions  within t h e  g a s i f i c a t i o n  environ- 
ment(l ,2) .* Mater ia ls  which t y p i c a l l y  r epor t  a s  p o t e n t i a l  p o l l u t a n t s  include 

. coal  v o l a t i l e  matter  (e.g., hydrocarbon t a r s ,  o i l s  and phenols),  n i t rogen 
(e.g., NH3, HCN), s u l f u r  (e.g.,  H2S, COS, CS2, mercaptans) and t r a c e  elements 
(e .g. ,  v o l a t i l e  and char/ash-bound). The extent  t o  which these  m a t e r i a l s  a r e  
re leased and t h e i r  u l t ima te  chemical form i s  determined by physical  and chemi- 
c a l  c h a r a c t e r i s t i c s  of t h e  g a s i f i c a t i o n  environment. 

Dis t r ibu t ion  o f  Po l lu tan t s  

The f i r s t  s t e p  i n  t h e  d i s t r i b u t i o n  o f  r eac t ion  products  ( including 
p o l l u t a n t s )  i s  t h e  g a s i f i e r  quench. Reci rcula t ing  condensate ( i . e . ,  most 
o f t e n  water) cools  hot  process gas and removes l i q u i d  condensates, including 
water (e.g.,  unreacted steam, coal  moisture) and/or hydracarbons (e.g.,  t a r s ,  
o i l s ,  phenols).  Po l lu tan t s  produced during gas i f i ca t ion ,bo th  organic and 
inorganic ,are  removed from raw product gas i n  t h e  quench and repor t  t o  a l l  
phases - water and t a r l o i l .  D i s t r ibu t ion  o f  spec ies  by t h e  quench system 
depends upon process conf igura t ion  (e.g., s i n g l e  pass ,  r ecyc le ) ,  process 
opera t ion  (e.g.,  temperature, pressure,  r ecyc le  r a t i o )  and chemical i n t e r a c -  
t i o n s  i n  t h e  quench environment (e.g.,  aqueous/hydrocarbon phase p a r t i t i o n i n g ,  
aqueous phase specie  d i s s o c i a t i o n ) .  

* ~umb'e'rs i n  parentheses a r e  references,  l i s t e d  a t  t h e  end o f  t h e  paper. 



Air 

Steam 

Preparation I 

I 
L--- 3 = Pmducf Gas 

FIGURE 2. PRODUCTION, DISTRIBUTION AND CONTROL OF ENVIRONMENTAL 
POLLUTANTS IN COAL GASIFICATION PROCESSING. 



Further  processing of quenched gas u s u a l l y  c o n s i s t s  o f  ac id  gas removal 
t o  provide a c lean  gas stream. In t h e  case  o f  high-BTU processing,  some 
combination of s h i f t  conversion and/or methanation is requ i red  t o  upgrade 
product gas heat ing value.  Acid gas removal p r i o r  t o  s h i f t  conversion and 
methanation a l s o  f a c i l i t a t e s  o p e r a b i l i t y ,  a s  t h e  p o t e n t i a l  f o r  c a t a l y s t  poison- 
ing  decreases. Trace amounts o f  p o l l u t a n t s  not  removed with ac id  gases  can 
undergo chemical t ransformations (e.g.,  COS hydrolys is  over  s h i f t  c a t a l y s t )  
during s h i f t  conversion/methanation. 

Control o f  Gas i f i ca t ion  Process Emissions 

Methods f o r  c o n t r o l l i n g  po l lu tan t  emissions genera l ly  f a l l  i n t o  two 
ca tegor ies :  1 )  removal and recovery a s  by-products; and 2) d e s t r u c t i v e  
treatment.  By-product r e m o v a 1 . i ~  a useful  a l t e r n a t i v e  where s u f f i c i e n t  
q u a n t i t i e s  of p o l l u t a n t s  a r e  produced. Speci f ic  examples inc lude  recovery 
of NH3 and phenols from aqueous condensate and processing o f  ac id  gases  t o  
recover H2S a s  elemental suzfur .  Where q u a n t i t i e s  a r e  not  s u f f i c i e n t  t o  
j u s t i f y  by-product recovery, d e s t r u c t i v e  treatment ' of  po l lu tan t  -bearing process 
streams can be u t i l i z e d .  Examples here  include b io log ica l  t reatment o f  waste- 
water and inc ine ra t ion  of gaseous, l i q u i d  and s o l i d  waste streams. 

EFFECTS OF PROCESS CONDITIONS ON PRODUCTION 
OF POLLUTANTS DURING GASIFICATION 

In o rde r  t o  achieve optimal con t ro l  of coal  g a s i f i c a t i o n  p o l l u t a n t  
emissions, it i s  necessary t o  evaluate  a l l  p o t e n t i a l  con t ro l  opt ions  i n  
developing an environmental cont ro l  network.  his requ i res  t h a t  t h e  
s e n s i t i v i t i e s  f o r  achieving p o l l u t a n t  con t ro l  be i d e n t i f i e d  f o r  each process 
u n i t  opera t ion .  This discussion addresses t h e  f a t e  o f  two p o t e n t i a l  p o l l u t a n t s  
during coal  g a s i f i c a t i o n :  1 )  condensable hydrocarbons; and 2) ni trogen-bearing 
species .  

Condensable Hydrocarbon Production C h a r a c t e r i s t i c s  

Condensable hydrocarbons produced during g a s i f i c a t i o n  include heavy t a r s ,  
o i l s  and phenols. Production is  highly  v a r i a b l e  (see Table l ) ,  both within and 
between processes,  and can be a t t r i b u t e d  t o  d i f fe rences  i n  temperature, vapor 
residence time, r eac t ion  environment (e.g., .hydrogen p a r t i a l  p ressu re ) ,  coal  
heat ing  r a t e  and gas /sol ids  contact ' ing. Given t h e  widely d i f f e r e n t  processing 
concepts avai lable ,and thus  expected v a r i a t i o n s  i n  opera t ing  condi t ions ,  pro- 
duction v a r i a t i o n s  a r e  not  su rp r i s ing .  

To date ,  two o f  t h e  most d e f i n i t i v e  s t u d i e s  addressing condensable hydro- 
carbon production c h a r a c t e r i s t i c s  were conducted on t h e  Synthane PDU, and 
consis ted  o f :  1 )  evaluat ing  t h e  e f f e c t s  o f  coal  feed loca t ion(5 ) ;  and 2 )  study- 
ing t h e  e f f e c t s  o f  con t ro l l ed  coal d e v o l a t i l i z a t i o n  condi t ions(6) .  Resul ts  o f  
these  s t u d i e s  a r e  summarized i n  Figure 3: 
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TABLE 1: SUMMARY OF RANGES OF HYDROCARBON PRODUCTION 
FROM COAL GASIFICATION PROCESSES(a) 

Process 
Product ion,  l b /  ton MAF Coal 

Tar - O i l s  Aqueous Phenols 

Lurgi 
Westfield Semi-plant 50-110 7 -64 

Slagging Fixed Bed 50-100 (c) - 

Synthane PDU 0 .1 -180(~)  - 1-12 

(a) Summary da ta  repor ted  i n  references  1-4; (b) Primari ly benzene, 
measured i n  g a s i f i e r  raw process gas. See reference 4; and (c) In- 
cludes t a r  and o i l  production, normally no t  segregated. 

The f i r s t  s tudy r e s u l t e d  i n  achieving s u b s t a n t i a l  reductions i n  t a r / o i l  
( i . e . ,  measured i n  bulk a s  one e n t i t y )  and phenol production a s  coal  was in -  
jec ted  deeper i n t o  t h e  g a s i f i e r  ( i . e . ,  f r e e - f a l l ,  shallow and deep f l u i d i z e d  
bed i n  j e c t  ion).  Note t h a t  t h e  s e v e r i t y  of g a s i f i e r  process .  condi t ions  in -  
creased accordingly, including reac t ion  temperatures, residence times i n  t h e  
hot f l u i d i z e d  char  bed, coal  heat ing r a t e s  and' gas /sol id  contac t ing .  Of 
primary importance were t h e  comparative reductions observed f o r  t a r s / o i l s  and 
phenols (see Table 2 ) ,  suggest ing t h e  following behavioral c h a r a c t e r i s t i c s :  

; 1)  production of  hydrocarbon t a r s / o i l s  i s  determined pr imar i ly  by process 
v a r i a b i l i t i e s  t h a t  a f f e c t  r e 1  ease during i n i t i a l  coal  d e v o l a t i l  i z a t i o n ;  and 
2) production of phenols i s  determined p r imar i ly  by process v a r i a b i l i t i e s  t h a t  
enhance the rmal /ca ta ly t i c  decomposition i n  t h e  gas i f i ca t ion ,  environment. 
While t h e  e f f e c t s  o f  the rmal /ca ta ly t i c  decomposition.- could not  be completely 
segregated, t h e  experiments s t rongly  suggested t h a t  these  d i s t i n c t l y  d i f f e r e n t  
mechanisms were responsib le  f o r  t h e  measured production c h a r a c t e r i s t i c s .  

The second s e r i e s  o f  experiments was designed t o  s tudy t h e  e f f e c t s  o f  
changes i n  coal d e v o l a t i l i z a t i o n  condi t ions  on production of condensable hydro- 
carbons. Coal p a r t i c l e  s i z e  ( i . e . ,  50 vs.  220 um mean diameter)  and coal  feed 
geometry ( i .  e . ,  f r e e - f a l l  v s .  top  bed-inject ion) were va r i ed  t o  s tudy t h e  
e f f e c t s  o f  condi t ions  t h a t  would enhance r e l e a s e  and t r anspor t  of  v o l a t i l e s  
from t h e  coal p a r t i c l e  (e . g. ,  hea t ing/di f fus ion r a t e s ,  g&/sol id  contac t ing)  . 
Thermal/catalyt ic  decomposition e f f e c t s  were minimized by i n j e c t i n g  coal  on 
top  o f  t h e  g a s i f i e r ' s  f lu id ized  bed t o  achieve enhanced gas / so l id  contac t ing .  

, 

Resul ts  of  these  experimants indica ted  t h a t  t a r  and o i l  production could be 
s u b s t a n t i a l l y  a l t e r e d  by changing i n i t i a l  coal d e v o l a t i l i z a t i o n  condi t ions .  
Within the  v a r i a b i l i t y  observed i n  t h e  da ta ,  production o f  phenols d i d  not  
change s i g n i f i c a n t l y .  These r e s u l t s ,  coupled with t h e  demonstrated suscep t i -  
b i l  i t y  of  phenols t o  t h e ~ a l / c a t a l y t i c  decomposition (7,12), confirmed t h e  previ -  
ous ly  c i t e d  hydrocarbon production phenomena (see Table 2 ) .  Note a l s o  t h a t  
observed reductions i n  condensable hydrocarbon production did not r e s u l t  i n  
s i g n i f i c a n t  changes i n  equivalent  methand o r  t o t a l  gas production during e i t h e r  
study. 



TABLE 2: RELATIVE IMPACTS OF CHANGES IN MAJOR PROCESS VARIABLES ON SYNTHANE 
GASIFIER CONDENSABLE HYDROCARBON PRODUCTION 

PROCESS VARIABLE 

Reaction Temperature 
Coal Heating Rate 
Residence Time 
Gas/Solid Contacting 

Rcaction Temperature 
Coal Heating Rate 
Residence Time 
Gas/Solid Contacting 

NATURE OF EFFLUENT PRODUCTION DECREASE 
INCREASE (a) TAR OIL AQUEOUS PHENOLS 

SHALLOW VS .. FREE FALL INJEC'I'ION (b) 

Ma j or 
~ a j  or 
Moderate 
Major 

DEEP- VS .: SHALLOW-BED! )INJECTION Ib) 
Minor 
Negligible 
Ma j or 
Negiigible 

Reaction Temperature Major 
Coal Heating Rate Ma j or 
Residence Time ' Negligible 97% 9 % 

Gas/Solid Contacting Major 

220 VS. so urn PARTICLES - TOP BED  INJECTION(^) 
Reaction Temperature Negligible 
Coal ~eatin~l~iffusion (~aj or) 
Rates 
Residence Time Negligible 
.Gas/Solid Contacting Negligible 

NOTES : 

(a) Variable change which caused reduction in condensable.hydrocarbon 
product ion. Changes in parentheses indicate directional variable 
decreases. 

(b) Study evaluating effects of changes in coal feed geometry. ' See Ref; 5. 
(c) Study evaluating effects of controlled devolatilization conditions. 

See Ref. 6. 



Production of Nitrogen-Bearing Po l lu t an t s ,  

Coal nitrogen is released t o  the  product gas v i a  reaction during gasi f ica-  
t ion,  and can report  a s  molecular nitrogen, NH3, HCN and nitrogen-bearing hydro- 
carbons. Both t he  conditions of i n i t i a l  re lease  from coal and subsequent reac- 
t i on  i n  the- gas i f ica t ion  environment a r e  important i n  determining characteri 's t ic 
pol lutant  production pat terns .  

The re lease  of coal nitrogen during gas i f ica t ion  i s  a function of gasi f ier .  
carbon conversion. A s  i l l u s t r a t e d  i n  Figure 4 , .da ta  from both Hygas(3,ll) and 
C02-Acceptor 'p i lo t  p lan ts  (4,9,11) support t h i s  conclusion. While v a r i a b i l i t i e s  
i n  reactor  pressure, temperature and gas composition (e.'g., steam and hydrogen 
p a r t i a l  pressure) a r e  not accounted fo r  i n  t h i s  correlation, ,  a def in i t ive '  t rend . .  

is. evident and provides 'a basis  f o r  estimating nitrogen re lease  ,from-coal during 
gas i f ica t ion .  ' . . 

~ d e n t i f i c a t i o n  and quant i f icat ion of nitrogen-bearing production, 
p a t t i n s  from p i l o t  p lant  'data is.  c l e a r l y  not a simple task.  Significant quan- 
t i t i e s  of molecular nitrogen used a s  purge gas i n . t h e  gas i f i e r  precludes d i r ec t  
measurement' of  N2. In addit ion,  d i f f i c u l t i e s  (e. g. , quench system lag 
times, ana ly t ica l  and sampling interferences,  aqueous phase pol lutant  dissocia- 
t ion)  associated with quant i t a t ive  character izat ion of pol lutant  production 
from p i l o t  p lant  f a c i l i t i e s  fu r ther  complicates matters. However, da ta  a r e  
avai lable  th,at quantify production pa t te rns  o f  nitrogen-bearing pol lutant  
production during gasi f icat ion,  and a r e  summarized i n  Figure 5 and Table 3. . 

TABLE 3: COMPARISON OF NITROGEN-BEARING POLLUTANT 
PRODUCTION FROM THE CO2-ACCEPTOR GASIFIER 

Pollutant Production, lb/ton MAF Coal 
Sampling Location Ammonia-N la ( 6 )  

RUN 47A 

Middle Probe .14 + 4 0.4 ,+ 0.09 12 + 1 

Gasifier  Overhead 22 + 4 0.2 + 0.06 . 59 + 10 

RUN 47B 

Bottom probe 18 + 1 0.04 + 0.008 9 

.Middle Probe 1 7 + 4  0.2 + 0.2 4 + 1  

Top Probe 9 15 2 . 1  0.2 _+ 0:2 2 

Gasifier  'Overhead 18 + 2 0.07 + 0.02 (b) - 

(a) Coal nitrogen was 20 and 17 lb/ton MAF coal f o r  Runs 47A and' 47B, 
respect,ively; (b) Does not include HCN remaining i n  unquenched product 
gas. . . 
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As illustrated in Figure 5, conversion of coal .nitrogen to ammonia in the 
Hygas gasifier(3,ll) correlates with gasifier carbon conversion. While the 
bulk of gasified coal nitrogen appears to report as ammonia, scatter introduced 
by varying coal types and the use of data from self-sustained (i.e., as opposed 
to steady state) plant operating per5ods casts some..doubt on this conclusion. 
Unfortunately, published information on production of HCN is not .currently 
available. 

Data summarized in Table 3 for the ~0~-~cce~tor,~asifier(4,8) shows 
production characteristics for ammonia, cyanide and thiocyanate measured at 
two l'ocations in the gasifier. These include: 1) gasifier outlet as deter- 
mined' by quench condensate analyses; and 2) probe.:measurement of the gasifier's 
internal chemical composition at and around the point of fresh coal feed in 
the base of the gasifier. Interesting characteristics of this dataset include: 

essentially complete conversion of coal nitrogen to ammonia, 

less than 0.5 percent of coal nitrogen reporting to cyanide and 
thiocyanate, and 

I 

within the variability in the data, ammonia production at the base of 
the gasifier is not significantly different than that measured at the 
gasifier outlet. 

Again, as in the case of .the Hygas, while available data are scattered, evidence 
points in the direction of substantial conversion of coal nitrogen to ammonia. 

GENERIC COAL GASIFICATION POLLUTANT 
PRODUCTION PATTERNS 

In order to design demonstration- and commercial-scale coal gasification 
processes which effectively optimize control of environmental characteristics, 
it is necessary to first es.timate pollutant production patterns for the gasi- 
fication step. The primary source of this data is generated at the pilot 
plant. However, since physical configuration and operating conditions of 
pilot plant and demonstration/commercial facilities are usually not identical, 
the eff-ects'of these differences must be taken into.consideration. Generic 
pollutant production ,patterns for hydrocarbon, nitrogen- and sul fur-bearing 
pollutants are presented, as they can pbtentially aid in the extrapolation of, 
PDU/pilot plant environmental databases. ' 

Hydrocarbon Productipn Patterns 

Production of.hydrocarbons during gasification is a function of coal 
devolatilization conditions and/or conditions which enhance thermal/catalytic 
decomposition of hydrocarbons. Variabilities in production seen between 
various pilot plant processes are shown in Table 4(1) and follow the identified 
trends, consisting of: 
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1 3  Minimal gas / so l id  contac t ing ,  temperature and gas residence time 
r e s u l t s  i n  high t a r ,  o i l  and phenol production. 

2) Extensive gas / so l id  contact'ing and temperature with minimal gas 
residence time r e s u l t s  i n  low t a r  production, high o i l  and phenols 
product ion. 

3) Extensive gas / so l id  contact ing,  temperature and gas res idence  time 
r e s u l t s  i n  low production r a t e s  f o r  t a r ,  o i l  and phenols. 

The extent  t o  which these  processing condi t ions  a r e  q u a n t i t a t i v e l y  r e p l i c a t e d  
i n  demonstration/commercial f a c i l i t i e s  w i l l  determine whether p i l o t  p lan t  
e n v i r o y e n t a l  da ta  bases a r e  adequate f o r  ext rapola t ing .  t o  l a r g e r  f a e c l i t i e s .  
In t h e  case  o f  the  Synthane process,  v a r i a b i l i t i e s  determined a t  t h e  PDU-scale 
were f u l l y  demonstrated a t  the  p i l o t - s c a l e ;  s u b s t a n t i a l  production o f  hydro- 
carbon t a r s ,  o i l s  and phenols occurred during f r e e - f a l l  coal  feeding, n e g l i -  
g i b l e  production o f  these  p o l l u t a n t s  occurred during deep bed- in jec t ion  coal  
feeding( l0) .  In cases  where process condi t ions  and conf igura t ions  a r e  sub- 
s t a n t i a l l y  d i f f e r e n t ,  more fundamental behavioral c h a r a c t e r i s t i c s  (e.g.,  
hydrocarbon decomposition k i n e t i c s ,  coal d e v o l a t i l i z a t i o n  c h a r a c t e r i s t i c s )  
w i l l  be necessary t o  proper ly  e f f e c t  database ex t rapo la t ion .  . . 

TABLE 4:  PROCESS VARIABLE AND HYDROCARBON PRODUCTION PATTERNS 
FOR SELECTED COAL GASIFICATION PROCESSES 

Process Variable ' . . 
Gas/Solid Contacting Residence ~ i m e  ~ 6 l i ~ i t a r i t  ' Pf6dQction 

Process Durinn Devo la t i l i za t ion  . a t  Temperature - Tars , ' O i l s  - "Phenols 

Synthane (a) Extensive Extensive Negl. Negl. Negl. 

C02-Acceptor Extensive Extensive Negl. Low Negl . 
HYgas Extensive Minimal Negl. High High 

Lurgi (b) Minimal Minimal High High High 

Synthane (c) Minimal Minimal High High High 

(a) Operating with deep bed- in jec t ion  of coal ;  (b) E i the r  dry ash o r  
s lagging opera t ion;  and (c)  Operating with f r e e - f a l l  coal  i n j e c t i o n .  

Production Pa t t e rns  o f  Nitrogen- and Sulfur-Bearing Po l lu tan t s  

Pa t t e rns  o f  r e l e a s e  o f  coal  n i t rogen t o  t h e  g a s i f i c a t i o n  environment have 
been demonstrated from both Hygas and C02-Acceptor d a t a  bases.  Corre la t ion  o f  
t h e  extent  o f  n i t rogen r e l e a s e  with g a s i f i e r  carbon conversion suggests  t h a t  
a t  minimum proposed commercial design carbon conversion l e v e l s  o f  90 percent ,  
90 t o  100 percent  of coal  bound ni t rogen should be re leased.  To t h e  extent  
t h a t  production t r ends  observed a t  both Hygas and C02-Acceptor p i l o t  p l a n t s  
a r e  d i r e c t i o n a l l y  c o r r e c t ,  t h e  bulk of  n i t rogen re leased  from t h e  coal  should 
repor t  a s  ammonia. 



A more basic understanding of pollutant characteristics can be obtained 
from the C02-Acceptor pilot plant data base for both nitrogen- and sulfur- 
bearing species.' Gasifier pollutant production(9) and probe study data(8) 
were analyzed for the following equilibrium reactions: 

H2S + CaC03 C02 + H20 + CaS (a) 

HCN + H20 * NH3 + CO (b 1 

Equilibrium constants were calculated using raw process gas and probe study 
data for reactions (a) and (b), respectively, and were 'individually plotted 
on a semi-logarithmic scale versus inverse absolute temperature (see Figure 6). 
Considering that pilot plant data was used in this analysis, good correspon- 
dence with equilibrium conditions in the gasifier was demonstrated. To the 
extent that correspondence with equilibri~,conditions'in t l ie .gasif ier  was 
demonstrated. To the extent that correspondence or approach 'to specific equili- 
brium conditions can be demonstrated for gas phase pollutant species, a 11seSu1 
tool for prediction of speciation in demonstration/commercial facilities could 
be available. 

I 

FUTURE NEEDS FOR ACHIEVING OPTIMAL CONTROL OF 
GASIFICATION .PROCESS ENVIRONMENTAL CHARACTERISTICS 

In order to optimize control of pollutant production from coal gasification 
processes, it is necessary to thoroughly understand variabilities inherent to 
production, distribution and residual emissions control. Areas which require 

. .... 
further efforts include: 

1) Production - Better characterization of pollutant production from 
pilot plant facilities is needed, especially for trace sulfur 
species and trace elements. Characterization data from low-BTU 
facilities is needed in particular. 

2) Distribution - Capabilities for precise simulation of raw gas quench 
systems must be developed. They must necessarily be based on the 
behavior of operating pilot plant quench systems. Similarly, behavior 
of trace pollutants across processes inherent to gas production must 
be quantified (e.g., COS hydrolysis over shift. catalysts). 

3) Control - Quantification of control system performance on coal gasi- 
fication process pollutant-bearing streams must be completed (e.g., 
biological wastewater treatment on the full range of aqueous pollu- 
tants). 

The extent to which the full range of options can be utilized to effectively and 
economically minimize environmental impacts will determine the feasibility of 
eventual coal gasification technology commercialization. 
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PROCESSING NEEDS AND METHODOLOGY FOR CONDENSATE WATERS 
FROM COAL CONVERSION 

C. Judson King 
University of California 

Berkeley CA 94720 

INTRODUCTION 

A contractors' workshop on the subject "Processing Needs and Methodology 
for Wastewat'er from Coal, Oil. Shale and Biomass Synfuel Processes" was held 
in Germantown MD on June.14115, 1979. The sponsor was the Division of 
Environmental Control Technology (ECT), Office of Environmental Compliance 
and Overview (ECO), '~ssistant Secretary for ~ivironment, U.S. Department of 
Energy.. Results of that workshop are include in a.report of the same name, 
published Spring 1980. Copies may be.obtained from the..Divlsion 
of. Environmental Control Teehnology. This paper: summarizes that 
report, which includes general conclusions "fromthe workshop, as well as 
status reports of the projects represented by the participants. 

Purposes of the workshop were several-fold. Water usages and general 
effluent situations were first surveyed. Next an effort was made to 
identify probable and possible water-treatment goals and regulations which 
will be in effect at the time of construction of synfuels plants. Various 
components of present water-processing technology were identified, and the 
capabilities, shortcomings and probable costs of these were assessed. Par- 
ticular attention was given to process reliability, which is a critical point 
for. plants of the size and cost projected for synfuels operations. This then 
led to identification of water-related environmental-control problems which 
seem to be particularly severe. Finally, overall conclusions and recomenda- 
tions were made. 

Although it was recognized that there are many different types of 
effluent waters from coal-conversion or other synfuels processes, it was de- 
cided to focus upon the process condensates -- water formed by condensation 
during cooling of reactor effluents. For a coal-gasification process this 
is the condensate from the main gasification reactor and from the shift con- 
verter. For oil shale, it is the retort water. The other water effluents 
will require treatment, as well, but most require less processing than the 
highly contaminated condensate waters. 

Although concentrations of various substances in condensate waters vary 
widely, th.ete are .several.common compositional characteristics: 

. . 

(,I) High. dissolved ammonia contents, ranging up to 20,000 ppm w/w. 

(2) High dissolved carbon dioxide contents, and, depending upon 
the sulfur level of the substrate, high H2S contents. 

(3)' In most cases the molar concentration of dissolved acid gases 
(C02, H2S) is roughly equal to the molar concentrations of 
dissolved NH3. ~xceptions include in-situ oil-shale retort 



waters where t h e r e  can be a l a r g e  sodium-ion 
concentrat ion from n a t u r a l  t rona,  with t h e . r e s u l t  t h a t  

Cco2 'exceeds C , and some coal-conversion waters where 
NH3 chlor ide  and/or s u l f a t e  a r e  present ,  and CNH exceeds 

'co2 + 'H~S*  3 

(4)  Since MI is  a s t ronger  base than CO and M S a r e  ac ids ,  
the  pH 02 condensate waters  i s  usualfy high: t y p i c a l l y  i n  
the  range 8.0 t o  9.5. 

(5) Because of (1) and ( 2 ) ,  the  waters  a r e  s t rong ly  buffered. 

(6) Organics loadings a r e  o f t e n  high,  with chemical oxygen.detnand 
(COD) ranging up t o  40,000 ppm and above. For coal-conversion 
waters  t h e  p r i n c i p a l  organics a r e  phenols; f o r  o i l -shale  re- 
t o r t  waters  they a r e  carboxylic ac ids .  

(7) Some known tox ic  substances a r e  present ,  including poly- 
nuclear  aromatic hydrocarbons, n i t rogen heterocycl . ics ,  
primary aromatic amines and arsenic. 

Coking e f f l u e n t  waters  from t h e  i r o n  and s t e e l  indust ry  have s i m i l a r  : 
c h a r a c t e r i s t i c s .  However, important d i f fe rences  a r e  t h a t  synfuels  condensate 
waters  have (1) much l a r g e r  flow r a t e s ;  (2) much g r e a t e r  proport ions of dis- 
solved CO (3) g r e a t e r  buffer ing;  (4) o f t en  higher concentrat ions of or- 

2 ;  ganics an  ammonia; and (5) possibly a g r e a t e r  proport ion of polyhydric 
phenols and problem t r a c e  organics.  

CAPABILITIES AND COSTS OF PRESENT TECHNOLOGY 

Table 1 lists current-technology processes,  along wi th  an ind ica t ion  of, 
substances removed and approximate cos t s .  It should be recognized t h a t  c o s t s  
w i l l  be highly v a r i a b l e  from s i t u a t i o n  t o  s i t u a t i o n ,  depending upon t h e  
s p e c i f i c  loca le ,  the  coal  o r  o the r  feedstock used, t h e  p a r t i c u l a r  conversion 
process, e t c .  I n  the  case  of steam str ippong f o r  ammonia removal, t h e  high 
cos t  r e f l e c t s  t h e  l a r g e  steam boil-up r a t i o s  required,  r e s u l t i n g  from low- 
e r ing  of the  v o l a t i l i t y  o£ ammonia by acid-base i n t e r a c t i o n s  i n  solut ion.  . .  . . -  
Costs i n  Table 1 a r e  those  which would be associa ted  w i t h '  clean-up t o  an 
ex ten t  allowing r e l e a s e  t o  the  environment. 

Figure 1 shows a poss ib le  treatment scenar io ,  giving c o s t s  of 7 t o  30 
$/lo00 gal lons  f o r  t h e  more contaminated waters  t o  meet present  s tandards,  
and c o s t s  up t o  $50/1000 ga l lons  projec ted  t o  meet poss ib le  f u t u r e  standards.  
Although these  coscs may seem high by water-treatment standards,  i t  should be 
recognized t h a t  the  waters  i n  ques t ion a r e  usual ly  highly conramined. Taking 
t y p i c a l  water throughputs of coal-conversion processes, t h e  c o s t s  indica ted  
i n  Table 1 and Figure 1 might correspond t o  roughly 5% of t h e  t o t a l  c o s t s  f o r  
t h e  conversion process. 

It is  reasonable t o  at tempt t o  es t imate  such c o s t s  now, i n  s p i t e  of the  
uncer ta in ty  regarding f u t u r e  s tandards  and process c a p a b i l i t i e s .  The t o t a l  
cos t s  of synfuels  p lan t s  a r e  a l s o  uncer ta in ,  and, even though water treatment 
c o s t s  a r e  a small  percentage of the  t o t a l  cos t ,  they a r e  l a r g e  enough t o  
g ive  s u b s t a n t i a l  economic incen t ive  f o r  improvement. 



. . .. 7 , . , Table 1. PRESENT TECHNoZOGY 

Process' 

Gravity Sepdration 

Steam stripping 

Solvent Extraction 

- Suspended matter with SG + 1 
NH3, H ~ S ,  HCN, C02, light organics 

Phenols, other organics, COD 

Biological Treatment Incomplete removal of COD? 
Surges., high loadings 

Carbon Adsorption 

Iron Precipitation 

Ozonation 

Wet-Air oxidati.on 

CO'S'~ t$/10'0 0 'gal ) 

Scavenges. heavy metals 

May be broadbrush. 

Broadbrush; poorly tested 

Ion Exchange 

Incineration 

Deep-well Injection 

Concentration .for Inorganics 

Process Modification (.i. e . , RECYCLE) 

* - Costs based on no significant prior roughing treatment. 

Prior ozonation helps 
Expensive if no regeneration 

var . 
10 - SO* 
25 or more 

If used as a finishing 

step, cost will be less. 
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1t is use fu l  t o  ca tegor ize  t h e  a v a i l a b l e  processing s t e p s  f o r  condensate 
waters. One c l a s s i f i c a t i o n  would separa te  those processes s u i t a b l e  f o r  or- 
ganics(biotreatment, ex t rac t ion ;  adsorption,  ozonation, inc ine ra t ion ,  wet-air 
oxidation) from those s u i t a b l e  f o r  inorganics (evaporation, reverse  osmosis, 
ion  exchange, Fe(0H) p rec ip i t a t ion) .  Another c l a s s i f i c a t i o n  i s  t h a t  shown 
i n  Table 2, d i f f e r e n h a t i n g  processes favored f o r  more concentrated waters  
from those favored f o r  more d i l u t e  waters. Table 3 b r e a k s , t h e s e  processes 
down still another way, d i s t ingu i sh ing  between' those which a r e  su i t ed  f o r  re- 
covery .of substances i n  unchanged form, those  which a r e  bes t  a s  f i n i s h i n g  
s t e p s ,  and those which serve t o  g ive  bulk des t ruct ion.  

It is important t o  i d e n t i f y  those synfuels  processes which a r e  l i k e l y  t o  
be n e t  consumers of water (conversion of high-grade coals ,  above-ground s h a l e  
r e t o r t i n g )  and t o  con t ras t - them wi th  those processes which a r e  1.lkely t o  be 
n e t  producers of water (conversion of peat  and l i g n i t e ,  in - s i tu  r e t o r t i n g  be- 
low t h e  water table ,  biomass' pyrolys is ) .  Processes i n  t h e  l a t t e r  category 
.lead t o  processing of more d i l u t e  waters, while f o r  t h e  n e t  water consumers 
the re  is  a very l a r g e  incen t ive  f o r  recycle  and buciding w a t e r  concentrat ions 
up t o  high l e v e l s  i n  smaller  water volumes, which' w i l l  therefore  be l e s s  ex- 
pensive t o  process. 

I n  v i e w  of the  s u b s t a n t i a l  c o s t s  projected f o r  waters  t o  be re leased 
from t h e  process, t h e r e  is a g rea t  incent ive  t o  develop technology f o r  sub- 
s t a n t i a l  recycle. A r e l a t i v e l y  s t ra ight forward recycle  would be a s  cooling- 
tower make-up. However, i t  is  a l s o  important t o  recognize t h a t  t h e  g a s i f i e r  
i t s e l f  i n  a coal -gas i f ica t ion process can se rve  f o r  u l t ima te  d isposal  of many 
po l lu tan t s .  Even though the re  w i l l  be an energy l o s s  associa ted  with vapori- 
za t ion of water recycled t o  t h e  g a s i f i e r ,  i t  i s  impor tant - to  quant i fy  what 
t h a t  energy l o s s  would be and t o  i d e n t i f y  t h e  ex ten t  of recycle  poss ib le  with- 
out  excessive processing d i f f i c u l t i e s ,  s ince  recycle  t o  the  g a s i f i e r  s~ou ld  
g r e a t l y  a l l e v i a t e  t h e  water-processing problem. Recycle of water t o  t h e  
g a s i f i e r  has been proposed f o r  use  wi th  t h e  Texaco entrained-bed slagging 
g a s i f i e r ,  and i n  a combination of t h e  Texaco g a s i f i e r  and t h e  sl-agging Lurgi 
moving-bed g a s i f i e r .  

CRITICAL ENVIRONMENTAL CONTROL ISSUES 

The following appear t o  be p a r t i c u l a r l y  important environmental-control 
i s sues ,  f o r  which so lu t ions  a r e  e i t h e r  not apparent o r  a r e  untested:  

(1) To ta l  dissolved so l ids .  Condensate waters  with a high.con- 
cen t ra t ion  of non-volat i le  inorganic s o l u t e s  pose problems 
f o r  r e l e a s e  t o  n a t u r a l  waterways. Recycle t o  t h e  g a s i f i e r  
may be a way of incorporat ing these  substances wi th  t h e  ash. 
Al ternat ively ,  expensive saline-water treatment technology 
w i l l  be  needed, with d i sposa l  by deep-well i n j e c t i o n  o r  
conversion i n t o  a non-leachable l a n d f i l l .  

i 

(2) Polynuclear aromatic hy'drocarbons, n i t rogen heterocycl ics ,  etc. 
Fragmentary evidence says t h a t  b i o l o g i c a l  t reatment does not  
handle these  w e l l ,  and t h a t  carbon adsorption may not  be f u l l y  
e f f e c t i v e  e i t h e r .  Ozonation, followed by carbon adsorption,  
may be e f fec t ive .  The problem is probably t o  a. l a r g e  ex ten t  
one of p a r t i c u l a t e s  removal. 



.' Table 2 

Ext rac t ion  

S t r i p p i n g  

Evaporation 

CATEGORIZATION 

.D k lu. 

Biologica l  Treatment 

Adsorption 

Ozonation 

Fe (OH) P r e c i p i t a t i o n ,  

Ion Exchange 



Recovery 

Extraction 

Stripping 

Table 3 

Carbon Adsorption 

Ozonation 

Bulk-Destruction 

Recycle to Gasifier 

Wet-Air Oxidation 

Biological Treatment 

Incineration 



(3) Ammonia or  n$.trate. Allowable e f f luen t  concentrations 
f o r  these  substances may be very low. Complications 
include the  f a c t s  t ha t  the  l a s t  ammonia may be held i n  
solut ion chemically and tha t  these compounds can be pro- 
ducts of biological  processing. 

(4) Color. M & I ~  synfuels condensate waters discolor  severely; 
i n  many cases this is a t t r i bu t ab l e  t o  polyhydric phenols.. 
Some.of these a r e  r e s i s t a n t  t o  biological  oxidation and a l so  
d i f f i c u l t  t o  ex t r ac t  from water. 

(5) Arsenic. It is conceivable t h a t  standards may become severe 
enough so t h a t  they a r e  very c lose  t o  the  detection l i m i t .  
The toxicological  . . s i t u a t i o n  is qui te  uncertain, however. 

(6) Boron. Boron i s  undesirable i n  waters t o  be used f o r  
i r r i ga t i on ,  and appears t o  pose a problem i n  in-s i tu  
oil-shale r e t o r t  waters. 

(7) Toxicity safeguard. A broadbrush f in i sh ing  s t ep  i n  t he  
treatment t r a i n  is desirable.  Greater knowledge is needed 
i n  order t o  evaluate t he  effectiveness of various f in i sh ing  
s teps  a s  t ox i c i t y  safeguards. 

(8) Disposal of sludges. How t o  do t h i s  is  uncertain a t  t h i s  
point, but t he  question should not provide a ba r r i e r  t o  
commercialization. 

(9) Carbon regeneration e f f luen t  and other secondary e f f luen ts .  
Attention must be paid t o  these, a s  well.  

CONCLUSIONS AND RECOMMENDATIONS 

1. There appear t o  be no insurmountable ba r r i e r s  t o  commercializa- 
t ion resu l t ing  from water-pollution problems. However, i n  
several  cases novel technorogy appears t o  be needed and i s  not 
w e l l  tested.  

There a r e  a number of generic problem areas  which cut  across 
d i f f e r en t  synfuels processes. These include ammonia removal, 
gross COD reduction, handling t r ace  l eve l s  of toxic  organics, 
and removal of color bodies. It would be cost-effective t o  
d i r e c t  more research toward these generic problems, a s  opposed 
t o  processing techniques f o r  spec i f i c  processes, many of which. 
can be expected t o  change subs tan t ia l ly  (or disappear) before 
commercialization. 

3. For t he  more contaminated condensate waters, processing cos t s  
f o r  water t o  be released can reach or  exceed $5011000 gallons. 

4. Water handling should be considered a s  an i n t eg ra l  pa r t  of 
the  main synfuels process, ra ther  than a s  an add-on. 

5. Especially f o r  feedstocks f o r  which the  process w i l l  be a ne t  
consumer of water, there  is  a strong incentive f o r  water recycle. 



Physicochemical process ing  ( s t r i p p i n g ,  e x t r a c t i o n ,  e t c . )  
i s  r e l a t i v e l y  more f avo rab le  under cond i t i ons  of s u b s t a n t i a l  .: 

I .  

r ecyc le ;  b i o l o g i c a l  t rea tment ,  ozonat ion,  e t c . ,  a r e  more 
favored f o r  water t o  be r e l ea sed .  - i. - L 

Ultimate d i s p o s a l  of s ludges  and secondary e f f l u e n t s  r e q u i r e s  . ' 

a t t e n t i o n .  - , 

Some s o r t  of f i n a l ,  broadbrush, safeguard t rea tment  i s  
des i r ab l e .  

I n  many cases  b io t rea tment  has  no t  been a b l e  t o  accomplish. 
more than  a  60 t o  75% reduc t ion  i n  COD. I t ' m a y  be  promising 
t o  lobk at innovat ive  approaches f o r  b i o l o g i c a l  processing.  

so lven t  e x t r a c t i o n  should be an e f f e c t i v e  a l t e r n a t i v e  f o r  
g ros s  reduct ion  of COD. 

Wet-air ox ida t ion  may be ' d e s i r a b l e  f o r  broadbrush t rea tment  
of smal l  volumes of h igh ly  concent ra ted  condensate water .  
It should be  b e t t e r  cha rac t e r i zed .  

Polyhydric  phenols have rece ived  l i t t l e  a t t e n t i o n  i n  t h e  pas t .  
They a r e  problematic  compounds, r e q u i r i n g  more i n t e n s i v e  

.. . 
cons ide ra t ion . '  

A pre l iminary  s e p a r a t i o n  of i no rgan ic  s o l u t e s  from o rgan ic  
s o l u t e s  may be use fu l .  

Evaluat ion of water-processing methods is cons iderably  com- 
p l i c a t e d  by u n c e r t a i n t y  regard ing  f u t u r e  s tandards .  

Waters w i t h  h igh  t o t a l  d i s so lved  s o l i d s  con ten t s  pose 
s p e c i a l  problems. 

Process ing  approaches f o r  polynuclear  compounds should 
r ece ive  more a t t e n t i o n .  

E f f e c t s  of s t r o n g  and moderately s t r o n g  a c i d s  on ammonia 
v o l a t i l i t y  should be b e t t e r  cha rac t e r i zed ,  i n  ca ses  where 
t h e r e  may be unexpected a s s o c i a t i o n  complexes. 
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I n t r o d u c t i o n  

The o b j e c t i v e  o f  t h i s  paper i s  t o  p r e s e a t  a b r i e f  overview o f  t h e  s t a t u s  o f  
enhanced o i l  recovery  (EOR) i n  t h e  U.S., with p a r t i c u l a r  emphasis on t h e  
a c t i v i t i e s  o f  t h e  DOE S e c r e t a r i a t s  f o r  F o s s i l  Energy and t h e  Environment. A s  
t h e  a c t i v i t y  i n  EOR expands, due t o  t h e  economic p re s su re s  t o  produce domestic 
o i l ,  many new f i e l d  tests ,  both developmental and commercial, a r e  g e t t i n g  
underway. Th i s  involves  t h e  u se  o f  t h e  newer thermal  and chemical t echniques  
which p re sen t  p o s s i b l e  a i r  and water po l lu t i b r i  problems. T t iu~  t! ueed t o  
a l l e v i a t e  enviornmental concerns a r i s e s .  

I n  t h e  two S e c r e t a r i a t s  f n v 6 l ~ e d ,  work o n  EOR elluiroumental problcmo haa been 
acce l e r a t i ng .  The t iming o f  t h e  EOR expansion t e c h n i c a l l y  and commercially 
i s  such t h a t  t h e  neces sa ry  environmental  p lanning ,  a l though n o t  e n t i r e l y  
completed, i s  adequate and ready. The environmental problems and probable  
s o l u t i o n s  a r e  presented.  



Where We Are i n  Enhanced O i l  Recovery (EOR) i n  t h e  U.S. 

Conven t iona l  pr imary and secondary  o i l  r e c o v e r y  from e x i s t i n g  U. S. r e s e r v o i r s  
h a s  l e f t  behind two- th i rds  o f  t h e  o r i g i n a l  o i l  i n  p lace .  Thus t h e  t a r g e t  f o r  
EOR i s  l a r g e ,  perhaps  t h e  l a r g e s t  l i q u i d  hydrocarbon s o u r c e  i n  t h e  U.S. ( o t h e r  
t h a n  s h a l e  o i l ) .  Out o f  r o u g h l y  440 b i l l i o n  b a r r e l s  d i s c o v e r e d ,  we have 
r e c o v e r e d  106 b i l l i o n  and have  r e s e r v e s  by c o n v e n t i o n a l  methods of  34 b i l l i o n .  
T h i s  l e a v e s  a s  t h e  EOR t a r g e t  300 b i l l i o n  b a r r e l s  which c a n  b e  f u r t h e r  s u b d i v i d e d  
i n t o  230 b i l l i o n  b e r r e l s  o f  PiqliL u i l ,  ruuqhly  90 b i l l i o n  o f  heavy,  and 8U 
b i l l i o n  o f  r e c o v e r a b l e  bitumen from t a r  sands .  

Enhanced o i l  r e c o v e r y  i s  f i n a l l y  b e g i n n i n g  t o  r e c e i v e '  t h e  a t t e n t i o n  i t  d e s e r v e s .  
Our g r e a t e s t  need i s  f o r  t r a n s p o r t a t i o n  hydrocarbon f u e l s ,  and t h e  l i g h t  and 
heavy r e s i d u a l  o i l  i n  p l a c e  i s  an a t t r a c t i v e  t a r g e t .  Although t h e  o i l  ind 'us t ry  
h a s  r e s e a r c h e d  enhanced r e c o v e r y  f o r  20 y e a r s ,  p r o d u c t i o n  by  EOR h a s  been' 
c o n s t r a i n e d  by incomplete  t echno logy  and u n f a v o r a b l e  economics. Only i n  t h e  
p a s t  few y e a r s  h a s  t h e  t echno logy  advanced enough t o  g i v e  some c o n f i d e n c e  o f  
p r e d i c t a b i l i t y  i n  f a v o r a b l e  r e s e r v o i r s ,  and o n l y  i n  t h e  p a s t  18 months have t h e  
p r i c e s  been adequa te  t o  encourage  some t e c h n i q u e s .  The t echno logy  a s  a  whole 
i s  n o t  comple te ,  and t h e  v i t a l  r o l e s  o f  r e s e r v o i r  d e s c r i p t i o n  and mineraoLogy 
have come t o  b e  recognized.  

In o r d e r  t o  r educe  any f u t u r e  p o t e n t i a l  env i ronmenta l  problems a s s o c i a t e d  w i t h  
expanding EOR a p p l i c a t i o n ,  DOE h a s  fo rmula ted  a n  "EOR Environmental  Development 
Plan." T h i s  p l a n  i d e n t i f i e s  EOR e n v i r o n m e n t a l  c o n c e r n s  which r e q u i r e  s t u d y  i n  
o r d e r  t o  a s s u r e  env i ronmenta l  a c c e p t a b i l i t y .  Many o f  t h e s e  s t u d i e s  a r e  
a l r e a d y  underway, and o t h e r s  a r e  p lanned f o r  o u r  f u t u r e  EOR t e s t s .  
F o r t u n a t e l y  i n  most c a s e s  t h e s e  env i ronmenta l  c o n c e r n s  a r e  n o t  insurmountable .  
The t a r g e t  p r o d u c t i o n s  o f  o i l  by EOR a r e  s i g n i f i c a n t :  0.6 t o  0.8 m i l l i o n  bpd by 
1985 and 1.6 t o  2.0 m i l l i o n  by  1990. 

The F e d e r a l  Role I n  EOR 

Research and development on EOR began i n  t h e  1 9 5 0 ' s  i n  t h e  Bureau o f  
Mines, and s l o w l y  expanded th rough  ERDA i n t o  DOE, where two major  s e c r e t a r i a t s  
a r e  involved.  EOR t echno logy  i n  DOEIERDA expanded r a p i d l y  between 1975 and 
1979 up t o  a  maximum 1919 budge t  o f  $54 m i l l i o n .  I n  t h e s e  y e a r s  t w o - t h i r d s  o f  
t h e  budget  went i n t o  c o s t  s h a r i n g  o f  twenty-seven f i e l d  tests,  t wenty- three  o f  
which c o n t i n u e .  These a r e  t a b u l a t e d  i n  T a b l e  1. ( 2 ) .  



TABLE 1 

DOE CONTRACTS FOR EOR FIELD TESTS 
(Million Dollars) 

Planned 
Completion 

field Locationr Date 
Total 
Cost 

DOE 
Share Program 

Micellar Polymer 
Flooding 

Operator 
- - 

Cities Service, Inc. 
Phillips Petroleum Co. 
Penn Grade Crude 

Oil Assoc. 
Gary Operating Co. 
City of Long Beach 
Marathon Oil Co. 
Continental Oil Co. 

E l  Dorado, KS 
Burbank Fielu. OK 

Bradfard Field, PA 
Bell Creek Field, M T  
Wilmington Fiield, CA 
Robinson Field, IL 
Big Muddy Field, WY 

Total 

C02 Flooding Gulf Oil Co. 
Columbia Gas 

Trans. Corp. 
Pennzoil Co. 
Shell Oil Company 

Little Knife Field, ND 

Granny's Creek Field, WV 
Rock Creek Field, WV 
Weeks Island Field, LA 

Total 

Improved 
Waterflooding 

Kewanee Oil Co. 
Shell Oil Co. 
City of  i o n g  Beach 
Aminoil 
ERCO 

Stanley Stringer Field, OK 
East Coalinga Field, CA 
Wilmington Field, CA 
Huntington Beach, CA 
Storms Pool Unit, IL  

Total 

Thermal Recovery 7.3 2.5 Husky Oil Co. Paris Valley Field, CA 1 180 
0.8 0.7 Carmel Energy Co. Carlyle Field, KS 6/79 
8.7 2.0 Getty Oil Co. Cat Canyon Field, CA 5/81 
8.2 3.1 Cities Service, Inc. Bellevue field, LA 6/82 
8.2 1.7 Chanslor Western Co. Midway Sunset Field, CA 6/83 

11.3 4.4 General Crude Oil Co. Lynch Canyon Field, CA - - 9/85 
Total 44.5 14.4 



In  FY 1980 t h e  DOE Management i n s t r u c t e d  t h e  ERA t o  formula te  and a u t h o r i z e  
ru le -making  t o  permit s e l f - c e r t i f y i n g  i n c e n t i v e  f i e l d  t e s t i n g  by r a i s i n g  
t h e  p r i c e  o f  c o n t r o l l e d  o i l  i n  s u f f i c i e n t  q u a n t i t y  t o  world market p r i c e  t o  
accumulate $20 m i l l i o n  f o r  each p rope r ty  t e s t ed .  By February 15, 1980 about 
s i x t y  a p p l i c a t i o n s  were received.  Forty-one a r e  t a b u l a t e d  ( th rough 
February 7 ,  1980) a s  Table 2. ( 3 ) .  This  pe rmi t s  r educ t ion  i n  t h e  DOEIEOR 
budget f o r  c o n t i n u a t i o n  o f  i t s  RbD e f f o r t ,  and e s t ab l i shmen t  and a n a l y s i s  
o f  an EOR d a t a  base. 

With t h e  expansion o f  f i e l d  t e s t i n g  and DOE'S commitment t o  technology environ-  
men ta l l y  accep tab l e ,  t h e  Environmental Development P l an  mentioned e a r l i e r  plays '  
a  key r o l e  i n  a s su r ing  t h a t  a p p r o p r i a t e  environmental  RCD e f f o r t  i s  conducted 
e i t h e r  in-house o r  by u n i v e r s i t i e s  o r  c o n t r a c t o r s .  * 

I n  a d d i t i o n ,  each  f i e l d  test c o n t r a c t  i nc ludes  environmental  moni tor ing  
p rov i s ions  and any r e q u i r e d  m i t i g a t i o n  measures neces sa ry  t o  f u l l y  comply wi th  
f e d e r a l ,  s t a t e ,  and l o c a l  environmental  permi ts  a n d ' r e g u l a t i o n s .  DOE F o s s i l  
Energy h a s  a l s o  i n i t i a t e d  a c t i o n  f o r  t h e  development o f  a  Programmatic 
Enhanced O i l  Recovery Impact Statement .  This  Statement  when f i n a l i z e d  w i l l  
f u r t h e r  a s s e s s  technology-wide environmental  impacts  and w i l l  p rov ide  i n fo r -  
mation r ega rd ing  any a d d i t i o n a l  measures t h a t  should be  taken  t o  a s s u r e  environ-  
mental  compliance fo r  t h e  o ~ l t y e a r  expansion o f  E O ~ ,  

The Processes  

These have been desc r ibed  adequate ly  i n  preceding documentation enough t o  r e q u i r e  
o n l y  t h e  b r i e f e s t  d e s c r i p t i o n  here .  I n  t h e  thermal  processes ,  a p p l i e d  mainly 
t o  v i s cous  (heavy)  o i l  o r  t a r  sands r e s e r v o i r s ,  s team o r  steam and f l u e  gas  a r e  
i n j e c t e d  i n t o  o i l  sands t h r u  i n j e c t i o n  w e l l s .  The p a r t i a l l y  condensed steam and 
heated o i l  a r e  forced toward producing wells. An a l t e r n a t i v e  i s  t o  i n j e c t  
compressed a i r  and p a r t i a l l y  burn t h e  heavy ends  o f  t h e  o i l  i n  p l a c e  and f d r c e  
t he  remaining 1 i g h t e r  components and products  o  f  combust i on  toward producing 
w e l l s .  Water may be  i n j e c t e d  w i th  t h e  a i r ,  once i n  s i t u  combustion i s  
e s t a b l i s h e d .  

The chemical p rocesses  a r e  v a r i e d  i n  na tu re .  .The s imp le s t  i s  perhaps t h e  5 
i n j e c t i o n  o f  d i l u t e  c a u s t i c  soda o r  sodium o r t h o s i l i c a t e  i n t o  o i l  sands,  
where c rude  d e t e r g e n t s  may be  formed wi th  t h e  o r g a n i c  a c i d  components. These 
reduce s u r f a c e  t ens ion ,  and permit  g r e a t e r  o i l  recovery.  Where mobi le  o i l  
s t i l l  remains i n  t h e  r e s e r v o i r ,  polymer-thickened water may b e  used  a s  a  
m o b i l i t y  c o n t r o l  agent  t o  improve sweep e f f i c i e n c y  . 
The most s o p h i s t i c a t e d ,  and perhaps t h e  most v e r s a t i l e  p r o f e s s ,  m i c e l l a r -  
polymer o r  microemulsion, i s  s lowly  ga in ing  r e c o g n i t i o n  because o f  i t s  
p o t e n t i a l  c o s t  e f f e c t i v e n e . ~ ~ .  A f t e r ,  p.ref l u s h ,  i f  neces'sary,  a  microemulsion 
s l u g  o f  s u r f a c t a n t ,  c o s u r f a c t a n t  (h ighe r  a l c o h o l s )  , l i g h t  hydrocarbon o i l  



TABLE 2 

RESULTS OF RAIERA FINANCIAL INCENTIVE 
APPLICATIONS AS OF FEB. 7,1980 

- 41 Projects have been Received as of February 7, 1980 
- 18 Projects Use Existing Technology; Will Add Little 

New Technology 
- 23 are Advanced Technology, but Few are Aimed High 

Production Targets 
The Projects Received to  Date are Summarized Below: 

Number of 
Proposak 

Current Technoloaies 

Target 
Ul tirrrate 1990 
Recovery Production 

(Billion Bls) (M BID) 

Heavy Oil: Shallow steam/ 
Combustion 12 

Light Oil: CO, in SW Carbonates1 - 
Polymer 6 - 

Low Risk, Low Yield Technologies 

Heavy Oil: lmproved Combustion 
Light Oil:. lmproved Waterflood 

Higher Risk, ~ i g h e s t  Yield Technologies 

~ b a v ~  Oil: Steam w l  Additived 
Deep Steam 
Non-Petroleum Fuels 

' Environment/lnstitut. 
Light Oil: CO, w /  Mobility Control 

COz in Other Carbonate, 
Sandstone 

COz:Offshore 
' COZ Supplies 

lmproved Chemical 
Thermal w /  Light Oil ' 

Tar Sands and Special Targets: - 4 



and water o r  b r i n e  i s  i n j e c t e d  t o  t h e  e x t e n t  o f  perhaps 10 percent  o f  t h e  
pore volume. This  reduces s u r f a c e  t e n s i o n  and r e l e a s e s  r e s i d u a l  o i l .  The 
banked o i l  i s  t hen  swept e f f i c i e n t l y  toward producing w e l . 1 ~  t h e r e a f t e r  wi th  
a t ape red  polymer-thickened w a t e r  f lush .  The v i s c o s i t y  .of t h e  polymer 
s o l u t i o n  i s  c a r e f u l l y  ad jus ted .  The t o t a l  volume o f  polymer s o l u t i o n  may 
reach  10 pore volumes. 

F i n a l l y ,  carbon d i o x i d e ,  e i t h e r  l i q u i d  o r  a s  t h e  gas ,  o f t e n  a l t e r n a t e d  wi th  
wa te r ,  may be  inject 'ed i n  ' o i l  sands. It w i l l  do s e v e r a l  f avo rab l e  t h i n g s ,  
such a s  reduce v i s c o s i t y ,  reduce s u r f a c e  t e n s i o n ,  swell t h e  o i l ,  and d i s t i l l  
l i g h t  .components t o  enhance production. Combination processes  a r c n o w  appear ing  
such a s  carbon d iox ide  - s u r f a c t a n t . .  foams, s team wi th  a d d i t i v e s ,  and o the r s .  

The Environmental Problems 

In  t h e  s tudy  o f  t h e  environmental a s p e c t s  o f  EOR, e i g h t  a r e a s  o f  concern  a r e  
h igh l igh t ed  i n  t h e  EDP: a i r  p o l l u t i o n ,  ground water  p o l l u t i o n ,  water  u se ,  waste  
water e f f l u e n t s ,  s o l i d  was tes ,  occupa t iona l  s a f e t y  and h e a l t h ,  p h y s i c a l  d i s t u r -  
bance and n o i s e  (6) .  The g r e a t e s t  problems occur  from a i r  o r  water  p o l l u t i o n ,  
and t h e s e  w i l l  be d i scussed  sepa ra t e ly .  

I. A i r  P o l l u t i o n :  The p r i n c i p a l  problems a r i s e  from t h e  thermal  processes  
processes  o f  s teamflooding and i n  siCu combustion. The former h a s  been app l i ed  
a p p l i e d  most o f t e n  t o  heavy o i l  f i e l d s  i n  C a l i f o r n i a ,  beginning about  1960. 
Dozens o f  i n s t a l l a t i o n s  o f  o i l  f i e l d  steam g e n e r a t o r s  e x i s t ,  p r i m a r i l y  i n  four  
l a r g e  f i e l d s ,  i.e., Kern River ,  Midway-Sunset, San Ardo and Coalinga. (7) .  
The a i r  p o l l u t i o n  problems a r i s e  main ly  from t h e  steam gene ra to r  s t a c k  gases .  
The gene ra to r  s i z e s  a r e  commonly 20 m i l l i o n  o r  50 m i l l i o n  Btulhour. 

A t t e n t i o n  has  cen t e r ed  on SO2, NOX and p a r t i c u l a t e s ,  a l though carbon  
monoxide and hydrocarbons a r e  n o t  overlooked. For t h e  t y p i c a l  s i z e  steam 
gene ra to r s  burning a t y p i c a l  1.1 pe rcen t  s u l f u r  produced heavy c rude ,  
t h e  fo l lowing  q u a n t i t i e s  o f  t h e s e  3 p r i n c i p a l  p o l l u t a n t s  w i l l  b e  emi t t ed  (8).  

Table '3 ( s e e  a t t ached  s h e e t )  

I f  t h e s e  q u a n t i t i e s  a r e  m u l t i p l i e d  by 275 gene ra to r s ,  t h e  c u r r e n t  e s t i m a t e ,  
t h e  p o l l u t i o n  i s  s i g n i f i c a n t  f o r  t h e  heavy o i l  f i e l d s  o f  Ca l i fo rn i a .  I n  
o t h e r  s t a t e s  t h e  problem i s  n o t  a s  severe. .  Roughly h a l f ' o f  t h e  U.S. heavy 
o i l  r e s e r v e s  a r e  i n  C a l i f o r n i a ,  and t h e  r e s e r v o i r s  a r e  amenable t o  steam 
product ion.  

For f l u e  gas' d e s u l f u r i z a t i o n ,  a l k a l i n e  s c rubbe r s  a r e  now be ing  i n s t a l l e d  i n  
many C a l i f o r n i a  o i l  f i e l d  steam genera tors .  Using non-regenerable sodium 
carbonate  o r  sodium hydroxide,  t h e s e  s c rubbe r s  a r e  90 percent  e f f i c i e n t  , and 
w i l l  do t h e  job for 'now.  



TABLE 3 

EMlSSlONS FROM TWO SIZES OFSTEAM GENERATORS. 

so2 No, PARTICIPATORS 

Lbs - Lbs - Lbs 
Bbl ~ m t u  Hr - - 

20MMBtuIHr 8.0 1.3 27 

Lbs - Lbs - Lbs 
Bbl ~ W t u  iHr - - 

Lbs - Lbs - Lbs 
Bbl ~ W t u  Hr - - 



NO p r e s e n t s  more d i f f i c u l t  problems. Low exces s  a i r ,  low N% burne r s ,  ammonia Y 
i n j e c t  ion and c a t a l y t i c  reduc t  ion a r e  under c o n s i d e r a t  ion  f o r  new permits.  The 
Exxon-developed ammonia i n j e c t i o n  method i s  o f t e n  e f f e c t i v e ,  bu t  n o t  i n  a l l  
c a se s .  

The p a r t i c u l a t e  removal problems may b e  p a r t i a l l y  so lved  by t h e  a l k a l i n e  
scrubbers .  I f  t h e  removal e f f i c i e n c y  i s  not  85' pe rcen t  o r  b e t t e r ,  however, 
then o t h e r  methods such a s  cyc lones ,  bag f i l t e r s  o r  e l e c t r o s t a t i c  p r e c i p a t p r s  
may b e  r equ i r ed .  

A t  t h e  p re sen t  t i m e ,  i n  view o f  t h e  urgent  need t o  reduce o i l  impor t s ,  t h e  
C a l i f o r n i a  o i l  producers  and C a l i f o r n i a  A i r  Resources Board (CARB) a r e  
coopera t ing  and compromising s o  t h a t  many new s teamfloods a r e  planned i n  
Cal i forn . ia  and i n  o t h e r  s t a t e s .  

The a i r  p o l l u t i o n  problems from i n  s i t u  combustion a r e  n o t  d i s s i m i l a r  t o  
t h o s e  o f  s t a c k  gas  emissions from steam genera tors .  Af t e r  pa s s ing ' t h rough  
t h e  s t o c k  t anks ,  t h e  l i g h t  hydrocarbons must b e  recovered by n a t u r a l  g a s o l i n e  
type  p roces s ing ,  a f t e r  which t h e  p o l l u t a n t s  from combustion must be  handled 
s i m i l a r l y  t o  t h e  steam genera tors .  

I1 Ground and Sur face  Water P o l l u t i o n :  The more s e r i o u s  environmental.  
ptobl-ems are presen ted  by t h e  p o s s i b l e  contaminat ion from EOR p roces se s  i n  
underground a q u i f e r s .  Without DOE'S c u r r e n t  s t u d i e s  t h i s  could  go  undetec ted  
f o r  long pe r iods  o f  t i m e ,  a f t e r  which l i t t l e  could  b e  done about  it.. Most 
u s e f u l  f r e s h  water a q u i f e r s  a r e  f o r t u n a t e l y  n o t  a t  g r e a t  dep ths ,  and t h e  
petroleum i n d u s t r y  on t h e  whole i n  r e c e n t  y e a r s  h a s  l ea rned  t o  meet t h e  
r equ i r ed  r u l e s  with r e s p e c t  t o  d i s p o s a l  of  produced b r i n e ,  o i l  s p i l l s , .  l e a k s  
from corroded c a s i n g s  o r  n a t u r a l  f r a c t u r e s ,  and f u g i t i v e  hydrocarbon leaks ,  
This  h a s  no t  always been 100 percent  t r u e ,  a l though t h e  r eco rd  o f  t h e  o i l  
i n d u s t r y  a s  a  whole i n  r ecen t  y e a r s  h a s  been q u i t e  good. This  undoubtedly 
comes from simple economics p lus  p r e s s u r e  from r e g u l a t o r y  bodies .  

Somewhat g r e a t e r  r i s , k s  a r i s e  wi th  EOR, p a r t i c u l a r l y  t h e  chemical  processes .  
The r i s k s  from t h e  thermal processes  would be  r ep re sen t ed  by l e a k s  o f  
condensed steam, o r  o i l  emulsions i n t o  aqu i f e r s .  Carbon d iox ide  p e r  se 
p re sen t s  l i t t l e  r i s k  and i s  g e n e r a l l y  non-toxic u n l e s s  i t  q o n t a i n s  H2 S. 

Genera l ly  speaking i t  i s  economical ly  impera t ive  t h a t  EOR f l u i d s  b e  conta ined  
i n  and pass  through t h e  intended o i l  sand a r ea s .  I n  developmental,  sma l l  
tests t o  d a t e  t h i s  h a s  no t  always occ~; r red ,  b u t  s o p h i s t i c a t i o n  i s  developing 
r ap id ly .  A lka l ine  s o l u t i o n s  w i l l  be  consumed t o  a  c o n s i d e r a b l e  e x t e n t  i n  
pass ing  through o i l  sands ,  e i t h e r  by r e a c t i o n  wi th  r e s e r v o i r  rock  o r  c l a y s ,  o r  
crude o i l  r eac t ions .  That which may b e  i n  t h e  produced b r i n e  must e i t h e r .  b e  
r e i n j e c t e d  o r  n e u t r a l i z e d .  



A l i s t  o f  some o f  t h e  most common c h e m i c a l s  t h a t  a r e  b e i n g  used today  i n  o i l  
fields i s  p r e s e n t e d  i n  Tab le  I V .  The c h e m i c a l s  a r e  g e n e r a l l y  w e l l  known 
o r g a n i c  p r o d u c t s  , and t h e i r  t o x i c i t y  and 1 l m l t i n g  C ~ ~ C ~ R ~ T ~ L ~ U I ~ S  i u  LL ash 
w a t e r  e s t a b l i s h e d .  Toxic . i ty  w i l l  v a r y  widely .  S u r f a c t a n t  s l u g s  w i l l  c o n t a i n  
50 t o  70 p e r c e n t  w a t e r ,  w i t h  t h e  remainder  b e i n g  s u r f a c t a n t ,  c o s u r f a c t a n t ,  
hydrocarbon  and b a c t e r i c i d e s .  Polymer s o l u t i o n s  w i l l  u s u a l l y  have 0.1 p e r c e n t  
h a v e  0.1 p e r c e n t  c o n c e n t r a t i o n  o r  l e s s .  BETC completed a  r e v i e w  o f  t h e  t o x i c i t y  
o f  EOR c h e m i c a l s  i n  February  1980. T h i s  work w i l l  b e  p u b l i s h e d  a s  soon a s  
f e a s i b l e  t h i s  y e a r  and i t  may a l s o  b e  p r e s e n t e d  i n  summary form a t  ttie a n n u a l  
S o c i e t y  o f  Pet roleum E n g i n e e r s  Meet ing i n  Oc tober  1980, D a l l a s ,  Texas. 

These m i c e l l a r  c h e m i c a l s ,  i f  r e l e a s e d  from t h e  011 s a n d s  or wells, w i l l  
d e c r e a s e  i n  c o n c e n t r a t i o n  w i t h  t i m e  and d i s t a n c e  i n  t r a v e l l i n g  th rough  
underground g e o l o g i c a l  s t r a t a  by a d s o r p t i o n ,  d i l u t i o n ,  chemica l  decompos i t ion  
and b i o d e g r a d a t i o n .  Thus i n  t h e  u n l i k e l y  e v e n t  t h a t  s u c h  c h e m i c a l s  a r e  
r e l e a s e d ,  t h e i r  c o n c e n t r a t i o n s  w i l l  u s u a l l y  b e  below t o x i c  l e v e l s .  Many 
a q u i f e r s  n e a r  o i l  r e s e r v o i r s  a r e  s a l i n e  and t h u s  n o t  u s e f u l  t o  humans o r  . 

an imals .  Most u s e f u l  a q u i f e r s  a r e  above t h e  o i l  s a n d s  t o  b e  f looded  and 
c o n t a m i n a t i o n  i s  t h u s  u n l i k e l y .  C u r r e n t  s t u d i e s  a r e  underway a t  t h e  B a r t l e s v i l l e  
Energy Technology Cen te r  t o  a s s u r e  long-term chemica l  a c c e p t a b i l i t y  from a n  
e n v i r o n m e n t a l  p o i n t  o f  view. 

I n  some c a s e s  d i s p o s a l  o f  produced b r i n e s  c o n t a i n i n g  s m a l l  q u a n t i t i e s  o f  t h e s e  
c h e m i c a l s  may n o t  b e  p r a c t i c a l  by  i n j e c t i o n  i n t o  d e e p  g e o l o g i c a l  s t r a t a .  I n  
t h e s e  c a s e s  e i t h e r  r e c y c l e  ( u s u a l l y  d i f f i c u l t ) ,  b i o d e g r a d a t i o n  o r  chemica l  
d e s t r u c t i o n  w i l l  b e  n e c e s s a r y .  

The impac t s  o f  EOR on s u r f a c e  w a t e r s  a r e  minimal .and appear  t o  b e  c o n t r o l l e d  
a d e q u a t e l y  by t h e  Clean Water Act and s t a t e  r e q u l a t i o n s .  Many EOR o p e r a t i o n s  
w i l l  have  no s u r f a c e  d i s c h a r g e  o f  wa te r .  A c c i d e n t a l  s p i l l s  o f  o i l ,  c h e m i c a l s  
o r  b r i n e s  must  b e  h a n d l e d  by  S p i l l  P r e v e n t i o n  Cont ro l .  ( 1 )  These p r e v e n t i v e  
measures  a r e  r e q u i r e d  i n  DOE test  c o n t r a c t s .  

Water u s e  f o r  chemica l  f l o o d i n g  p u r p o s e s  h a s  been s t u d i e d  by  a r e a s ,  and 
s u p p l y  problems may o c c u r  i n  some. T h i s  s t u d y  i s  incomple te .  

111. O t h e r  ~ n v i r o n m e n t a l  Problems: P h y s i c a l  d i s t u r b a n c e s  o f  a  s e i s m i c  n a t u r e  
h a v e  o c c u r r e d  i n  a  few c a s e s  by p r e s s u r e  i n j e c t i o n  o f  f l u i d s ,  p a r t i c u l a r l y  . . 

n e a r  g e o l o g i c a l  f a u l t s .  I t  i s  a  h a z a r d  which luust b e  c o n s i d e r e d  as p o s s i b l e  
i n  s p e c i f i c  t y p e s  o f  g e o l o g i c a l  s t r u c t u r e s .  BETC i s  p r e s e n t l y  i n i t i a t i n g  a  
s t u d y  o f  induced s e i s m i c i t y  and s u b s i d e n c e  caused  by  t h e  i n j e c t i o n  o f  chemical  
s o l u t i o n s  and chemica l  breakdown o f  t h e  r o c k  s k e l e t o n .  



TABLE 4 

COMMON CHEMICALS USED IN POLYMER OR 
MICROEMULSION FLOODING 

Surfactants Cosurfactants 

Olefin Sulfonates 
Alkyl Aryl Sulfonates 
Diethyleneglycol . . 

Sulfate - 
Dodecyltrimethyl 

Ammonium 
_ Chloride 
Polyglycerol 

M onolaurate 
Sodium Lauryl 

Sulfonate 

Amino Compounds 
N. Butanol 
Cyclohexanol 
lsobutanol 
lsopropanol 
Ketones 
Gluteraldehyde 
Zpentanol 

Polymers Bactericides 

CMC 
Polyacrylamide 
Polysacc ha rides 
Polyethylene 

Oxide 
Carboxyvinyl 

Polymer 
Ketoses 
Aldoses 

Sodium Dichloro- 
Phenol 

Dosium Pentachloro- e a 

Phenol +" 

Aldehydes 
Alkyl Amines 
Alky Phosphates 
Chlorinated phenols 



Noise p o l l u t i o n  from compressors,  pumps and steam gene ra to r s  l e n d s  i t s e l f  
t o  conven t iona l  remedies. The same can  be  s a i d  o f  occupat iona l  s a f e t y  and 
h e a l t h  r u l e s  governing t h e  handl ing  o f  t o x i c  chemicals ,  flammable l i q u i d s  
and gases ,  hydrogen s u l f i d e ,  and o i l  f i e l d  machinery. Few unusual  hazards  
a r e  p re sen t ed ,  and these .  concerns have a s s o c i a t e d  m i t i g a t i n g  measures. 

I V .  Monitoring Systems f o r  A i r  and Water P o l l u t i o n :  Reference (5) prepared 
i n  1978 is a  four volume compendium of  proposed monitor ing systems f o r  a i r  
and water  p o l l u t i o n   prepared^ f o r  t h e  Of £ i c e  o f  Environmental A c t i v i t i e s ,  
Div is ion  o f  Program Control  and Support ,  DOE. It c o n t i i n s  d e t a i l e d  desc r ip -  
t i o n s  o f  p o l l u t a n t s ,  t h e i r  t o x i c i t y ,  test  methods, governing. r e g u l a t i o n s  and 
much more. It i s  beyond t h e  scope o f  t h i s  paper t o  d e s c r i b e  t h e s e ,  bu t  t h i s  
r e f e r e n c e  i s  ready f o r  t h e  expansion of  EOR. The r e sou rce  requi rements  i n  
manpower and equipment a r e  r e l a t i v e l y  modest. This  document h a s  n o t  been 
r e l e a s e d  a s  a  p u b l i c  document. 

DOEIEOR Environmental Research 

The DOE environmental  r e sea rch  e f f o r t  f o r  o i l  p roduct ion  i s  c e n t e r e d  a t  BETC. 
' 

In-house r e sea rch  i s  be ing  conducted t o  determine t h e  long-term mig ra t i on  
p r o p e r t i e s  o f  i n j e c t e d  EOR chemical i n  a  subsu r f ace  environment. I n  a d d i t i o n ,  
t h e  r a t e s  and products  o f  chemical deg rada t ion  o f  t h e s e  compounds . a t  subsur face  
c o n d i t i o n s  i s  being s tud ied .  Grants  have been made t o  u n i v e r s i t i e s  t o  determine 
t h e  b i o l o g i c a l  r a t e s  o f  decomposition and t h e  t o x i c i t y  o f  t h e  chemica ls  t o  s o i l  
b a c t e r i a .  Research c o n t r a c t s  with va r ious  r e s e a r c h  i n s t i t u t e s  have  been 
n e g o t i a t e d  t o  determine t h e  t o x i c i t y  o f  t h e  EOR chemicals  and t h e  p o t e n t i a l  
f o r  induced s e i s m i c i t y  due t o  i n j e c t i o n  o f  chemical compounds i n t o  r e s e r v o i r s  
because .  o f  r e a c t i o n s  o f  t h e  chemicals  w i th  t h e  rock  mat r ix .  

The Environmental Development P lan  (EDP), Enhanced O i l  Recovery (November 1979) 

Th i s  important  document was o r i g i n a l l y  prepared i n  May 1978, and h a s  now' 
been r e v i s e d  i n  November 1979 a t  t h e  d i r e c t i o n  o f  t h e  A s s i s t a n t  S e c r e t a r i e s  
f o r  Environment and F o s s i l  Energy. An EDP i s  timed t o  precede key technology 
program d e c i s i o n s  a s  t h e  technology moves from e x p l o r a t o r y  t o  t h e  eng inee r ing  
and commercial izat ion s t ages .  I t  i s  be l i eved  t h a t  EOR i s  now e n t e r i n g  t h e s e  
s t ages .  Hence t h e  EDP f o r  EOR add re s se s  t h e  environmental  concerns sp r ing ing  
from t h e  technology expansion,  f u r t h e r  r e seaa rch  i f  necessary  and a s s u r i n g  
t h a t  t h e  environmental  s a f e t y  and h e a l t h  c o n s i d e r a t i o n s  a r e  adequate ly  
recognized.  . It  i s  be l i eved  t h a t  t h i s  EDP .and suppor t  i n& documents adequate ly  
prepares  t h e  U.S. f o r  g radua l  but major commercial izat ion o f  EOR i n  an 
envi ronmenta l ly  accep tab l e  manner. I n  o r d e r  t o  a s s u r e  t h a t  environmental 
concerns and r e g u l a t i o n s  a r e  f u l l y  cons idered  i n  t h e  planning s t a g e s ,  .our 
EOR RFP' s o r  PON' s w i l l  r e q u i r e  t h a t  t h e  proposers  o u t l i n e  an environmental  
s t r a t e g y .  This proposed s t r a t e g y  w i l l  be eva lua t ed  i n  a d d i t i o n  t o  t e c h n i c a l  
and economic p rov i s ions  i n  de t e rmina t ions  f o r  c o n t r a c t  awards. It  i s  cons idered  
t h a t  t h i s  approach w i l l  reduce any p o t e n t i a l  environmental de l ays  du r ing  con- 
t r a c t  t e s t i n g  opera t ions .  



Conclusions 

The r o l e  o f  DOE i s  t o  a c c e l e r a t e  t h e  technology o f  EOR by r e s e a r c h ,  developmental 
and f i e l d  t e s t i n g  i n  e x j s t i n g  r e s e r v o i r s .  I t s  e f f o r t s  p a r a l l e l  and complement 
those  o f  t h e  o i l  indus t ry .  DOE'S O f f i c e  o f  0 i l , ' ~ a s ,  and Sha le  Technology 
becomes t h e  s e l e c t e d  agency t o  c o l l e c t  and analyze t h e  d a t a  from t h e  cost-shared,  
and i n c e n t i v e s  f i e l d  tests and form a common d a t a  base  a v a i l a b l e  . t o  t h e  publ ic .  

P a r a l l e l i n g  t h e  t echno log ica l  e f f o r t  h a s  been t h e  DOE environmental  r e sea rch ,  
development and documentation o f  procedures  t o  b e  used. Th i s  i n c l u d e s  spec i -  
f i c a t i o n  o f  t h e e n v i r o n m e n t a l  r i s k s ,  t h e  monitor ing and test  methods t o  be  
I I R ~ ~ ,  and f i n a l l y  e re.vised Environmental, Development Plan t o  cover  a l l  
cont ingenc ies .  Th i s  i s  an ongoing e f f o r t  t h a t  w i l l  undergo c o n s t a n t  re f inement  
and improvement . 
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COPING W I  TH ENVIRONMENTAL PROBLEMS 
OF HEAVY OIL PRODUCTION 
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INTRODUCTION 

The product ion of heavy o i l  i s  r ece iv ing  increased  a t t e n t i o n  a s  a  means of 
reducing our dependence on f o r e i g n  o i l  imports.  Las t  year  t h e  P re s iden t  
decon t ro l l ed  heavy crude p r i c i n g  i n  r ecogn i t i on  of t h e  product ion d i f f i -  
c u l t i e s  involved and t o  provide a d d i t i o n a l  economic incen t ive .  Most United 
S t a t e s  product ion of heavy crude occurs  i n  C a l i f o r n i a ,  where a i r  q u a l i t y  
problems a r c  e s p e c i a l l y  J i I I i c u l t .  This  paper looks  a t  t h e  impact of en- 
vironmental  r e g u l a t i o n s  adopted i n  Kern County, C a l i f o r n i a  exc lus ive ly  f o r  
t h e  o i l  indus t ry .  The genera l  conclusion i s  t h a t  growth of o i l  product ion 
and maintenance of a i r  q u a l i t y  can both occur. 

THERMAL ENHANCED OIL RECOVERY DESCRIPTION 

Two d i f f e r e n t  EOR techniques a r e  used t o  recover  very heavy crudes,  steam 
i n j e c t i o n  and i n  s i t u  combustion. Both techniques u s e  h e a t  t o  lower t h e  
crude v i s c o s i t y ,  t hus  i nc reas ing  f low th ru  t h e  r e se rvo i r .  I n  s i t u  combus- 
t i o n  genera tes  hea t  w i t h i n  t h e  r e s e r v o i r  by burning p a r t  of t h e  crude i n  
p lace .  Compressed a i r  i s  i n j e c t e d  t o  maintain combust ion  and r e s e r v o i r  
pressure .  The more widely used technique involves  steam i n j e c t i o n .  Steam 
i s  generated on t h e  su r f ace  and i n j e c t e d  i n t o  t h e  r e s e r v o i r  t o  provide 
h e a t  and pressure .  Steam i s  cont inuously i n j e c t e d  i n  one w e l l  t o  d r i v e  o i l  
t o  a  product ion wel l .  Cycl ic  steam i n j e c t i o n  i s  a l s o  used where steam i s  
i n j e c t e d  i n t o  a  w e l l  f o r  one o r  two weeks, t h e  w e l l  l e f t  t o  soak f o r  a  week 
and then  produced. The cyc le  w i l l  be repeated every 6 t o  10 months. 

The process  equipment of primary i n t e r e s t  with r e spec t  t o  environmental 
needs i s  t h e  a i r  compressor i n  t h e  i n  s i t u  combustion process  and t h e  
steam genera tor  i n  t h e  steam i n j e c t i o n  process.  A i r  compressors a r e  
gene ra l ly  d r i v e n  by d i e s e l  engines.  E l e c t r i c  motors can be used, b u t  
e l e c t r i c i t y  c o s t s  may s i g n i f i c a n t l y  a f f e c t  t h e  economics of the  process .  
I f  d i e s e l  engines a r e  used emissions of NOx and p a r t i c u l a t e s  w i l l  occur. 

The steam i n j e c t i o n  process  gene ra l ly  r e l i e s  on steam genera ted  from t h e  
combustion of l e a s e  crude o i l .  Two s i z e s  of steam gene ra to r s  a r e  used, 
22 m i l l i o n  Btu per  hour and 50 m i l l i o n  Btu per  hour. These u n i t s  a r e  
one-pass water  tube  steam genera tors  r a t h e r  than  b o i l e r s .  Generated 
steam i s  only about 80 percent  q u a l i t y  t o  prevent tube  s c a l i n g  from t h e  
high s o l i d s  conten t  water used. The f u e l  used is  heavy crude o i l  high i n  
both s u l f u r  and n i t rogen .  Su l fu r  conten t  is  mostly i n  t h e  range of 1.0 
t o  1.5 percent ,  b u t  may be up t o  5 percent  from some f i e l d s .  Nitrogen i s  
i n  t h e  range of 0.5 t o  0.8 percent .  Therefore,  uncont ro l led  emissions of 
SOX, NOx and p a r t i c u l a t e s  can be s i g n i f i c a n t .  



THEW .EOR GROWTH 

~ n j e c t i n g  steam f o r  t h e  recovery of heavy o i l  has been commercially p rac t i ced  
f o r  about  15 years .  Ear ly  product ion was from c y c l i c  steam s t i m u l a t i o n  whereas 
c u r r e n t  p roduct ion  i s  mostly from steam d r ive .  Cyc l i c  p r o j e c t s  w i l l  normally 
be converted t o  d r i v e  p r o j e c t s  a s  t he  resource recovery can i n c r e a s e  from 
roughly' 20 percent  t o  50 percent .  Thermal product ion  inc reased  r a p i d l y  i n  t h e  
mid s i x t i e s  once t he  technology was demonstrated, as shown i n  Table 1. 
Product ion  i s  i n c r e a s i n g  a g a i n  i n  response t o  t he  h ighe r  p r i c e s  s i n c e  1974. 
Based on resource  a v a i l a b i l i t y  DOE expec ts  thermal  product ion  t o  reach about 
500;000 b a r r e l s  pe r  day by 1985-1990. This  e s t i m a t e  is  cont ingent ,  however, 
bn main ta in ing  ambient a i r  q u a l i t y  s tandards.  Both t h e  r egu la to ry  "climate" 
and t h e  a v a i l a b i l i t y  of emissions c o n t r o l  technology a r e  important  t o  reaching 
t h e  500,000 b a r r e l  p e r  day es t imate .  

I n  s i t u  co.mbustion product ion  is c u r r e n t l y  about 10,000 b a r r e l s  per  day. 
The process  i s  somewhat more d i f f i c u l t  t o  des ign  and ope ra t e  and genera l ly  
n o t  used i n  f i e l d s  where s teau l a  j c c t  i o n  mcthods havb prnven succes s fu l .  
Combust.ion produceion may double o r  t r i p l e  by 1985-1 990. 

TABLE 1 

Growth of Thermal Enhanced O i l  Recovery i n  C a l i f o r n i a  

Year 19 64 19 68 1972 19 76 1980 19 85 

Production,.  16 12 8 139 162 *275 *500 
thousands of 
b a r r e l s  p e r  
d aY 

* Est imate  

Kern County is  loca t ed  a t  t h e  south  end of C a l i f o r n i a ' s  San Joaquin Val ley.  
The v a l 1 . e ~  i s  bounded by t h e  S i e r r a  Nevada mountains t o  t h e  e a s t ,  t h e  
Tehachapi range t o  t h e  south  and t h e  Temblor range t o  t h e  w e s t .  The 
e l e v a t i o n s  i n  t h e  S i e r r a ' s  and t h e  Tehachapi . '~  a r e  gene ra l l y  g r e a t e r  than  
5000 f e e t .  The Temblor range i s  much lower,  bu t  a s  it  l ies  t o  t h e  wes t ,  
i t  is  no t  a s  important  i n  r e s t r i c t i n g  a i r  t r a n s p o r t  from t s e  basin.  F igure  
1 i s  a s i m p l i f i e d  map of t h e  lower two-thirds of C a l i f o r n i a  showing t h e  
v a l l e y  and Kern County heavy o i l f  i e l d s .  

I n  t h e  summer months a predominant high p re s su re  a r e a  e x i s t s  over  t h e  
\ P a c i f i c  Ocean and a predominant low p re s su re  a r e a  e x i s t s  i n  t h e  va l l ey .  

The r e s u l t i n g  winds t r a n s p o r t  p o l l u t a n t s  from t h e  San Franc isco  Bay a r e a  
i n t o  t h e  va l ley .  I n  t h e  f a l l  and w i n t e r  months l i g h t  winds and atmospheric 
s t a b i  L i ty  a l low l o c a l  p o l l u t a n t s  t o  accumulate. The h i g h e s t  hour ly  ambient 
p o l l u t a n t  concen t r a t i ons  occur i n  t h e s e  months. The o v e r a l l  r e s u l t  i s  
pe r iods  of poor a l r  q u a l i t y ,  i n  s p i t e  of t h e  b a s i c a l l y  r u r a l  environment. 
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V i s i b i l i t y ,  f o r  ins tance ,  can be l imi ted  t o  a few miles on any day of 
t h e  year. . '  

The a t t a i n p e n t  s t a t u s  of Kern County is shown i n  Table 2. The at tainment 
s t a t u s  f o r  SO2 is i n  ques t ion a s  t h e  county may redesignate a small  a r e a  
nor th  of Bakersf ie ld  a s  a separa te  SO2 nonattainment area. The rest of 
t h e  county would r e v e r t  t o  a Class 11 area  under Prevention of S i g n i f i c a n t  
De te r io ra t ion  (PSD) f o r  S02. Both National and S t a t e  24 hour standards have 
been v io la ted  i n  t h e  small "redesignation" area. The only National  v i o l a t i o n  
was during December 25 and 26 of 1978. The S t a t e  24 hour standard,  only one 
t h i r d  of t h e  National s tandard ,  has been exceeded on many occasions. . The 
rest of t h e  county' is wi th in  both S t a t e  and National standards. 

The county i s  attainment f o r  N02, although 1 hour l e v e l s  have been , 

approaching the  S t a t e  standard I n  recent  years. 

Oxidant l e v e l s  have exceeded the  National  s tandard by up t o  50 percent on 
a few occasions and on numerous occasions have been a t  or  near National o r  
S t a t e  standards. The problem i s  compounded i n  t h e  iumnrer months by a back- 
ground l e v e l  about one t h i r d  the  National standard. Transport i n t o  the  
county is p a r t  of the  background problem. 

To ta l  Suspended P a r t i c u l a t e .  (TSP) l e v e l s  exceeded t h e  National  s tandard on 
severa l  occasions. The S t a t e  24 hour standard,  only' 40 percent of the  
National  standard', is  v i o l a t e d  on over 80 percent  of recorded measur&nts. 
Agr icu l tu ra l  a c t i v i t i e s  undoubtedly con t r ibu te  t o  t h e  problem. 

TABLE 2 

Kern County A i r  Quali ty S t a t u s  

Po l lu tan t  

Mat iona l  
Standard 

California 
Standard 

TSP 

NA 

? Redesignat ion pending. 



PERMITTING PROCEDURES 

One of t h e  l a r g e s t  complaints  from t h e  Kern County o i l  i ndus t ry  is  
ove r  t h e  very long  time e lapsed  before  a i r  q u a l i t y  permi ts  a r e  gran ted .  
Delays of about  two yea r s  have occured. These de l ays  appear  a t t r i b u -  
t a b l e  t o  t h e  changing r egu la to ry  requirements  and t o  t h e  degree of a i r  
q u a l i t y  impact assessment r equ i r ed  i n  permit  a p p l i c a t i o n s .  

The penni t  sought by t h e  i n d u s t r y  is t h e  "au tho r i t y  t o  cons t ruc t "  f o r  
new steam genera tors .  Permi ts  must be rece ived  from both  t h e  Kern County 
A i r  P o l l u t i o n  Cn t ro l  D i s t r i c t  i n  Bake r s f i e ld  and from t h e  EPA Region I X  
o f f i c e  i n  San Francisco.  Although the  process  has '  been l eng thy ,  a  l a r g e  
number of a d d i t i o n a l  permi ts  were gran ted  i n  1979. The permi t ted  steam 
gene ra t i on  capac i ty  i n  Kern County today i s  more t han  double t h e  capa- 
c i t y  ope ra t i ng  i n  1976. The f i g u r e s  a r e  approximately 19 b i l l i o n  B tu lh r  
i n  1976 and 40 b i l l i o n  Btu/hr  i n  1979. Anotlier 5  b i l l i o n  B tu lh r  of capa- 
c i t y  has been app l i ed  f o r  but  no t  y e t  granted.  These a p p l i c a t i o n s  were 
made p r i o r  t o  t h e  J u l y  1979 Clean A i r  Act deadl ine  and could  p o t e n t i a l l y  
be granted.  The Kern County p o r t i o n  of t h e  C a l i f o r n i a  S t a t e  1mplementa- 
t i o n  P l an  (.SIP) could  be completed t h i s  y e a r - s o  t h a t  t h e  pe rmi t t i ng  ban i n  
f o r c e  now could  be l i f t e d .  

The EPA Region IX w i l l  r e t a i n  a u t h o r i t y  f o r  Prevent ion  of S i g n i f i c a n t  
D e t e r i o r a t i o n  (PSD) pe rmi t t i ng  f o r  Kern County, once the-  ban is l i f t e d .  
Kern  County w i l l  i s s u e  both PSD and New Source Review (NSR) permits .  
The C a l i f o r n i a  A i r  Resources Board (ARB) i n  Sacramento has  t h e  u l t i m a t e  
S t a t e  a u t h o r i t y  f o r  promulgating a i r  q u a l i t y  r egu la t i ons .  The ARB has  
on s e v e r a l  occasions mandated r e g u l a t i o n s  f o r  loc 'a l  APCD'S' t o  enforce .  

. A  lengthy pub l i c  hea r ing  p roces s  t a k e s  p l a c e  before  t h e  ARB t a k e s  such  
a c t i o n s .  Some r egu la t i ons  have been adopted f o r  Kern County by t h e  .ARB 
s p e c i f i c a l l y  f o r  t h e  o i l  i ndus t ry .  

One example i s  Kern County Rule -424 f o r  t h e  c o n t r o l  of s u l f u r  oxides  
from steam genera tors .  The r u l e  was o r i g i n a l l y  proposed by t h e  ARB i n  
A p r i l  of 1978 and f i n a l l y  approved i n  September of 1979. Seve ra l  days 
of pub l i c  hear ings  were i n t e r s p e r s e d  i n  t h a t  per iod  t o  a l low f o r  i ndus t ry  
and o t h e r  i n t e r e s t e d  p a r t i e s  t o  t e s t i f y .  Some modi f ica t ions  t o  t h e  r u l e  
were accepted  by the  ARB. The r u l e  is  summarized i n  Table  3 .  

A r u l e  c u r r e n t l y  under c o n s i d e r a t i o n  i s  425, a  mod i f i ca t i on  t o  t h e  Kern 
County New Source Review regu la t i on .  This  r u l e  i s  f o r  t h e  c o n t r o l  of 
NOx emissions from steam gene ra to r s  and t h e  deba te  h a s  been e s p e c i a l l y  
a c t i v e .  The ARB regards  t h e  r egu la to ry  process  a s  technology f o r c i n g  
wi th  regard  t o  emission con t ro l s .  The i n i t i a l  ARB proposa l  was premised . 

upon a v a i l a b i l i t y  of p rocesses  t o  reduce NOx emiss ions  by 68 percent .  
I ndus t ry  has con te s t ed  t h i s  proposal  and i t  appears  t h e  ARB may accep t  
changes. The o r i g i n a l  p roposa l  was made i n  September of 1979 and the 
t h i r d  hea r ing  on t h e  s u b j e c t  was he ld  March 5  and 6, 1980. 



The r egu la to ry  process  can have g r e a t  impacts on the  f u t u r e  development of 
t h e  C a l i f o r n i a  heavy o i l  resource .  The s u l f u r  oxide r u l e ,  f o r  i n s t ance ,  
r e q u i r e s  80 percent  r e t r o f i t  c o n t r o l  of SO2 from e x i s t i n g  genera tors .  
Th i s  w i l l  g r e a t l y  reduce t h e  p o t e n t i a l  emission pool a v a i l a b l e  f o r  o f f -  
s e t t i n g  emissions from new steam genera tors .  Implementing t h e  SO2 r u l e  
has  no t  proven t o o  d i f f i c u l t  a s  s e v e r a l  vendors o f f e r  r e l a t i v e l y  w e l l  
developed processes .  

Implementation of t h e  NOx r u l e . w i l 1  be a more d i f f i c u l t  problem. Low NOx 
bu rne r s  were not  a v a i l a b l e  f o r  steam gene ra to r s  p r i o r  t o  1979. Some com- 
panies  a r e  now o f f e r i n g  low NOx burners ,  b u t  only a f t e r  a per iod  of f f e l d  

, a p p l i c a t i o n  t e s t i n g  i n  1979.   he Exxon 'l'hermal D e  NO; proccoc is  n w  
being  t e s t e d  by two o i l  companies. The process  i nvo lves  ammonia i n j e c t i o n  
i n t o  the  f l u e  gas  w i t h i n  a .narrow. temperature  range t o  reduce NOx t o  n i t r o -  
gen  and wa te r  vapor. The degree of NOx r educ t ion  t o  be a t t a i n e d  i s  no t  
c e r t a i n  and long term o p e r a t i n g .  exper ience  on steam gene ra to r s  i s  no t  a v a i l -  
a b l e .  Doth low NOx burners  and Thermal D e  NOx may be a t t r a c t i v e  c o n t r o l  
technologi 'es .  Implementing u s e  of new c o n t r o l s  is somewhat of a "chicken 
o r  t h e  egg" problem. The technologies  may not  be developed and app l i ed  t o  
t h e i r  maximum e x t e n t  u n l e s s  r equ i r ed  by r egu la to ry  agencies .  Cont ro ls ,  
however, cannot  gene ra l l y  be r equ i r ed  u n t i l  developed. Which comes f i r s t ?  

TABLE 3 

Regulat ions Adopted For Thermal EOR Emissions Con t ro l  I n  Kern County 

Rule 411 Rule 424 Rule 425 

1IC Control SO2 Cnntrol  - NOx Control  

o 93% r e t r o f i t  o 80% r e t r o f i t  
c o n t r o l  on vapors c o n t r o l  on e x i s t i n g  
from thermal  EOR g e n e r a t o r s  
w e l l s  

, o  90% c o n t r o l  on new 
gene ra to r s  

o O f f s e t s  r equ i r ed  
f o r  new permits  

o .  30% r e t r o f i t  
c o n t r o l  on e x i s t i n g  
gene r a t  o r s  

o Higher c o n t r o l  re- 
qu i red  i f  s tandards  
approached o r  exceeded 

o O f f s e t s  r equ i r ed  
f o r  new g e n e r a t o r s  

o BACT r equ i r ed  on new 
gene r a t  o r s  



DEPARTMENT OF ENERGY ROLE 

About f i v e  yea r s  ago a  comprehensive program aimed a t  r e s o l v i n g  environ- 
mental  c o n s t r a i n t s  was o u t l i n e d  by t h e  Energy Research and Development 
Adminis t ra t ion  (ERDA), one of the  predecessors  t o  DOE. A s  t h e  program 
developed i t  became c l e a r  t h a t  l a r g e  DOE funding  would not  be requi red .  
The o i l  i ndus t ry  has taken  c o n s t r u c t i v e  a c t i o n s  t o  he lp  f o s t e r  t h e  a p p l i c a t i o n  
of c o n t r o l  t echnologies  f o r  steam genera tors .  F lue  Gas Desu l fu r i za t i on  (FGD) 
processes  f o r  SO2 c o n t r o l  a r e  now commercially a v a i l a b l e  from s e v e r a l  vendors. 
Many problems a r o s e  on t h e  f i r s t  u n i t s  opera ted ,  b u t  t h e s e  problems appear  
t o  have been s a t i s f a c t o r i l y  resolved.  Nearly a l l  of t h e  sc rubbers  i n  
u se  today 'd ispose of a  l i q u i d  was te  stream. I n  t h e  f u t u r e ,  s o l i d  waste  
systems could become t h e  "second generat ion" choice.  DOE has con t r ac t ed  a  
s tudy  of 12 a l t e r n a t i v e  FGD processes  which can se rve  a s  a  guide t o  t h e  
i n d u s t r y  i n  pursuing f u t u r e  a c t i o n s .  

The indus t ry  has  been t e s t i n g  low NOx burners  and ammnia i n j e c t i o n  systems 
f o r  about  one year .  R e s u l t s  have not  y e t  been publ ished.  The b igges t  
ques t i ons  a r e  t h e  degree of .NOx r educ t ion  p o s s i b l e  and long  term ope ra t i ng  
performance. DOE hos ted  a  sma l l ,  in formal  workshop on t h e  s u b j e c t  . bu t  does 
no t  p l an  any f u r t h e r  work. 

The DOE a c t i v i t y  of most i n t e r e s t  t o  t h e  i n d u s t r y  and r egu la to ry  agenc ies  
has  been an  ongoing con t r ac t ed  s tudy  of p o t e n t i a l  environmental  l i m i t a t i o n  
t o  thermal  EOR growth. The s tudy p r imar i l y  looks  a t  t h e  c o s t s  of meeting 
environmental  r e g u l a t i o n s ,  t h e  a v a i l a b i l i t y  of emission of f  sets and w i l l  
a l s o  perform l i m i t e d  modeling of a i r  q u a l i t y  impacts of thermal  EOR. 

' Because of t h i s  s tudy  and o t h e r  r e 1 a t e d ' ~ r o j e c t s  DOE has been a b l e  t o  
provide some middle ground between t h e  r e g u l a t o r s  and indus t ry .  We have 
g iven  testimony a t  ARB hear ings  on proposed r e g u l a t i o n s  and suppl ied  informa- 
t i o n  t o  t h e  ARB on p o t e n t i a l  product ion growth. A s  environmental i s s u e s  
e s c a l a t e  t h i s  DOE r o l e  appears  t o  be ga in ing  s i g n i f i c a n c e .  The p o t e n t i a l  
i n f l u e n c e  of DOE should n o t ,  however, be  over  es t imated .  The hear ings  
process  a l lows a l l  p a r t i e s  t o  comment and t h e  ARB has  been c a r e f u l  t o  
independent ly  eva lua t e  in format ion  before  making dec i s ions .  DOE recognizes  
t h e  t r end  towards g r e a t e r  emission c o n t r o l s  w i l l  con t inue  and our  aim i s  t o  
provide balance t o  energy and environmental  d e l i b e r a t i o n .  The s t r o n g e s t  
mediator appears  t o  be t h e  lengthy ,  complicated and sometimes f r u s t r a t i n g  
process  of p u b l i c  hear ings  t o  a l low input  from a l l  concerned. 



FUTURE DIRECTION 

The s i n g l e  l a r g e s t  f u t u r e  i s s u e  i s  one of a l t e r n a t i v e  energy sources  
f o r  gene ra t i ng  i n j e c t i o n  steam. Curren t ly  about  one of every t h r e e  b a r r e l s  
of produced o i l  from a  steam i n j e c t i o n  p r o j e c t  i s  burned f o r  steam genera t ion .  
Seve ra l  a l t e r n a t i v e  approaches a r e  pos s ib l e .  DOE has  completed con t r ac t ed  
s t u d i e s  on t h e  use  of c o a l  and petroleum coke. Using e i t h e r  appears  t o  be 
compatible  w i th  environmental needs,  through e i t h e r  g a s i f i c a t i o n  o r '  f l u i d i z e d  
bed combustion (FBC). The c a p i t a l  investment r equ i r ed  f o r  us ing  e i t h e r  s o l i d  
f u e l  would be g r e a t l y  increased  over  t h a t  f o r  t h e  c u r r e n t  o i l  f i r e d  gene ra to r s ,  
even inc lud ing  SO2 and NOx c o n t r o l .  But t h e  s t e e p l y  r i s i n g  p r i c e  of o i l  
appears  about  t o  j u s t i f y  conversion.  An o i l  p r i c e  of $25 - 30 pe r  b a r r e l  i s  
needed f o r  e i t h e r  g a s i f i c a t i o n  or  FBC t o  be compet i t ive  and heavy o i l  p r i c e s  
a r e  approaching $25 p e r  b a r r e l .  A w i n d f a l l  p r o f i t  t a x  could pose a  c o n s t r a i n t  
t o  conversion and some s p e c i a l  t reatment  of t h i s  s i t u a t i o n  could be he lp fu l .  

A.nother a l t e r n a t i v e  is  of 1 f i e l d  cogenera t ion  of steam and e lecLf ic iLy .  
O i l ,  perroleum coke, c o a l  o r  combinations of the three itright be s t a r t -  
i n g  f u e l s .  The f u e l  would be g a s i f i e d  and t h e  gas  burned t o  s p i n '  t u r -  , 

b i n e s  f o r  gene ra t i on  of e l e c t r i c i t y .  The exhaust  gas  would go t o  b o i l e r s  
f o r  steam genera t ion .  The produced steam would be i n j e c t e d  i n  t h e  f i e l d  
f o r  o i l  recovery.  Discussions have been he ld  between C a l i f o r n i a  u t i l i t i e s  
and o i l  companies f o r  s e v e r a l  yea r s .  DOE f a v o r s  t h e  u se  of c o a l  o r  coke 
a s  u s e  of o i l  may not  be al lowed by the  Fue l  Use A c t .  The S t a t e  of 
C a l i f o r n i a  i s  a l s o  very i n t  e r e s  ted and a  s t rong  proponent of cogenera t ion  
processes .  

S o l a r  steam gene ra t i on  is  a l s o  being inves t i ga t ed .  DOE has  t h r e e  c o n t r a c t s  
now i n  s tudy/des ign  phases. S o l a r  genera ted  steam i s  u n l i k e l y  t o  e v e r  
completely r e p l a c e  f o s s i l  genera ted  steam but  may f i n d  a p p l i c a t i o n  i n  hybr id  
systems wi th  s o l a r  reducing f o s s i l  steam dur ing  d a y l i g h t  hours. 

CONCLUSIONS 

C a l i f o r n i a  heavy o i l  p roduct ion  is  i n  a pe r iod  of r ap id  growth. Main- 
tenance of a i r  q u a l i t y  has r equ i r ed  increased  r e g u l a t i o n  and emission 
c o n t r o l s  f o r  steam gene ra to r s .  This  has  r e s u l t e d  i n  d e l a y s  i n  t h e  gran t -  
i n g  of permi ts  f o r  new steam gene ra t i on  capac i ty ,  bu t  not  i n  any sub- 
s t a n t i a l  d e n i a l  of permi ts .  Emission c o n t r o l  technology is  a v a i l a b l e  f o r  
SO2 and under  development and f i e l d  t e s t i n g  f o r  NOx. The degree of NOx 
c o n t r o l  t o  be r equ i r ed  on new steam gene ra to r s  and t h e  a v a i l a b i l i t y  of 
emission o f f s e t s  a r e  major concerns. P a r t i c u l a t e  c o n t r o l  could be t h e  next 
major i s s u e .  The C a l i f o r n i a  A i r  Resources Board has  take11 f i r m  a c t i o n s  
t o  p r o t e c t  a i r  q u a l i t y  bu t  has no t  adopted ove r ly  r e s t r i c t i v e  r egu la t i ons .  
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Introduction 

The U.S. Department of Energy has initiated a multi-year resqarch and 
development program to bring the unconventional gas .resources to commerciaf 
readiness. The Enhanced Gas Recovery Program (EGR), is composed of four 
projects - the Eastern Gas Shale Project (EGSP), the Methane from Coal (MFC) 
Project , the Western Gas Sands Project (WGSP) and the Geopressured Aquifers 
Project (GPA). Broad program goals are to add 10 Tcf of producible reserves 
to existing recoverable reserves by 1985, increase gas production by an , 

. 3. Bcf /day by 1985, and accelerate development of cost-effective technology 
that can be r.eadily transferred to the private sector (U.S. Department of 
Energy, 1978) ., 

The purpose of this paper is to provide the reader with background 
information on the R&D program, the resource base and the .technology;' 
present an overview of the environmental problems associated with development 
of the unconventional gas resource; and delineate the environmental control 
strategies and technologies which can properly be applied to eliminate or 
reduce' these problems. 

L.., 

:,:<A . ,. The information presented herein was developed during the preparation 
of the programmatic environmental impact statement for the Enhanced Gas 
Recovery Program (U.S. DOE, 1980 draft) and is completely referenced in that 
document. 



Resource Location and Technology Development 

Deposited during t h e  Devonian periods s.ome 3'50-400 mi l l ion  years  ago t h e  
brown and black s h a l e s ' 1 0 c ~ t e d ' i . n  the  Appalachian, I l l i n o i s  and Michigan 
Basins a r e  the  most gas product ive ,shales  (Figure 1)'. The Chattanooga, 
Marcellus, Ohio and New Albany Devonian sha les  which vary i n  thickness from 
20-200 f e e t  a r e  located  between 700 and. 7000 f e e t .  I n  the  pas t ,  recovery 
of e a s t e r n  sha le  gas has been hampered by a lack of resource d e f i n i t i o n  and 
marginal economics. Consequently, t h e  e i g h t  year Eastern Gas Shales Pro jec t  
has s e v e r a l  technological  object ives .  

o Develop r e l i a b l e  and e f f i c i e n t  su r face  mapping and remote sensing 
techniques f o r  loca t ing  and exploi t ing  t h e  Devonian sha le  resource. 

o Examine the  l i t h o l o g i c a l ,  geochemical and physical  p roper t i e s  of the  
Shares t o  b e t t e r  d e l i n e a t e  t h e  shale/gas c h a r a c t e r i s t i c s .  

Apply t r a d i t i o n a l  and novel f r a c t u r i n g  and s t imula t ion techniques 
and modify them a s  appropr ia te  t o  enhance s h a l e  product iv i ty .  

o Transfer  t h i s  information t o  indust ry .  

For the  Methane from Coal p ro jec t ,  twelve coa l  bas ins  o r  regions a r e  
being considered: I l l i n o i s ,  Northern Appalachian, Centra l  Appalachian, 
Warrior, Arkoma, San Juan, Raton, Uinta, Piceance, Green River, Wind River 
and Powder River (Figure 2). Three d r i l l i n g  technologies, hor izon ta l  
d r i l l i n g . f r o m  an a c t i v e  mine face ,  d i r e c t i o n a l  d r i l l i n g  i n  advance of t h e  
coa l  mining operat ion and. v e r t i c a l  d r i l l i n g  and f r a c t u r i n g  i n  unmineable 
seams, a r e  being examined i n  r e l a t i o n  t o  t h e  twelve coal  regions. Direc t ional  
d r i l l i n g  and hor izon ta l  d r i l l i n g  technologies a r e  expected t o  be more heavily , 
u t i l i z e d  i n  the  deeper, g a s s i e r  seams of t h e  f i r s t  four  coa l  regions;  v e r t i -  
c a l  d r i l l i n g  and f r a c t u r i n g  i n  unmineable seams is  expected t o  be more evenly 
d i s t r i b u t e d  throughout t h e  twelve basins.  The Methane from Coal P ro jec t  
involves : 

o Designing, developing and t e s t i n g  ex t rac t ion  and u t i l i z a t i o n  technology 
systems which a r e  e f f i c i e n t  , cost -ef fec t ive ,  and s p e c i f i c a l l y  designed 
for ,  coalbed methane appl ica t ion.  

o Locate and d e l i n e a t e  coalbed methane resources and develop recovexy 
prodic t ion techniques. 

o Field t e s t  the  most promising systems t o  s t imula te  i n t e r e s t  and . 
t r a n s f e r  information t o  the  p r i v a t e  s e c t o r  concerning t h e  technology 
and i ts economics. 

The Western Gas Sands Pro jec t  is aimed a t  developing t h e  low-perme- 
a b i l i t y  o r  "t ight" sandstone reservoirs .  Both l e n t i c u l a r  and blanket  type 
depos i t s  a r e  being examined. Approximately twenty p o t e n t i a l  sandstone resource 
bases e x i s t  w e s t  of t h e  Miss i s s ipp i  River; four .o f  these  regions with the  
g r e a t e s t  prospects ,  t h e  Greater  Green River Basin, t h e  Northern Great P l a i n s  
Province, t h e  Piceance Basin and t h e  Uinta Basin, have been s ingled out  f o r  
c lose r  sc ru t iny  (Figure 3). Besides genera l  and s p e c i f i c  s t u d i e s  i n  mineralogy, 
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TARGET AREAS FOR I N I T I A L  RESOURCE DELINEATHOH ACTIVITIES 



.PRIMARY STUDY AREAS.. 
A. .GREATER.GREEN RIVER BASIN 

. B. NORTHERN GREAT PLAINS PROVINCE 
C. PICEANCE BASIN 
D. UlNTA BASIN 

ADDITIONAL LOW PERMEABILITY 
SAKDSTONE AREAS 

1. K'ILLISTON BASIN 
2. SNAKE RIVER DOWNWARP 
3. DIG I lO l lN BASIN 
4. WIND IIIVER nASIN 
5. WASATCI1 PIATEAU 
6. DOlJGlAS CREEK ARCH 
1. DEN\lEII 1IASlh - 
8. SAN JUAN BASIN 
9. RATON BASIN 

10. ANADARI<O BASIN 
1.1. AIII<OMA OASIN 
12. OUACtIITA MOUNTAINS P R O C C E  
13. SONORA BASIN 
14. FORT WORTH SASIN 
15. WESTERN GULF BASIN 
la C O l T O N  VALLEY TREND 

Figure 3 

Map of Western United States Showing Western Tight Sands 
Areas of Interest 

Source: U.S. DOE, 1978a. 



paleontology, geophysics, geochemistry, petrology,  outcroping and da ta  bank 
coordinat ion,  t h e  WGSP w i l l  focus a t t e n t i o n  on: 

o Developing new logging and coring t o o l s  

o Modeling rock mechanics and gas. product iv i ty  from low permeabil i ty 
r e s e r v o i r s  

o Devising new.coring and f r a c t u r i n g  a n a l y s i s  techniques. 

The Geopressured Aquifer$ Pro jec t  in tends  t o  e x p l o i t  the  methane gas,  
high pressure  and high temperature t o  produce p ipe l ine  q u a l i t y  gas and e l e c t r i c -  
i t y  from the deep b r i n e  of the  Louisiana - Texas Gulf Coast (Figure 4) .  
Severa l  formations such a s  the  F r i o  Formation and the  Upper Cretaceous 
Tuscaloosa sands have been i d e n t i f i e d  and h o t  s p o t s  wi th in  these  geopressured 
fairways located .  Along with resource de l inea t ion ,  the  p r o j e c t  ob jec t ives  
a r e  to :  

u Es.tlmaLt: r e se rvo i r  size and geometric d i o t r i b u t i o n  

o D r i l l  test w e l l s  i n  high prospect  formations and then i n  o the r  secondary 
formations 

o - Examine methods f o r  u t i l i z i n g  the  t h r e e  geopressured energy forms 

o Study water  d i sposa l  and subsidence i s sues  
t .  

o De ta i l  cos t  ana lys i s  of p o t e n t i a l  production. 



SOURCE: U. S.  DOE, 1978c. 

Figure 4 
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Environmental Impacts Associated with EGR 

The environmental impacts associa ted  wi th  the  EGR program a r e  very 
s i m i l a r  i n  most r e spec t s  t o  those  associa ted  with d r i l l i n g  and producing 
more permeable, conventional  gas r e se rvo i r s .  . Two . add i t iona l  a c t i v i t i e s ,  
however, f r a c t u r i n g  of we l l  bores and massive subsurface f l u i d  withdrawal, 
could cause impacts no t  genera l ly  associa ted  with conventional gas d r i l l i n g .  
A l l  impacts w l l l  be d iscussed gener ica l ly  and r e l a t e d  t o  the  programs where 
they a r e  expected t o  be  most s u b s t a n t i a l .  

. . 

S o i l  e ros ion and p o t e n t i a l  s tream sedimentat ion a r e  impacts associa ted  
wi th  any const rukt ion  s i t e .  ~ c c e s s  roadways and d r i l l i n g  sites have t o  be 
c l ea red  and leveled  p r i o r  t o  d r i l l i n g .  The amount o f . e r o s i o n  expected is a 

' 

func t ion  of r a i n f a l l  amount and dura t ion ,  s o f l  type, s lope  length ,  s l o p e  
s teepness ,  vege ta t ive  cover and eros ion c o n t r o l  p r a c t i c e s .  Generally, d r i l l i n g  
Cbln tYac f6Ys  can only c o n t r o i  t h e ' l a s t  t a c t o r .  'l'he impacts associa ted  wi th  
s o i l  e ros ion  a r e  l o s s  of f e r t i l e  t o p s o i l ,  leaching of e s s e n t i a l  s o i l  n u t r i e n t s  
and ca t ions ,  and subsequent decrease i n  a g r i c u l t u r a l  o r  b i o l o g i c a l  product iv i ty .  
I f  eroded s o i l  e n t e r s  nearby su r face  waters ,  some o r  a l l  of the  following 
impacts could be  induced: Increase  i n  water temperature, change i n  pH, in- 
c reases  i n  dissolved chemicals and t o t a l  suspended sediments, increases  i n  
both b i o l o g i c a l  and chemical oxygen demand, decrease i n  l i g h t  pene t ra t ion  and 
photosynthesis ,  reduct ion  of dissolved oxygen i n  t h e  water  and assoc ia ted  
metabolic  a c t i v i t y  i n  organisms, i n t e r f e r e n c e  of feeding behavior i n  f i l t e r  
f eeders  ,' reduction.  of h a b i t a t  d ive r s i ty .  and c ies i r ab i l i ty  th-rough bottom 
i n f i l l i n g  between rocks, and s e t t l i n g .  of phytoplankton from t h e  water  column. 
~ 0 t h '  t h e  amount of sediments which e n t e r  t h e  water  body and t h e  dura t ion  of 
t h e  .loading w i l l  determine t h e  ex ten t  of t h e  impacts. Due t o  the  r e l a t i v e l y  
rugged topography i n  t h e  EGSP, MFC and-WGSP regions ,  more cu t  and f i l l  and 
l e v e l i n g  a c t i v i t i e s  would be expected, and consequently, more erosion.  The 
s c a r c i t y  of surf  ace  water  , i n  the  west , .  however, decreases t h e  chances f o r  
stream..sedimentation i n  WGSP and some MFC p r o j e c t  a reas .  Erosion i n  the  GPA 
regions  a r e  expected t o  be  lower due t o  t h e  f l a t t e r  t e r r a i n .  

Well s t imula t ing  o r  f r a c t u r i n g  has t h r e e  p o t e n t i a l  impacts a s soc ia ted 'wi th  
i t  which a r e  not common wi th  conventional gas . d r i l l i n g  - water  a v a i l a b i l i t y ,  
s u r f a c e  water  po l lu t ion ,  and ground water po l lu t ion .  Depending on t h e  depth 
of t h e  w e l l  t o  b e  s t imula ted ,  up t o  400,000 gal lons  of water  o r  f r a c  f l u i d  
could b e  necessary. I n  the  e a s t e r n  regions (.EGSP and some MFC regions) ,  water .  
a v a i l a b i l i t y  should not  be a problem, .except i n  loca l i zed  s i t u a t i o n s  i n  low- 
flow dry years .  During drought seasons ' in  t h e  west (WGSP and some MFC'regions), 
a water  a v a i l a b i l i t y '  problem could occur, e s p e c i a l l y  i f  t h e r e  a r e  competing 
demands with a g r i c u l t u r a l  o r  mining i n t e r e s t s .  S t r i c t  water  r i g h t s  l a w s  a% . 
i n  e f f e c t  and even small ,  one-time use r s  may be requi red  t o  g e t  a permit which 
al lows water  withdraw1 only a f t e r  more sen io r  appropr ia t ions  a r e  met. A.water 
a v a i l a b i l i t y  problem is not  a n t i c i p a t e d  f o r  t h e  GPA r e g i o n . a s  no we l l  f r a c t u r e s  
a r e  planned. 

Af te r  a massive hydraul ic  f r a c t u r e ,  the  f r a c  f l u i d  is allowed t o  flow 
back up t h e  borehole and i n t o  a r e t e n t i o n  p i t .  F lu ids  used i n  massive 

' hydrau l i c  f r a c t u r e s  range from ge l l ed  waters  t o  complex foam f l u i d s  to . .  
c ross l inked polymer systems and emulsifying agents .  The p o t e n t i a l  e x i s t s .  f o r  
r e t e n t i o n  p i t  leakage t o  potable  a q u i f e r s  o r  overflow during per iods  of heavy 



r a i n .  Vegetat ive impacts t o  l o c a l  flow and p o t e n t i a l  f i s h  and i n v e r t e b r a t e  
impacts i n  neighboring water  bodies e x i s t  on t h e , s u r f a c e ;  loca1,ground water 
supp l i e s  f o r  domestic o r ' i r r i g a t i o n  we l l s  could be  a f f e c t e d  on t h e  subsurface. 

The t h i r d  p o t e n t i a l  impact from w e l l  s t imula t ion  i s  the  connection of 
two subsurface a q u i f e r s  of varying q u a l i t i e s .  During a massive hydraul ic  f rac-  
t u r e  o r  chemical explosive f r a c t u r e ,  t h e  t h e o r e t i c a l  shape of the  f r a c t u r e  is  
an e l l i p s e  i n  t h e  hor izon ta l  plane, the  same plane i n  w h i c h t h e  gas is found. 
The p o t e n t i a l  f o r  the  f r a c t u r e  branches t o  migra te .  i n  t h e  v e r t i c a l  d i r e c t i o n  
a l s o  e x i s t s ,  and concomitantly, the. p o t e n t i a l  f o r  a  lower s a l i n e  a q u i f e r  
t o  migrate t o  higher potable  a q u i f e r s  and p o l l u t e  a g r i c u l t u r a l  o r  domestic .. 
water supp l i e s  l ikewise  e x i s t s .  I n  a  s i m i l a r  manner, improperly cased o r  
cemented we l l s  a l s o  present  a  migratory fairway f o r  subsurface a q u i f e r  
connection. P o t e n t i a l  impacts from wel l  f r a c t u r i n g  could be rea l ized .  from . 
a l l  t h r e e  programs u t i l i z i n g  t h i s  technology (EGSP, MFC, and WGSP); p o t e n t i a l  
impacts from wel l  bore migrat ion could occur associa ted  wi th  a l l  four  
resource a reas , .  e spec ia l ly  with t h e  geopressured a q u i f e r s  where high pressure  
and corros ive  f l u i d s  a r e  an t i c ipa ted .  

. . 
Air po l lu t ion  and n o i s e  impacts a r e  expected t o  b e  short-term o r  

negl ig ib le .  No a i r  p o l l u t i o n  v i o l a t i o n s ;  except poss ib ly  NOx . in some western 
regions,  a r e  expected from d r i l l i n g  ,operations. Worst case  c l ea r ing  and 
burning s i t u a t i o n s  i n  a  s i n g l e  day period would v i o l a t e  a l l  p o l l u t a n t  l e v e l s ;  
however, i n t e r m i t t e n t  burning w e r . a  5-10 day period would cause no v i o l a t i o n s .  
Noise 1evels .would inc rease  during d r i l l i n g ,  cor ing  and s t imula t ion  a c t i v i t i e s  
and would b e  no t i ceab le  and annoying' to nearby res iden t s .  I n  many cnoco, 
fauna would b e  forced t o  emigrate t o  neighboring environments, poss ib ly  aban- 
doning t h e i r  young. Impacts would be more severe  i n  q u i e t  r u r a l  a r e a s ,  b u t  
fewer people. would be  af.fected. Maximum dura t ion  of n0is.e i s  expected t o  be  
a few months. 

Biologica l  product iv i ty  l o s s e s  on a g r i c u l t u r a l  lands,  rangelands and 
fo res t l ands ;  along with a decrease i n  f auna l  h a b i t a t ,  would be expected wi th  
each program. The magnitude of t h e  l o s s e s  would b e  a funct ion  of . the land 
d is turbed f o r  each type of commercial development and t h e  r eg iona l  land use  
pa t t e rn .  I n  genera l ,  on a p e r '  quad energy bas i s , .  t h e  impacts would b e  consi- 
derably higher i n  those technologies expected t o  have lower flow r a t e s  per  
we l l  (MFC and EGSP), a s  subs tant . ia l ly  more. land disturbance.would r e s u l t  from 
the  higher number of access roads and d r i l l  s i t e s  required.  

Waters produced during gas opera t ions  could have a . s u b s t a n t i a 1  impact i n  
the  Geopressured Aquifers P ro jec t ,  and might be  a problem i n  the  Methane from 
Coal Projec t .  Coal seams may conta in  s i g n i f i c a n t  q u a n t i t i e s  of groundwater 
which o f t e n  conta ins  undes i rable  dissolved s o l i d s .  I f  s o ,  the  discharge may 
have t o  be  t r e a t e d  be fo re  r e l e a s e  t o . s u r f a c e  waters  o r  be  r e in jec ted .  Other- 
wise, water p o l l u t a n t  v i o l a t i o n s  could r e s u l t  along with a t t enden t  impacts on 
f i s h  and aqua t i c  l i f e .  

Hot geopressured b r i n e s ,  with d issolved s o l i d  concentrat ions ranging from 
one-third t o  twice t h a t  of sea  water ,  have t o  be t r e a t e d  o r  r e i n j e c t e d  t o  
subsurface s t r a t a  t o  p r o t e c t  th.e environment. Accidental s u r f a c e  re l eases  o f ,  
geopress.ured b r i n e s  would s u b s t a n t i a l l y  degrade water  q u a l i t y ;  ch lo r ide , sod ium,  



potassium, ammonia, boron, and z inc  l e v e l s  would be espec ia l ly  high. 
Biota may be  k i l l e d  by thermal shock o r  adversely a f fec ted  by s a l i n i t y ,  
pH changes o r  m e t a l  bioaccumulation. 

Even re in jec ted  geopressured br ines ,  due t o  t h e i r  massive volumes, could 
cause s u b s t a n t i a l  impacts. Brines would probably not  be  returned t o  t h e  source 
s t r a t a  bu t  t o  shallower zones which a r e  present ly  used f o r  petrochemical wastes. 
I f  t h e  geopressured brines.  are not  compatible with i n j e c t i o n  s t r a t a ,  f l u i d s  
may clog t h e  strata, cause pressure  buildup o r  permeabil i ty reductions,  and 
p o t e n t i a l l y ,  f r a c t u r i n g  of the  confining beds and migrat ion of s a l i n e  br ines  
t o  potable  aquifers .  I r r i g a t i o n ,  i n d u s t r i a l  o r  domestic water supp l ies  could 
be . degraded. 

With t h e  expected massive withdrawal of geopressured b r ines  f o r  a commercial 
f a c i l i t y , , s u b s i d e n c e  of overlying su r face  lands is  a real p o s s i b i l i t y .  The 
amount of subsidence would be a funct ion of many parameters such a s  pressure  
drop due t o  f l u i d  production, rock compaction, l a t e r a l  r e se rvo i r  extent ,  depth 
below t h e  surface ,  r e s e r v o i r  p roper t i e s ,  we l l  completion technique and t h e  type, 
thicknesses and degree of cementation of overlying strata. Porencia l  impacts 
associa ted  with subsidence would be faulr: ac t iva t ion ;  groundwater ~uigration; 
connection of aqu i fe r s  of varying q u a l i t i e s ;  d i s rup t ion  of su r face  fea tu res  
(e.g., p ipe l ines ,  roadways, s t r u c t u r e s ) ;  f looding of i n d u s t r i a l ,  r e s i d e n t i a l  
o r  a g r i c u l t u r a l  sites with su r face  water o r  s a l i n e  c o a s t a l  waters;  increase  i n  
a r e a s  flooded by high t i d e s  and hurr icanes  and t h e i r  associa ted  e f f e c t s  inclu-  
ding wetland, f i s h ,  and s h e l l f i s h  losses .  

Loss, a t t e n t i o n  o r  degradation of wetlands could ,be  s u b s t a n t i a l  i n  only 
t h e  Geopressured Aquifers Projec t .  While EGSP, MFC, and WGSP p r o j e c t s  could 
impact wetlands on a s i t e  s p e c i f i c  b a s i s  by poorly planned o r  located  access 
roads o r  d r i l l  sites, t h e  p o t e n t i a l  f o r  wetlands impacts is s u b s t a n t i a l l y  
g r e a t e r  along t h e  Gulf Coast where marshes, occupying a 10 t o  50 m i l e  ribbon ;., 

along t h e  coas t ,  o v e r l i e  a s i g n i f i c a n t  por t ion  of t h e  geopressured resources. 
Dredging of access canals  and d r i l l i n g  l a r g e  turning a reas  would a f f e c t  water 
q u a l i t y  (increase i n  tu rb id i ty ;  BOD and COD, cheinical. desorption,  and sil- 
t a t i o n ) ,  marsh drainage,  sal t-water  i n t r u s i o n  (species  composition changes), 
canal .bank erosion,  f i s h  and s h e l l f i s h  spawning and feeding a reas ,  and marsh 
a l t e r a t i o n  due t o  s p o i l s  placement ( l o s s  of productive marsh and modification 
of marsh f looding pa t t e rns ) .  The magnitude of t h e  impact would be a funct ion 
of t h e  number of canals  and. d r i l l  sites dredged.and t h e  o r i e n t a t i o n  of t h e  
canals. 

Socioeconomic impacts associa ted  wi th -p ro jec ted  population increases  
and t h e i r  a t tendent  pressure  on l o c a l  Services would i n  general  be  minimal. 
I n  m o s t . s i t u a t i o n s , . t h e  p r o j e c t e d . t r a n s i e n t -  and permanent population increases  
are expected t o  be absorbed by e x i s t i n g  community i n f r a s t r u c t u r e s .  Localized 
housing shortages could be r e a l i z e d  i n  a. few cases. Two p o t e n t i a l  impacts 
could arise, however. F i r s t ,  i f  both t h e  WGSP and t h e  ME'C pro jec t s  i n  t h e  
w e s t  ~ a r e ~ s u c c e s s f u l ,  the re  could be s u b s t a n t i a l  socioeconomic impacts i n  
areas which a r e  already under in tense  development from coal ,  nuclear ,  o i l  
conventional  gas and synfuels  i n t e r e s t s .  And secondly, i f  the  GPA pro jec t  
a t t a i n s  f u l l  commercial s t a t u s  and geopressured e l e c t r i c a l  generat ing/processing 
p lan t s  are s i t e d  i n  r u r a l  counties,  l o c a l  populations and s e r v i c e s  could be 



overwhelmed by projected population increases associated with construction of 
the plant. Boom town population increases of up to 16 percent of the base 
population could occur. 



Environmental Control  S t r a t egy  t o  M i t i g a t e  Expected EGR Impacts 

The environmental c o n t r o l  s t r a t e g y  t o  m i t i g a t e  expected EGR impacts is 
n o t  a c o n t r o l  s t r a t e g y  i n  t h e  sense  of m a t e r i a l s  ba lance  and e f f l u e n t  c o n t r o l ;  
i n s t e a d ,  it involves  ex t ens ive  planning i n  t h e  e a r l i e r  states, proper  house- 
keeping methods dur ing  t h e  cons t ruc t ion  phase, and cons t an t  monitor ing dur ing  
rhe o p e r a t i o n a l  phase. I n  most ca ses ,  t h e  p o t e n t i a l  o r  t h e  magnitude f o r  impact 
can b e  decreased by proper  planning;  however, i f  t h e  impacts a r e  s u s t a i n e d  i n  
c e r t a i n  circumstances,  such as p o t a b l e  a q u i f e r  p o l l u t i o n  n r  subsidence,  t h e  
e f f e c t s  w i l l  be long-l ived and seve re .  

S o i l  e r o s i o n  and p o t e n t i a l  s t ream sedimenta t ion  can  best b e  amel.l,ar;rr~rl 
dur ing  t h e  s i t e  planning phase by proper  s i t e  s e l e c t i o n  and l ayou t .  The 
fo l lowing  f a c t o r s  should be  considered:  avoid road cons t ruc t ion  on s l o p e s  
g r e a t e r  t han  twenty pe rcen t ,  minimize c u t  and f i l l  r a t i o s  and s t ream c r o s s i n ~ s ,  
rerain n a t u r a l  b u t t e r  s t r i p s  bes ide  s t reams and s u r f a c e  w a t e r  bodies ,  avoid 
f l o o d p l a i n s ,  schedule  heavy cons t ruc t ion  dur ing  dry seasons  and p lan  f o r  top- 
s o i l  s e p a r a t i o n  and r e t e n t i o n  i n  3nca t ions  wi th  good q u a l i t y  s o i l s .  During 
t h e  a c t u a l  cons t ruc t ion  of acces s  roads  and d r i . 1 - l i ng . s i t e s ,  t h e  v e l o c i t y  of 
water  can be  r egu la t ed  by f i l t e r  berms, check dams, and j u t e  mesh; s torm 
water  can b e  d e f l e c t e d  by d ikes  made of s o i l ,  stone.,  s t r aw  babs o r  brush;  
s torm water can b e  channeled-wi th  chutes ,  flumes, f l e x f b l e  downdrains and 
gabions;  and sediment can b e  t rapped b e f o r e  i t  e n t e r s  s u r f a c e  water  bodies  
by sed imenta t ion  bas ins ,  g r a v e l  f i l t e r s . . a n d  straw b a l e  w a l l s .  Between 50 
and 70 percent  e ros ion/sedimenta t ion  preventi.on e f f i c i e n c i e s  can b e  obta ined  
wi th  t h e s e  devices .  Subsequent t o  cons t ruc t ion  and d r i l l i n g  a c t i v i t i e s ,  b a r e  
s u r f a c e s  should b e  graded, seeded wi th  f a s t  growing v e g e t a t i o n  and mulched wi th  
hay o r  o t h e r  s u i t a b l e  m a t e r i a l s .  

W e l l  s t i m u l a t i o n  and f r a c t u r i n g  could cause water  a v a i l a b i l i t y . ,  s u r f a c e  
water  p o l l u t i o n  o r  ground water contaminat ion problems. Water a v a i l a b i l i t y  
is only  p ro j ec t ed  t o  b e  a l o c a l i z e d  problem during drought per iods  i n  t h e  
West. To m i t i g a t e  t h i s  s i t u a t i o n ,  water  can  be drawn slowly from s u r f a c e  
sou rces  o r  ground water  sources  over  a per iod  of t h r e e  o r  f o u r  weeks be fo re  
t h e  f r a c t u r e .  I f  water  r e sou rces  would s t i l l  be  taxed o r  water r i g h t s  i n f r inged  
upon, t h e  w e l l  s t i m u l a t i o n  could be  postponed u n t i l  more f avo rab le  cond i t i ons  
exist, o r  water  could be  t r anspor t ed  from a more d i s t a n t  adequate  supply by 
t ruck .  

Su r face  water  p o l l u t i o n  can b e  prevented by excavat ing an  adequate ly  
s i z e d  and l i n e d  ( c l a y  o r  p l a s t i c )  r e t e n t i o n  pond f o r  d r i l l i n g  was tes  and 
f r a c t u r i n g  f l u i d .  F rac tu r ing  f l u i d  which f lows back from t h e  w e l l  bo re  a f t e r  
t h e  s t i m u l a t i o n ,  should be  d i r e c t e d  t o  t h e  r e t e n t i o n  pond. I n  high water  
evapora t ion  r eg ions ,  t h e  was tes  can be  scraped up and proper ly  disposed a f t e r  
t h e  wa te r  evaporates .  I n  medium evapora t ion  r a t e  r eg ions ,  t h e  pond would 
main ta in  i ts  l e v e l  from r a i n f a l l  and runoff  i npu t ;  even tua l ly ,  water  q u a l i t y  
changes would permit  w i l d l i f e  and c a t t l e  t o  u se  t h e  pond and thereby ,  enhance 
t h e  l o c a l  environment. I f  t h e  r e t e n t i o n  pond has t h e  p o t e n t i a l  t o  overflow 
from stormwater,  o r  i f  t h e  land  is  t o  b e  reclaimed more qu ick ly ,  t h e  f r ac -  
f l u i d  was tes  would have t o  be  removed from t h e  pond and t r a n s p o r t e d  t o  a . 
waste wa te r  process ing  f a c i l i t y .  

1 



. .,.... 

Ground water p o l l u t i o n  from f r a c t u r i n g  f l u i d  o r  from t h e  f r a c t u r i n g  
process  could occur  by migra t ion  of f r a c - f l u i d  o r  s a l i n e  b r i n e  a long  t h e  
w e l l  bo re  o r  a long newly c r e a t e d  f r a c t u r e  l i n e s ;  Frac- f lu id  ni igrat ion 
can b e  avoided by proper  w e l l  cas ing ,  cementing and t e s t i n g  b e f o r e  s t i m u l a t i o n ,  
and monitor ing t h e r e a f t e r .  Planning mig ia t idn  a long  newly c r e a t e d  
f r a c t u r e  l i n e s ,  however, is more d i f f i c u l t .  T h e o r e t i c a l l y ,  w e l l  s t i m u l a t i o n s  
a r e  predominantly propagated i n  t h e  h o r i z o n t a l  p lan ,  b u t  a worst  c a s e  f r a c t u r e  
would assume a s p h e r i c a l  shape wi th  a f i v e  hundred f o o t  r ad ius .  Therefore,  
i f  t h e  zone t o  be  f r a c t u r e d  is more than  500 f e e t  below p o t a b l e  a q u i f e r s ,  t h e  
p o t e n t i a l  f o r  subsu r face  a q u i f e r  connect ion .is decreased.  I f  i t  is n o t ,  t hen  . 

l o c a l  in format ion  on t h e  q u a l i t y  and deqth of t h e  a q u i f e r  should b e  obta ined;  
/ 

an e s t i m a t e  of t h e  domestic,  a g r i c u l t u r a l  and i n d u s t r i a l  wa te r  u se  a s s e r t a i n e d ;  
and an e v a l u a t i o n  made oh t h e  economic l p o t e n t i a l  from enhanced gas  product:on 
ve r sus  t h e  c o s t  ob ta in ing  a new water  sou rce  i f  t h e  a q u i f e r  is contaminated. 
Once degraded, a ' p o t a b l e a q u i f e r  may never  r e g a i n  i ts  o r i g i n a l  q u a l i t y .  

A i r  p o l 1 u t i o n . i ~  expected t o  b e  n e g l i g i b l e  dur ing  d r i l l i n g  and f r a c t u r i n g  
phases and may only b e  a problem i n  wors t  c a s e  c l e a r i n g  and burn ing  dur ing  
s i t e  p repa ra t ion .  To.avoid such a s i t u a t i o n ,  burning should be c a r r i e d  o u t  
i n t e r m i t t e n t l y  over  a f i v e  o r  ten-day per iod  and c a r e  should b e  taken t o  ensure  

* .  
t h a t  v i s i b i l i t y  is n o t  impaired on p u b l i c  rights-of-way. 

~ o i s e  impacts may be  annoying and would be p e r s i s t e n t  a s  most d r i l l i n g  
ope ra t ions  r e q u i r e  round t h e  c lock  d r i l l i n g . f o r  engineer ing  and f i n a n c i a l  
reasons.  Consequently, t h e  d r i l l i n g  and f r a c t u r i n g  equipment should have 
proper ly  muffled engines which a r e  checked p e r i o d i c a l l y . .  In c e r t a i n  l o c a t i o n s  
where a l a r g e  number of r e s i d e n t s  could be impacted a t  n i g h t ,  t h e  p o s s i b i l i t v  
of e r e c t i n g  a n o i s e  b a r r i e r  should b e  examined. 

To prevent  impacts on prime w i l d l i f e  h a b i t a t  such as c r i t i c a l  h a b i t a t  f o r  
Endangered and.Threatened Species ,  t h e  U.S. F i s h  and W i l d l i f e  Se rv i ce  o r  t h e  
S t a t e  F i s h  and Game Department should b e  contac ted .  I f  such c r i t i c a l  h a b i t a t s  
a r e  p re sen t  o r  i f  o t h e r  s e n s i t i v e  w i l d l i f e  a r e a s  such a s  marshes a r e  encountered,  
t h e s e  s i t e s  should be avoided by r e a l i g n i n g  acces s  roads  o r  d i r e c t i o n a l l y  
d r i l l i n g  from a nearby s i t e .  

A g r i c u l t u r a l  p r o d u c t i v i t y  l o s s e s  can  be minimized dur ing  t h e  c o n s t r u c t i o n  
and d r i l l i n g  phases by seg rega t ing  t h e  t o p s o i l  i n t o  a s e p a r a t e  p i l e  be fo re  t h e  
s u b s o i l  i s  excavated, temporar i ly  seeding  t h e  t o p s o i l  p i l e  w i th  a f a s t  growing 

'annual, and avoiding f l u i d  flow back from contaminat ing it. A f t e r  w e l l  
s t i m u l a t i o n  and w e l l  completion a c t i v i t i e s  have ceased,  t h e  excess  d r i l l  pad 
a r e a  and unnecessary roads  should have t h e  s u b s o i l  graded, t h e  t o p s o i l  rep laced ,  
and t h e  s i t e  f e r t i l i z e d ,  seeded and mulched.. 

Produced waters from t h e  MFC and GPA p r o j e c t s  should b e  handled t o  prevent  
t h e i r  r e l e a s e  i n t o  t h e  environment o r  i n t o  subsur face  p o t a b l e  a q u i f e r s .  A s  
mentioned previous ly ,  dur ing  d r i l l i n g  and cas ing ,  t h e  steel p ipe  and surrounding 
cement should be  t e s t e d  f o r  its i n t e g r i t y  and s t r e n g t h .  During t h e  product ion  
phase, bo th  s u r f a c e  and subsur fack  p ipes  and w e l l  bores  should be  t e s t e d  f o r  
co r ros ion  and l e a k s  and r e p a i r s  i n i t i a t e d  when r equ i r ed .  Sur face  s p i l l s  and 
subsu r face  a q u i f e r  connect ions a long  w e l l  bores  can  be  more e a s i l y  prevented 
than  co r rec t ed .  I f  subsu r face  a q u i f e r s  of vary ing  q u a l i t i e s  a r e  connected, i t  
m y  t a k e  s e v e r a l  t o  many yea r s  b e f o r e  t h e  p o l l u t a n t s  appear  i n  r e s i d e n t i a l ,  



a g ' r i c u l t u r a l  o r  i n d u s t r i a l  water  s u p p l i e s .  Subsequently,  even when t h e  
problem is co r rec t ed ,  i t  may t a k e  y e a r s  be fo re  t h e  p o l l u t a n t s  a r e  f l u shed  
from t h e  a q u i f e r s .  I n  t h e  in t e rven ing  per iod ,  t h e  water  supply could be  
rendered use l e s s .  Therefore,  p reven ta t ive  maintenance, poss ib ly  i n  combination 
w i t h  a ground water  monitor ing program, would b e s t  s e r v e  t o  avoid t h i s  poten- 
t i a l l y  s e v e r e  impact.  

Subsidence from r e s e r v o i r  p re s su re  drop could be  a s u b s t a n t i a l  impact 
above geopressured r e s e r v o i r s .  ~ a t h e m a t i ' c a l  p r e d i c t i o n s  . i n d i c a t e  t h a t  30 t o  
40 pe rcen t  o r  more of t h e  subs idence  could b e  a l l e v i a t e d  by r e i n j e c t i n g  t h e  . 
s a l i n e  b r ines ,  t o  t h e  producing s t r a t a .  This  would have t h e  added advantage 
of p o t e n t i a l l y  doubling t h e  amount of ' f l u i d s  which coltld be  produced from t h e  
r e s e r v o i t ;  however, i t  may n o t  be  economically f e a s i b l e  t o  r e i n j e c t  t h e  ' f l u i d s  
t o  t h e  producing r e s e r v o i r  and they might a l s o  lower t h e  r e s e r v o i r  temperature.  
~ e i n j e c t i o n  of sal t  b r i n e s . t o  a sha l lower ,  lower pressured  zone might be 

'more ecohomically and t e c h n i c a l l y  f e a s i b l e .  '  he amount of sbbsidence t h a t  
t h i s  a c t i v i t y  might prevent  is no t  known and t h e  Department of Energy i s  
.cont inuing t o  e v a l u a t e  t h i s  prublem dur ing  i ts '  CPA R&D program. ~nmmerc ia l  
s i t i n g  of GPA p l a n t s  I11 r u r a l  a r e a s  would decrease  t h e  economic impact to 
c i t i e s ,  t h e i r  r e s i d e n t s  and t h e i r  bus ines ses ,  b u t  no t  n e c e s s a r i l y  decrease  
t h e ' i m p a c t  t o  t h e  n a t u r a l  environment. 

The impact on wetlands,  predominantly i n  t h e  geopressured reg ion ,  can b e  
decreased by e i t h e r  dredging few cana l s  o r  by proper ly  cons t ruc t ing  t h e  ones 
which are requ i r ed .  During t h e  pre-exploratory and se ismic  phase, h e l i c o p t e r s  
should b e  used t o  acces s  remote wetlands,  o r  i f - t h i s  is  no t  poss ib l e ,  balloon- 
t i r e d  v e h i c l e s  should b e  used a s  they a r e  l e s s  d e s t r u c t i v e  than  t racked  
v e h i c l e s .  Cons t ruc t ion  of new cana l s  should be minimized by m u l t i p l e  u s e  of 
e x i s t i n g  cana l s ,  i n t e g r a t e d  planning w i t h  o t h e r  commercial i n t e r e s t s ,  common 
u s e  of  p i p e l i n e  c a n a l s  and d i r e c t i o n a l  d r i l l i n g  from upland s i t e s  o r  e x i s t i n g  
acces s  cana l s .  

When t h e  dredging of new cana l s  i s  required, t h e  fo l lowing  s teps  sho1.11.d 
b e  incorpora ted  i n t o  t h e  planning and cons t ruc t ion  phases: 

\\ , 

o Align c a n a l s  t o  t ake  advantage of e x i s t i n g  n a t u r a l  o r  man-made channels .  

o Minimize s a l t  water  i n t r u s i o n  by s i t i n g  c a n a l s  perpendicular  t o  t h e  
coas t ,  and o b t a i n  acces s  t o  t h e  c o a s t  from a n  e x i s t i n g  perpendicular  
c a n a l  i f  p o s s i b l e .  

o Avoid dredging cana l s  which exceed t h e  euphot ic  zone o r  t h e  depth of 
t h e  water body i n  which t h e  c a n a l  t e rmina te s  i n  o rde r  t o  prevent  
formation of s t agnan t  pockets  of water .  

o Avoid c r o s s i n g  n a t u r a l  d ra inage  p a t t e r n s  where p o s s i b l e  o r  u se  adequate  
bulkheading t o  p r o t e c t  and main ta in-water f lows  when no t  poss ' ible .  

o Minimize t h e  d r i l l i n g  a r e a  d i s t u r b e d  by us ing  space  e f f i c i e n t l y .  

o Stagger  t h e  borrow p i t s  on each s i d e  of t h e  roadway when c o n s t r u c t i n g  
accessways on h ighe r  marsh e l e v a t i o n s .  



o Use the  push pipel ine,method over t h e  f l o t a t i o n  method whei poss ib le  
and use the  double d i t ch ing  method i f  revegeta t ion  is  planned o r . t h e  
canal  plugging method i f  i t  is not.  

o Minimize canal  boat  t r a f f i c  and boat .speed t o  reduce canal  bank 
erosion.  

o R e f i l l ,  r e s t o r e  and revege ta te  upon'terminat5on of production. 

While t h e  socioeco,nomic impacts from EGR prograpls a r e  no t  expected t o  b e  
s u b s t a n t i a l  by themselves, coupled with o the r  energy .development, e s p e c i a l l y  
i n  s e v e r a l  of the  western regions,  the, impacts could b e  . s i g n i f i c a n t . .  Addition- 
a l l y ,  cons t ruc t ion .  of geopressured e l e c t r i c a l  generat ing/gas,  .proces,s~lng. p l a n t s  
i n  r u r a l  Gulf Coast a reas  could cause s e v e r e . s t r a i n , o n  the  housing and 
s o c i a l  s e r ~ i c e ' s ~ s t e m s .  Local communities and county planning agencies should 
b e , g i v e n  adequate funds t o  amel iora te  t h e  impact of acce le ra ted  growth.. To 
des ignate .  the  a r e a s  mpst l i k e l y  t o  'be impacted, e i t h e r  a Federal  agency of a 
Federal  Agency in ,combinat ion .wi th  s t a t e  planning agencies should p r o j e c t  
where t h e  growth w i l l  occur and s u p p l y ' t h e  necessary funds f o r  l o c a l  planning 
boards t o  ready t h e  community f o r  t h e  populat ion increase .  



Summary 

Environmental Impacts from the Enhanced Gas Recovery Programs will be 
similar in most respects to those previously experienced in conventional gas 
drilling operations such as soil erosion, stream sedimentation, air pollution, 
noise pollution, critical habitat destruction, degradation of high quality 
farmland and wetlands, and socioeconomic stresses or communities. A prevent- 
ative strategy has been outlined to avoid or at least mitigate the severity 
of these problems. Well stimulation (EGSP, MFC, WGSP), fluid withdraw1 (GPA 
and potentially MFC) and fluid reinjection (GPA and potentially MFC) are 
processes inherently different from those encountered in conventional gas 
drilling. The potential impacts are ground water pollution from fracturing 
fluid, connection of subsurface aquiters of varlng qualilles, and eubsidencc 
of the overlying land surface. Methods to eliminate or ameliorate these impacts 
have also been outlined. It must be stressed, however, that unlike many others 
energy categories or iacilitfes where rIIluruts arc controlled and processed, 
the environmental control strategy for the extraction of unconventional gas 
is one nf preventative planning, good housekeeping and successful monitoring 
programs. 
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ABSTRACT 

The mining of c o a l  is frequently a s s o c i a t e d  with the  production of a n  a c i d i c  
e f f luen t  which is c a u s e d  by the degradat ion  and d i s so lu t ion  of pyrite present  
in  the  majori ty of c o a l  d e p o s i t s .  This problem is part icularly pronounced 
and  ev iden t  in the  northern half of the Appalachian region and is cons ide rab ly  
more s e v e r e  in underground mining where  a c i d  production c a n  contiriue a1.d 
a c t u a l l y  i n c r e a s e  long a f t e r  mine abandonment.  One r e a s o n  for  t h i s  is that  
in underground mining,  as compared to  su r face  o r  s t r ip  mining,  a n  appreciable  
f rac t ion  of the  c o a l  m u s t  be le f t  in  p lace  for  roof support .  Furthermore, the'  
s t r a t a  covering the  coal bed f requent ly  a l s o  con ta in  appreciable  concentra-  
t ions  of pyrite.  As compared to  a n  unmined s e a m ,  t h i s  remaining c o a l ,  a s  
w e l l  a s  the overburden,  a r e  now,  however ,  fair ly f ree ly  a c c e s s i b l e  to  w a t e r  
and  a i r ,  the  r e a c t a n t s  n e c e s s a r y  fo r  the decomposi t ion  of pyrite and the  
formation of a c i d .  

C o a l  is the  one e n e r g y  resource  o f  the United S t a t e s  which is both abundant  
and  for which recovery  t echn iques  are  w e l l  e s t a b l i s h e d .  It is therefore the 
o n e  resource  where  i n c r e a s e d  production is both f e a s i b l e  a s  w e l l  a s  capab le  
of making a s ign i f i can t  impact  in regard t o  the  dependency  of the  United 
S t a t e s  on foreign oil imports  within a r e l a t ive ly  shor t  period of t ime.  However,  
inc reased  r a t e s  of c o a l  ext rac t ion  from underground s e a m s  may r e s u l t  in a n  
i n c r e a s e  of to ta l  mine a c i d  production w h i c h ,  i f  not  c o r r e c t e d ,  may be a 
high price t o  pay . 
In order  to make p o s s i b l e  a s ign i f i can t  inc rease  in c o a l  production from 
underground mines  wi thou t  harmful e f f e c t s  on  the environment o r  d r a s t i c a l l y  
inc reased  t rea tment  c o s t s ,  the Department of Energy in i t ia ted  t h i s  program 
w i t h  the  ob jec t ive  t o  de termine  the mechanisms and k ine t i c s  of the a c i d  
formation p r o c e s s e s  a n d  to  ident i fy  t echn ica l ly  and economical ly  f e a s i b l e  
methods  of aba tement  a n d ,  ideal1 y , complete prevention.  



Coal  mine ac id  drainage resu l t s  from the "transformation" of inorganic 
sulf ides  and polysulf ides ,  present in virtually a l l  c o a l  depos i t s ,  into oxi- 
d ized products which form strongly ac id i c  aqueous solutions.  The de ta i l s  
of this  overall  "transformation", e . g . ,  the mechanisms and the ra tes  of the 
reaction s t eps  involved, have s o  far  not been e luc ida ted ,  based on the 
information avai lable  in  the l i terature,  despi te .  the ex is tence  of numerous 
reports and publications dealing with i so la ted ,  readily identifiable and 
controllable p rocesses  under specif ic  condit ions.  As a matter of f a c t ,  the 
problem of ac id  mine drainage formation in its ent i re ty  has  not been addressed 
a t  a l l  when compared t o  the efforts made to  neutralize i t s  adverse  effects .  

Over 40 years  ago ,  the bas i c  react ions  leading to mine acid  production 
(slide 1) were postulated by Carpenter and Herndon, la ter  expanded by W e i s s ,  
and s ince then referred to by practically every , invest igator  in  the f ie ld .  The 
possibil i ty of bacter ia l  involvement in iron w a s  mentioned a s  
ear ly  a s  1919; however, it w a s  only in the l a t e  1940 ' s  that  bacteria became 
definitely identified a s  being present  in mine wa te r s  and affecting FeS2 
transformation. Since tha t  time, a tremendous amount of work h a s  been 
carried out  on the various a s p e c t s  of mine ac id  production a s  a t tes ted  by the 

L publications c i ted  in  various reviews. 

There are  severa l  reasons  why a comprehensive and cons' istent  description 
of the mechanisms arid ra tes  of a l l  proce'sses leading from inorganic sulf ides  
to acid  drainage has  not been developed. The number of interdependent 
variables affecting ac id  formation is huge - t o  name just  a few: the type and 
mix of minerals present ,  their degree of d i spers ion ,  the large number of 
sulfur compounds most l ikely involved' in the overal l  p rocess ,  the permea- 
bility of the coa l  bed,  the nature and ac t iv i ty  of the overburden, 'the pH 
and hardness  of incoming water ,  the type and quanti ty of other wate r  borne 
or leached spec i e s  including ca t a ly s t s  o r  nutr ients ,  o r  the variety of micro- 
organisms not only capable  of survival ,  but ab le  t o  adapt  and even  change 
via  mutation. In es tabl ishing the k ine t ics  and mechanisms of the ac id  
forming reac t ions ,  a l l  these  var iables  need to be considered in a systemat ic  
manner. 

To accomplish t h i s ,  the experimental invest igat ions  were carried out  along 
two l ines:  the  react ions  of "pure" iron d i su l f ides  , e.  g .  pyrite and marcasite , 
and the react ions  of iron disulfide a s  occurring in  bituminous coa l s .  

The resul ts  of these  investigations show that  marcasite in wate r  in the pre- 
s ence  of a i r  decomposes  almost twice a s  f a s t  a s  pyrite (5-2), that  the amount 
of soluble. iron produced is s t r ic t ly  dependent  on  the quanti ty of pyrite (S-3) 
or marcasite (S-4) p resen t ,  and tha t ,  most importantly, i t  is the degree of 
distr ibution,  e . g . the avai lable  surface a r e a ,  which determines how mu.ch 
iron is being solubil ized in a given time (S-5). 



S-1 : Basic Reactions - 
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,s-2: - Plot of .Fe and p H  versus Time for Marcaslte and Pyrite 
(<38urn, - 5 0 0  rnq TeS2/100 ml  H 2 0 Samples )  
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S-3: Soluble iron production as a'functlon of tlme for-dlffersnt quantities of pyrite suspended in 

100 ml of water. 
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- 5-4: Changes in pH and soluble iron production a s  a function of time for different quantit ies of - .  
rnarcaslte suspended in 100 ml of water. 
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S - 5 :  Effect of partlcle s lze  upon pyrite solublllzatlon. - 



One  of the r e a c t a n t s  needed  for  pyri te  deg rada t lon  is oxygen  a n d  s l n c e  7.5 
moles  of oxygen  a r e  needed  for  e a c h  two moles  of pyri te  t o  form fer r ic  iron 
and  su l fur ic  a c i d  the  measu remen t  of t he  oxygen  consumpt ion  r a t e  should  be. 
a very  good ind ica to r  of  the  p rog res s  of the  r eac t ion .  However ,  t h u s  f a r ,  t he  
theo re t i ca l ly  requi red  r a t i o  cou ld  no t  be exper imenta l ly  ver i f ied .  Oxygen con-  
sumption a l w a y s  l a g s  behind iron production (S-6) indica t ing  t h a t  su l fur  spe -  
c i e s  of a n  ox ida t ion  s t a t e  lower  than  six may  be formed. To compl i ca t e  m a t t e r s ,  
i t  a p p e a r s  t h a t  i n  the  in i t i a l  s t a g e s  of r eac t ion 'more  oxygen  i s . c o n s u m e d  than  
required (S-7) a n d  a t  l a t e r  s t a g e s  c o n s i d e r a b l y  l e s s  t han  would  be  e x p e c t e d  
o n  the  b a s i s  of iron produced.  This  is much more pronounced w i t h  marcas i t e  
(S-81, but  he re  i t  m a y  be obscu red  by  the  p r e s e n c e  of o t h e r  s u l f i d e s ,  b e c a u s e  
the  sample  a v a i l a b l e  w a s  o n l y  78% m a r c a s i t e .  

In t h e  in i t i a l  s t u d i e s  w i t h  pyri te  i t  a p p e a r e d  tha t  two  s u c c e s s i v e  p r o c e s s e s  
a r e  taking . p l a c e ,  a n  in i t i a l l y  f a s t  product ion  of iron fo l lowed by a s lower  ' 

i ron r e l e a s e  p r o c e s s  (S-9). This  h a s  b e e n  found t o  be c a u s e d  by the  s t ruc ture  
of  the  su r f ace  of t he  pyri te  p a r t i c l e s  a n d  t o  be d u e  t o  s ample  prepara t ion .  The 
grinding of museum g r a d e  pyri te  a p p a r e n t l y  produces  p a r t i c l e s  of high su r f ace  
irregulari ty a n d  therefore  a r e a s  of h igh  s u r f a c e  ene rgy .  At t h e s e  poin ts  the  
r a t e  of iron s o l u b i l i z a t i o n  is much h ighe r  t h a n  o n  the  remainder  of t he  s u r f a c e  
c a u s i n g  the  h igh  i ron  r e l a e s e  r a t e .  In t he  c o u r s e  of the  exper iment  t h e s e  high 
su r f ace  ene rgy  s p o t s  a r e  ground a w a y  a n d  pa r t i c l e s  of  a smooth su r f ace  s t ruc -  
ture  a re  produced,  w h i c h  r e a c t  a t  a s l o w e r  r a t e .  When s u c h  "po l i shed"  pyri te  
is sub jec t ed  t o  t h e  s a m e  exposu re  c o n d i t i o n s  the  iron r e l e a s e  r a t e s  a r e  
c o n s t a n t  (S-10). 

Cupr i c  and f e r r i c  ion  have  in  the  p a s t  b e e n  d e s c r i b e d  as a c c e l e r a t o r s  for  
pyrj te  d i s s o l u t i o n .  However ,  no  s u c h  e f f e c t  w a s  found for  c u p r i c  ion (S-111, 
w h e r e a s  the a c t i o n  of f e r r i c  i o n ,  wh ich  de f in i t e ly  w a s  e v i d e n t ,  as  measu red  
in  t h i s  i nves t iga t ion  d i d  no t  fo l low e i t h e r  o n e  of two p rev ious ly  proposed  

, . mechan i sms .  Tr iva lent  i ron c a n  be formed i n  two  w a y s ,  one  the  ox ida t ion  of 
fe r rous  iron b y  T . f e r roox idans ,  t he  o t h e r  t h e  r eac t ion  of f e r rous  i ron w i t h  
oxygen  (S-12). The t w o  p rev ious ly  p roposed  s c h e m e s  of f e r r i c  i ron  r eac t ion  
a r e  a )  the  ox ida t ion  of the  su l f ide  i o n  i n  pyri te  t o  e l e m e n t a l  su l fu r  and b) t h e  
comple te  ox ida t ion  t o  s u l f a t e .  The f i r s t  p r o c e s s  would  consume  2 moles  of . , ' 

f e r r i c  iron for  e a c h  mole of pyri te  s o l u b i l i z e d ,  t he  s e c o n d  would  requi re  14 
(S-12). The p r e s e n t  i n v e s t i g a t i o n s  show t h a t  t he  addi t ion  of fe r r ic ' ion  t o  a 
pyri te  s u s p e n s i o n  d o e s  i n c r e a s e  the  r a t e  of pyri te  so lub i l i za t ion  6 - 1 3 ) ,  how- 
e v e r ,  the  r a t i o s  of f e r r i c  iron r educed  t o  fe r rous  iron produced from pyri te  va ry  
from 4 to  7 ,  t h u s  ind ica t ing  t h a t  t he  ox ida t ion  of su l f ide  by  t r i va l en t  iron 
ne i the r  s t o p s  a t  t h e  e l e m e n t a l  su l fur  s t a g e  nor d o e s  i t  p roceed  t o  the  o x i d a t i o n ,  
s t a t e  of p lus  s i x  as  p r e s e n t  in  s u l f a t e  (S-14). 

One  ob jec t ive  of this' i nves t iga t ion  is to  e v a l u a t e  t h e  e f f e c t s  of var ious  
bac t e r i a  on  pyri te  so lub i l i za t ion .  Accordingly ,  methods  of s t e r i l i za t ion  had  
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S-6: Plot of oxygen uptake and soluble Iron production versus time for - 
2 5  mg ~ e S ~ / 5  m l  H 2 0  at 14O~. 



OXYGEN UPTAKE AND IRON PRODUCTION DATA 
o a 

FOR' PYRITE IN WATER AT 14 C 

Mole Ratio of Species 
Froduced' during a 

Sampling Fe t Ib given time interval 
Pe riod 
day . Eb  moles umole s Fe L- 0 

- - -  

a) All the tests  were performed at  14°~ 'u s ing  2 5  mg of pyrite per 5 m l  of deionlzed water. 
The values glven for the speciflc time perlods are corrected for the zero time sampling, 
1.e. , Use values obtained a t  zero time sampling are subtracted out. 

b) The value given is  the real value for the sample, while the value given in the parenthesis 
is the average value for this time period and the subscript value i s  the number of samples 
averaged. 



OXYGEN UPTAKE AND IRON PRODUC'IICN DATA 
o a 

FOR MARCMITE IN WATER AT 1 4  C 

Sampling 
Period 

day  
0 Z b  

umole s 

-- 

~ o l e  Ratio of Species 
Prod-xed during a 
given time interval 

- -- 

a )  All the tes t s  were performed a t  14'~ uslng marcasite, < 38p, 25 rng psr 5 m l  of 
deionized water. The values giveri for the specific tlme perlods are corrected for the 
zero tlme sampling, i . e . ,  the values obtained a t  zero time sampling are subtracted 
out. 

b) The value given i s  the average for twc samples ,  while the value glven in parenthesis 
is the average value f ~ r  this time p e r i d  and the subscript vslua i s  the number of 
samples averaged. 
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8-9: Plot of F e  and pH versus time for .̂ 500 mg ~ e S ~ / l o O  ml HZO. - 



EFFECTS OF PREVIOUS TREATMENTS UPON PYRITE SOLUBILIZATION~ 

(Pyrite, water) 

@?' Time ~d 

Interval 
t , b  

Fe . Rate ~ e ~ ' ~  

a )  In these t e s t s ,  museum grade pyrite, < 3811, recovered from the 
t e s t s  performed previously was  used. The tes t  conditions 
(- 500 mg In 100 m l  deionized water ,  room temperatun? agitation) 
were the same a s  for previous ser ies .  

b) ~e~ is the total  soluble iron in mg/ml. 
c) The rate is the total soluble iron produced per m l  of solutlon per 

hr auring the time lnterval specified. 





T, f, - e - F e  I) MICROBIAL F d 2  +3 
. . 

2) INORGANIC 2 Fet2 + H20 + 0 - .? + 2 O H -  



I I I 1 I 1 I 1 I I 1 

2  0  4  0 60 8  0  100 120 140 160 180 200 
Time (hr) 

0.16 

0 . 1 4 '  

0.12 

~e~ 
(rng/ml) 

0 . 1 0 -  

0  .0.8 

a: Effect of ferrlc lon upon pyrlte dissolution (high ferric ion concentration) .. 

/A- - - /-- ---- -- 
/- 

+ - -A 
. ,A- 
/ - 

/ 
*/ 0 p H ,  pyrite 

+3 / A pH,  pyrite plus Fe 
'- 0 . I *\A ~e~~ pyrlte 

I ~e~ pyrlte plus Fe +3 
A 

' 1 -  ' , - 
\'--QDo 

-0- i -- 
' \I 

5.0  

- 4 . 0  

pH 

- 3 . 0  

I 



QUANTITATIVE PRESENTATION OF ~ e + ~  EFFECT UPON PYRITE SOLUBILIZATION a 

+3 +3,b +2 ,c Ratio F= Time . Fe Fereduced Fellberated +3 

found 1 
Fereduced 

+2 
h r - - .  

1 f 3  - . . Fellberated 

a )  All the species' concentrations are given in mg/ml and al l  are averages of QQ-3 and QQ-4 Runs. 
+3 w a s  1.353 rng/ml. The total Feadd9 

+3 + = Fe 
+3 

b, Fereduced added 
- F e  . 

+2 t +3 t found = Fe - Feadded - Fe = average Fe of QQ- 1 and QQ-2 Runs. 
Fellberated control; Fe control 



t o  be found which  d o  not  a f f e c t  the redc  r iv i ty  o£ pyr i te ,  y e t  a s s u r e  the  
el imination of a l l  microorganisms.  Ery h e a t  a n d  e thy lene  oxlde  t r ea tmen t s  
were  found a c c e p t a b l e  in  both respc:,.c:ts (S-15), w h e r e a s  chloramphenicol  
and steam s te r i l i za t ion  were  found t o  a l t e r  the  r eac t iv i ty  of pyri te .  

The addit ion of T. ferrooxidans t o  a s u s p e n s i o n  of pyrite w a s  found to inc rease  
its solubi l iza t ion  ra te  ,' part icularly when  a nutr ient  so lu t ion  w a s  added  
s imul taneously  (S-17). The same  e f fec t  w a s  found wi th  marcas i t e  (S-18). The 
addit ion of T. th iooxidans  t o  a marcas i t e  s u s p e n s i o n  had a minimal y e t  d i s -  
cernib le  e f f e c t  (S-19) , w h e r e a s  on  pyrite T. thiooxidans showed no e f f e c t  at  
a l l  when compared to a s t e r i l e  cont ro l .  

Analysis  of f ie ld  s a m p l e s  for microorganisms showed the  p resence  of a 
var ie ty  of s p e c i e s  o n  both the  s o l i d s  as w e l l  a s  in the  w a t e r  s a m p l e s .  Prac- 
t i ca l ly  a l l  the  c o a l s ,  s h a l e s ,  and w a t e r s  t aken  from a n  abandoned underground 
mine and the  w a t e r  co l l ec ted  from near-by overflow bore h o l e s  showed the  
presence  of T. th ioparus ,  T. th iooxidans  , .T.ferrooxidans,  as w e l l  as su l fa te  
reducers  (S-20). In te res t ing ly ,  in none of the  s a m p l e s  could  Meta l logenium 
be  identif ied a l though it is s a i d  to be  a c r i t i c a l  l ink in  e s t a b l i s h i n g  condi-  
t ions  for T.ferrooxidans t o  become ef fec t ive .  The s a m e  r e s u l t s  were  obta ined 
on  the samples  c o l l e c t e d  in  a n  a c t i v e  mine in the  Pit tsburgh seam (S-21). 

Based on the  r e s u l t s  obta ined the  c o a l  from the  Pit tsburgh seam mine ,  which  
conta ined a b o u t  2% pyr i te ,  exhibi ted  large va r i a t ions  be tween s a m p l e s  
depending o n  the  loca t ion  where  they were  taken from. A sample  from a 
f reshly  c u t  face and  a roof c o a l  sample  a t  a sump did  not  produce measurable  
amounts of iron for  over  20 d a y s ,  w h e r e a s  a roof sample  from a n  o ld  hau lage  
w a y  and a sample  from the w a l l  d id  (S-22). The s a m e  trend w a s  ev iden t  in 
the production of su l fa t e  (S-23), where  su l fa t e  concen t ra t ions  o n  the  f i r s t  
two samples  remained e s s e n t i a l l y  c o n s t a n t  for  up  to 20 d a y s ,  w h e r e a s  the  
l a t t e r  two s a m p l e s  s t a r t ed  producing su l fa te  immediately.  The r e a s o n  for  
t h i s  d i sc repancy  w a s  found t o  be  the  p resence  of varying amounts  of c a l c i t e .  
The c o a l  from the  f r e sh ly  c u t  f a c e  did s t a r t  r e l eas ing  iron a f t e r  abou t  35  
d a y s  (S-24), apparen t ly  a f t e r  all c a l c i t e  had been  consumed under  formation 
of calcium su l fa te  (S-25). T.ferrooxidans w a s  found t o  i n c r e a s e  t h e  r a t e  of 
reac t ion  of pyrite embedded in c o a l  in the  same w a y  a s  i t  d id  wi th  museum 
grade  pyrite (S-26). In teres t ingly  , T. th iooxidans  inc reased  t h e  iron solubi -  
l iza t ion  ra te  for  pyrite i n  c o a l  al though it showed no measurable  e f f e c t  in 
the  c a s e  of museum grade  pyrite (S-27). 

The resu l t s  ob ta ined  thus  f a r  show tha t  pyrite wi l l  undergo d issolu t . ion  upon 
exposure  t o  a i r  and w a t e r  and t h a t  the  r a t e  of solubi l iza t ion  is a function of 
ava i l ab le  su r face  a r e a  and temperature.  Ferric ion d o e s  a c c e l e r a t e  t h i s  pro- 
c e s s ,  cupr ic  ion d o e s  n o t ,  and ca rbona tes  p resen t  prevent a c i d  formation 
unt i l  e x h a u s t e d .  T. ferrooxidans and to  a degreee T. th iooxidans  acce . lera te  
the  ra te  of pyr i t ic  iron solubi l iza t ion  in c o a l .  Both of t h e s e  o rgan i sms  w e r e  
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S-15: Effect of s t e r l l i za t lon  p rocedures  upon pyrl te d i s so lu t ion ,  . total  iron 
v e r s u s  tlme. 



S-16: Effect of steam sterlllzatlkn upon pyrlte solublllzatlon. - 
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S-I  7: EfRect of T .  ferrooxldans upon pyrlte d i s so lu t ion  in variou; medie. 
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S-18: Effect of T. ferrooxldans upon marcaslte dissolutlon In different medla. - 
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ANALYSIS O r  SAMPLES rROM AN 

ABANDONED M I ~ J E  A N D  BORE ~ I O L I :  C;vCitrLow 

No. Descrlptlon pH P P ~  - ,  . ,  . .  - , : f 
1 water, free flow Bed No. 1 4 . 6  1.5 . +  + + - + + + 

2 water. muddy Bed No. 2 5 . 2  0 . 2  + + + - + + + 

3 water. stagnant Bore hole 4 . 7  107 + + + - + + 

4 water ,  froth Bore hole 4 . 6  6 7  + + + - + + 

5 water ,  muddy Bore hole 4.4 62  + + + - + + + 

6  water, free flow Bore hole 5.5 114 + - .- + + + 

7  y e l l w b o y  Bed No. I n.d. n.d. + + - + n.d. n.d. 

8 "stalact l te" Bed No. 2 n.d. n.d. + + + - + n.d. n.d. 

9 coa l  Bed No. 2 n.d. n.d. + + + - + n.d. n.d. 

10 rock Bed No. 2 n.d. n.d. + + - - n.d.  n .d .  



R1:SULTS Or TSII' BACTLlllAL ANALYSIS Oi' VV-M!tJl. Sr.hqPU.S 

M l r ~ e  PII-7 p11=2.7 p l l=2 .7  

Sample I - o x l d  S-oxld Fe-ox ld Meral loqenlum S - red Hetcrntroplrs Yeast 

VV-1 tLf. l , l )  
I t . . ? < ?  .. . . 2 , 6  X l o 4  5.0 X 10 

+ 5 . 4  X 10 4 
v v - 2  (COJLI 7 ~ 3 ,  1.3, t o 3  

VV-9 iwotcr l  ~ 1 0 ~ - , 1 0  3 4 .0 X 10 2 t 7.4 x l o S  I .O x l o 4  
- - ? < 3  .4 

VV-12 (water-coal1 t 4 . 2  X 10 0.0 X 10 
7 5 4 .3  x l o 4  7 V V - I  I (water) 4 1 0  - > I 0  + 2 . 8  X 10 5.0 x 
- - ? c 3  + 1.9 X l o 2  1 .7  X 10 2 

VV-3 Lshale) 
. . .  

VV-4 (coal) 

VV-5 (coal) 

VV-6 (shale) 

VV-7  (ccnal) 

VV-8 (shale) 

VV- I0  (water) 

HI-3 ,(water) 

W-4 lwaterl  
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S-22: pH drop and soluble iron production a s  a function of time for c o a l s  
obtained from different locations of V V-mine. 



Time [hr] 
S-23: Soluble sulfate production from-coals obtained from different locations of VV-mlne. - 



S-24: Effect of  prolonged exposure of VV-1 coal to water and a h .  
. . 



2 Fe(OH)S04 + 4 H20 - 2 Fe(OH)j + 2 H2SC14 

S-25: ~ f f e c t  of Calcite - 



S-26: Effect of T. fer rooxidans ,  ATCC s t r a i n ,  upon c o a l  solubl l iza t ion.  
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S-27:  Effect of T. thiooxidans,  ATCC s t r a in ,  upon coal  solubllization. 
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found in f i e ld  s a m p l e s ,  w h e r e a s  ~ e t a l l o g e n i u m  could not be  d e t e c t e d .  In 
regard to  a b a t e r r e n t  methods the app l i ca t ion  of bac te r i c ides  is by i tself  
pollution c rea t ing  and wi l l  have only a temporary effect ;  recycling of ferrous 
iron conta in ing w a t e r  i s  ineffect ive based  o n  the  r e s u l t s  obtained thus. f a r ,  
and mi& ' sea l ing  o r  flooding may be ha rd ,  if not  imposs ible  t o  ach ieve  t'o 
e.xclude a l l  oxygen.  Promising approaches  inc lude making ava i l ab le  carbon- 
a t e s  p resen t  i n  c o a l  and overburden to produce fer r ic  ox ides  and  hydroxides 
together  wi th  ca lc ium sul fa te ;  t h e s e  would precipi ta te  w'ithin the mine. 
Backfilling t o  reduce  the  amounts of w a t e r  and  a i r  , which possi,bly could 
e n t e r ,  to  a minimum would offer another  avenue wi th  the  addi t ional  benef i t  
of s u b s i d e n c e  control .  

W e  would l ike  to  e x p r e s s  our apprecia t ion for  the  support  of the ~ e p a r t m e n t  
of Energy under  Cont rac t  No. ET-78-C-01-8977, wi thout  which t h i s  s tudy  
would have been  imposs ible .  We a l s o  would l ike  t o  thank the  off ic ia ls  and 
eng ineers  from the  mining companies ,  the  Pennsylvania  Department of En- 
vironmental  Resources ,  the  Bureau of M i n e s ,  the  Corps  of Engineers ,  the  
Appalachian Regional  Commiss ion,  and the  Bituminous C o a l  As soc ia t ion  
for all the h e l p  a n d  a d v i s e  they gave u s .  F inal ly ,  it is a pleasure  t o  
acknowledge the  generous  a s s i s t a n c e  and guidance  of Mr. R. W e n z e l ,  
Mr. D.  U t h u s ,  and  Dr. A. Har ts te in  of the  Department of Energy, w h o s e  
cont inuous  encouragement  made a s igni f icant  contr ibution t o  t h i s  program. 
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ENVIRONMENTAL CONTROLS FOR UNDERGROUND COAL GASIFICATION: 
GROUND-WATER EFFECTS AND CONTROL TECHNOLOGIES * 

Warren Mead and Ellen Raber 

Lawrence Livermore Laboratory 
P .  0. Box 808 

Livermore, Cal i fornia  94550 

ABSTRACT 

Underground coal gas i f icat ion (UCG) promi s e s  t o  provide economic access 
to  an enormous deep-coal resource. I t  i s ,  therefore ,  of considerable impw- 
tance t o  develop appropriate environmental control s fo r  use in con junction 
w i t h  t he  UCG process. The Lawrence Livermore Laboratory has conducted th ree  
UCG experiments a t  i t s  Hoe Creek s i t e  in northeastern Wyoming. We are con- 
ducting environmental s tudies  in conjunction with these  UCG experiments, 
including an investigation of changes i n  local ground-water qua l i t y  and subsi- 
dence e f fec t s .  Ground-water monitoring and geotechnical measurements have 
helped t o  c l a r i f y  the  environmental s ignif icance of reaction-product contami- 
nants t ha t  remain underground following gas i f i ca t ion ,  and the  implications of 
cavi ty  roof collapse and aquifer interconnection. These invest igat ions  have 
led t o  the  development of preliminary plans f o r  a spec i f i c  method of ground- 
water qua1 i t y  res tora t ion u t i  1 i zing activated carbon adsorption. We are a1 so 
invest igat ing unconventional technologies t h a t  may be appropriate fo r  restor- 
ing ground water t ha t  has been contaminated as a r e s u l t  of UCG operations. 
These water treatment technologies are being explored as possible supplements 
t o  natural controls  and process r e s t r i c t i ons .  

INTRODUCTION 

The conversion of coal in to  combustible gases, as a source f o r  synthet ic  
f ue l s ,  promises t o  become an important method of coal u t i l i z a t i on .  If the  
conversion process i s  carried out with the  coal in place underground - -- i n  s i t u  
gas i f icat ion or Underground Coal Gasification (UCG) - there  are important eco- 
nomic and environmental advantages. However, the  exploration and assessment 
of t h i s  prospective technology must include a careful evaluation of potential  
environmental problems, together w i t h  e f f o r t s  t o  iden t i fy  e f f ec t i ve  environ- 
mental control s .  

* Support fo r  these investigations i s  provided by the Division of Environmen- . 
t a l  Control Technology (DOE/ASEV), t he  Office of Research and Development 
(EPA/IERL-CI), and the Office of the Deputy Assistant  Secretary f o r  Oil and 
Gas Technology (DOE/ASFE). This work was performed under the  auspices of the  
U .  S. Department of Energy by the  Lawrence L i  vermore Laboratory under contract  
number W-7405-ENG-48. 



The Lawrence Livermore Laboratory ( L L L )  has carried out three underground 
coal gasification experiments a t  i t s  Hoe Creek s i t e  i n  northeastern Wyoming. 
We are conducting environmental studies in conjunction with these UCG experi- 
ments, including an investigation of changes i n  ground-water quality and sub- 
sidence effects .  O u r  objectives are to characterize any ground-water or sub- 
sidence problems tha t  may exis t ,  and to , iden t i fy  appropriate environmental 
control technologies.. The ground-water investigations are designed, prima- 
r i l y ,  t o  evaluate the magnitude and extent of hydraulic and chemical changes 
tha t  could resul t  from UCG. In some instances, UCG has led to  cavity roof 
collaps'e and interconnection of aquifers. I t  i s  important to  understand the 
a1 tered hydro'logic regime tha t  wi 11 r e su l t  under such circumstances, and i t s  
e f fec t  on contaminant dispersal. An understanding of both chemical and hydro- 
logic factors  i s  essenti  a1 to the design of effect ive environmental controls. 
This paper summarizes the resu l t s  of our ongoing ground-water studies a t  the 
Hoe Creek s i t e  and presents our preliminary ideas and investigations concern- 
ing possible control technologies and mi t igat ion measures that  may be appl ica- 
ble to  ground-water quality changes that  resu l t  from UCG. 

BACKGROUND 

In order t o  evaluate the environmental concerns and constraints associ- 
ated with UCG, i t  i s  important to have an understanding of the process 
i t s e l f .  Although underground coal gasification generally involves a complex 
ser ies  of chemical reactions, i t  can be simply characterized as the heating of 
coal in the presence of gasifying agents such as oxygen and steam. Some of 
the coal i s  burned to  provide heat t o  drive the gasification reactions. In 
the simplest form of U C G , ,  two or more process wells dr i l led  into the coal seam ; 
are used, a f te r  the coal i s  ignited, to  inject  a i r  or other gasifying agents 
and to withdraw the resulting combustible gas mixture (Figure 1). Usually,, 
the coa l ' s  permeability must be enhanced, before gasification, along a path -? 

connecting the process wells. This may be accomplished by explosive frac- 
turing (as  was done a t  Hoe Creek I ) ,  reverse burn linking (Hoe Creek 11) 

1 directional d r i l l i ng  (Hoe Creek 111), hydrofracturing, or electrolinking . 
The need to  achieve t h i s  preliminary connection, re1 i ably and economicdl ly, 
represents an important current challenge i n  UCG technology. 

The possibi l i ty  of ground-water contamination ar ises  because some of the 
gasification reaction products remain underground in the vicini ty  of the gasi- 
f ied  coal seam, which i s  typical ly  an aquifer. -The residual materials include 
coal ash, char, some coal t a r s ,  and roughly 10% of the product gases, which 
escape into the surrounding permeable s t r a t a .  During gasification, these 
escaping product gases can transport small amounts of vola t i le  contaminants up 
t o  600 f t  (200 m )  or more, from the gasification cavity. Following the gasi- 
f ica t ion  process, the ground water, which has been prevented from entering the 
gasification cavity by product-gas pressure - and perhaps i n  part  by dewater- 
ing operations - returns to  the cavity, leaches inorganic materials from the 
ash, and dissolves some of the organic species. A contaminated ground-water 
plume develops and begins to  move through the coal seam under the influence of' 
the natural ground-water flow. This contaminated ground water would be of 
environmental significance i f  i t  found i t s  way, i n  suff ic ient  concentrations, 
into surface waters or into aquifers from which water i s  extracted for  drink- 
ing or agricultural  purposes. Fortunately, the concentrations of many contami- 
nants are s ignif icant ly reduced as a resu l t  of sorption by the surrounding coal. 
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Figure  1. Schematic rep resen ta t i on  o f  the  underground coa l  g a s i f i c a t i o n  process. 
The reg ion  ahead of the  o x i d a t i o n  zone has been mod i f i ed  before gas- 
i f i c a t i o n  t o  p rov ide  a  path o f  increased pe rmeab i l i t y  t h a t  w i l l ,  per- 
m i t  adequate gas f l ow .  



We have monitored ground-water qual i ty  before, during and af te r  the three 
Hoe Creek UCG experiments. The f i r s t  experiment, performed in 1976, was com- 
paratively small, involving gasification of only 130 tons of coal. The gasi- 
f ied  coal seam (Felix No. 2) i s  25 f t  (7.6m) thick and l i e s  a t  a depth of 
125 f t  (38 m). Phenolic materials are among the contaminants that  showed 
large increases near the b u r n  zone following gasification; However, the con- 
centrations decreased rapidly with time and distance from the burn  zone, as 
indicated in Figure 2. A t  distances of about 50 f t  (15m) from the burn  zone, 
concentrations have returned to  baseline values. / I t  i s  important to  note tha t  
normal ground-water flow ra tes  i n  the vicini ty  of Hoe Creek are quite slow - 
perhaps a few meters a year - and tha t  the resu l t s  exhibited in Figure 2 do 
not, fo r  the most par t ,  represent contaminant transport as a r e su l t  of 
ground-water flow. O u r  laboratory measurements provide confirmation tha t  the 
decrease in phenol concentrations with time i s  largely a resu l t  of sorption on 
the coal . 

Some important new factors  affected contaminant dis t r ibut ion d l  the s i t e s  
of the more recent UCG experiments a t  Hoe Creek: Hoe Creek I 1  (2300 tons of 
coal gasified,  1977) and Hoe Creek I11 (3600 tons gasified, 1979). A primary 
difference between these large gasification experiments and the Hoe Creek I 
experiment i s  the f a c t  that  roof collapse and the resul t ing gasification of an 
overlying coal seam (F.elix No. 1) led to  the interconnection of the Felix No. 
2 Coal aquifer with the Felix No. 1 Coal aquifer and w i t h  an overlying sand. 
aquifer. Roof coll apse was documented by an extensive array of subsurf ace 
geotechnical instruments2, and the nature of the permeable c l lapse zone was S delineated in detail  by post-burn coring a t  s i t e  I1 (Fig. 3) . 

Since the  Hoe Creek s i t e  is an area of natural recharge t o  ground 
water4, we expected that  water from the overlying aquifers would flow down- 
ward toward the bottom of the gasification cavity and rad ia l ly  outward into 
the Felix No. 2 Coal seam. Our measurements of ground-water contaminants and 
hydraulic heads as a function of time confirm the expected behavior. The 
radi a1 ground-water f 1 ow i s  the dominant ground-water movement within 100, f t  
(30 m), or so, of the burn zone. 

An example of contaminant transport that  i s  believed to  be a resu l t  of 
the ascel rated ground-water motion due t o  aquifer interconnection i s  shown in 
Figure 4.b The i n i t i a l  high concentrations of the aromatic hydrocarbons are 
probably due to  the rapid outward transport of these materials in the vapor 
phase during gasification6. After a decrease, perhaps due to  sorption, the 
contaminants increase slowly as a resu l t  of ground-water transport from the 
more concentrated source near the gasification zone. 

In Figure 5, we have plotted boron concentrations i n  several outer wells 
a t  various times af te r  gasification. These resu l t s  a1 so indicate increasing 
concentrations in some outer wells with time, as would be expected i f  boron i s  
following the natural ground-water flow and being transported outward. w i t h  the 
mov'i ng ground water. 



Distance from burn boundary, ft 

Figure 2. Concentrations o f  phenol ic  ma te r ia l s  i n  the  ground water as a f u n c t i o n  
o f  d istance from the 'nearest  burn boundary o f  the Hoe Creek I g a s i f i -  
ca t ion  experiment. Times ,are.measured from the end o f  g a s i f i c a t i o n .  
The sampling w e l l s  are completed i n  the gas i f i ed '  coal seam, and loca ted  , 

i n  var ious d i r e c t i o n s  from the  g a s i f i c a t i o n  zone. 



Figure 3. Inferred shape of the Hoe Creek I1  gas i f i ca t ion  cavi ty  on the  basis 
of pos t-burn coring and logging invest igat ions .  Roof col lapse  'and 
gas i f i ca t ion  of the overlying Felix No. 4 1 Coal contributed t o  the  
ver t i ca l  extension of the cavi ty .  
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Figure 4. Changes in the concentrations of aromatic hydrocarbons and phenols 
as a function of time i n  three wells near the Hoe Creek I1 gasification 
experiment. 
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Figure 5.  Changes i n  the boron concentrations measured i n  ground-water samples 
obtained near the Hoe Creek I1 gasi f icat ion s i t e .  



Another in te res t ing  fea ture  of the  contaminant d i s t r ibu t ion  t ha t  resul ted 
from the Hoe Creek I1 and I11 experiments i s  the  f a c t  t ha t  the  highest phenol 
concentrations occur in t he  overlying Felix No. 1 Coal seam. This may be 
because the hydrostat ic pressure within the Felix No. 1 Coal i s  l e s s  than t ha t  
in the  underlying Felix No. 2, and the  cavity gas pressure i s  therefore  more 
e f fec t ive  in driving vaporized contaminants out in to  the  Felix No. 1 Coal seam. 

ENVIRONMENTAL CONTROLS 

We have begun an investigation aimed a t  identifying e f fec t ive  and econo- 
mically f ea s ib l e  methods f o r  control l ing or mitigating ground-water qua l i ty  
changes caused by UCG. Our investigation has included laboratory s tudies  t o  
a s s i s t  in evaluating the  effect iveness  of promising control technologies. I t  
i s  important t o  remember t h a t  natural controls - in par t i cu la r ,  ground-water 
cleansing by the  surrounding coal - and UCG operational r e s t r i c t i o n s  are 
l i ke ly  t o  play a major ro l e  in the control and l imi ta t ion of ground-water con- 
tami nati on. 

An essent ia l  prerequis i te  t o  the  development of meaningful ground-water 
controls i s  a knowledge o f .  the  applicable water-quality standards. The task 
i s  complicated by the broad range of organic and inorganic products t ha t  are  
found in the  ground water as .a r e s u l t  of underground coal gas i f i ca t ion  (Table 

4 1). Furthermore, the water qua1 i t y  standards themselves are ce r ta in  t o  change 
with increased understanding of the  environmental significance of coal ga s i f i -  
cation by-products. In an e f f o r t  t o  provjde a t en t a t i ve  basis  f o r  control 
technology development, we have assembled in  Table 2 a l i s t i n g  of water qual- 
i t y  standards as specified by the Environmental Protection Agency and the 
Wyoming Department of Environmental Qual i ty .  We have a lso  l i s t e d  some recom- 
mended values t ha t  may provide ins ight  concerning fu tu r e  regulations.  

Operational Limitations and Natural Controls 

We are beginning t o  recognize operational cha rac t e r i s t i c s  of the  UCG pro- 
cess t h a t  a f fec t  contaminant dispersal  and t ha t  may be a l tered so as t o  l im i t  
contamination - often w i t h  advantageous e f f ec t s  on process economics. For 
example, the  extent  of contaminant deposition t h a t  r e su l t s  from product gas 
escape i s ,  in  par t ,  dependent on cavi ty  pressure. By keeping cavi ty  pressure 
as low as possible, consis tent  with the  need t o  r e s t r i c t  ground-water influx,  
i t  should be possible t o  l imi t  the  i n i t i a l  dispersal   of^ gaseous contaminants, 
as well as the  loss  of valuable product gases. 

S i t e  selection c r i t e r i a  t ha t  preclude.weak overburdens and nearby aqui- 
f e r s  may a lso  be beneficial  - i f  not essen t ia l  - in achieving successful pro- 
cess operations and e f fec t ive  l imi ta t ions  on contaminant migration. 

The principal  natural control t ha t  r e s t r i c t s  ground-water contamination 
i s  the sorption by the  coal surrounding the  gasi f icat ion zone. Our ground- 
water monitoring s tudies  suggest t ha t  coal e f fec t ive ly  sorbs many of the  con- 
taminants introduced by the UCG process. 



Table 1 

Ground-Water Contaminants t h a t  Increased Fo l lowing G a s i f i c a t i o n  
d t  Hoe Creek s i t e s 5  

( L i s t e d  i n  approximate order  of abundance.) 

Organics 

V o l a t i l e  Hydrocarbons: methane, ethane, ethylene, propane 

Aromatic Hydrocarbons: 

Organic Acids: 

benzene, touluene, C2-C4-benzenes, 
napthalenes, 3- and 4 - r i ng  aromatics, 
i ndans 

phenol ,. a1 kylphenol s, naphthol, 
a1 ky lnaphtho l  s  

Organic Bases: py r i d ine ,  methyl py r i d ine ,  C2-C4- 
py r id ines ,  an i l i ne ,  i ndo l i nes ,  qu ino l ines ,  
i soqu i  no1 i nes 

Saturated and Cycl i c Hydrocarbons: n- a1 kanes, branched a1 kanes, c y c l  i c a1 kanes 

Unsaturated Hydrocarbons: o l e f i n s  
I .  

Inorganics:  boron, f l o u r i d e ,  bromide, ch lo r i de ,  lead, l i t h i u m ,  s u l f a t e ,  manganese 
ammonia, sodium, s u l f i d e ,  th iocyanate,  i r on ,  calcium, cyanide, 
barium, potassium, magnesium 

I t  i s  important  t o  consider the  mechanisms t h a t  appear t o  be invo lved i n  
var ious  k inds  o f  coal  sorp t ion .  The coal  network i s  genera l l y  assumed t o  be 
formed f rom small aromatic u n i t s  h e l d  together  by sho r t  c ross - l i nke rs  - ma in l y  
methylene, bu t  a l so  i n c l u d i n g  ethytene, propylene and ethers.  A  coal  p a r t i c l e  
appears t o  a c t  l i k e  a  sponge. I t  i s  permeated by l a r g e  and small f i s s u r e s  o r  
pores ( f rom a  few ten ths  t o  10 nm) t h a t  are more or  l ess  accessib le t o  smal l  
molecules such as ammonia and low molecular  weight hydrocarbons. Most o f  
these v o l a t i l e  m a t e r i a l s  a r  trapped i n  t h e  pores of t h e  coal  and are n o t  

18 a c t u a l l y  chemica l ly  bonded . I n  the  case o f  small pores, t he  f o r e i g n  
molecules are able t o  en ter  them o n l y  a t  h igh  temperatures and pressures, b u t  
are trapped t h e r e i n  upon c o o l i n g . .  Larger  pores permi t  u n r e s t r i c t e d  entrance 
and e x i t  o f  molecules, bu t  o ther  s o r p t i o n  processes may occur. 

We have conducted p r e l i m i n a r y  l a b o r a t o r y  s tud ies  on the  so rp t i on  capaci-  
t i e s  o f  coa l l3 .  However, t he re  are d i f f i c u l t i e s  i n  d u p l i c a t i n g  the  two geo- 
l o g i c  c o l l o i d  systems t h a t  appear t o  e x i s t  underground (gas i n  so l  i d  phase and 
1  i q u i d  i n  s o l i d  phase). The s o r p t i o n  o f  gas or  vapor by coal  can be described 
by the  Langmuir isotherm14, whereas the s o r p t i o n  from s o l u t i o n  by coa ls  i s  



' TABLE 2 

Water Q u a l i t y  Standards and Recmenda t ions  (Future) 

Wyoming OEQ 
EPA Requirements (ppm) Requirements (ppm) 

(Future - Present). jOomestic - L ives tock1  Contaminant 

Phenols 

Carboxyl ic  acids 

Organic bases 

Polynuclear bases 

Polynuclear aromatics 

Polynuclear aromatic hydrocarbons 

O i l  and Grease . . 

Organic S u l f u r  

Endr in 

Lindane 

Methoxyclor 

Toxaphene 

Chlorophenoxys .01 - .1 
800 10 - 30 

COO (State & n u n i c ~ p a l )  30 - 500 

CCE 0.3 - ? 

CAE 1.5 - ? 

h o n i a  (tlHJ) 

~ u ~ f i d e . ( ~ ' )  

Carbonate (COG) 

Cyanide (CN-) ' 

cos 
SCN' 

F luo r ide  (F-) 
Cadnium (Cd) 

Chlor ide ((1-) 

A l m i n i w n  ( A l )  

Copper (Cu) 

Hydrogen Su l f i de  (HZS) 

I r o n  (Fe) 

Manganese (Mn) 

Sul fate (SO;) 

Urdnium (U)  
Zinc (Zn) 

Cobalt (Co) 

Mercury (Hg] 

Arsenic (As) 

S i l v e r  (Ag) 

Selenium (Sc) 

Lead (Pb) 

Boron (8 )  

Barium (Ed) 

Chromium (Cr)  

N i t r a t e  (as N) . 
To ta l  Dissolved Sol ids 

Color - T u r b i d i t y  

Odor I n s i g n i f i c a n t  

four/100 ml 

6 -. 9. S.U.  

Negative . 
8 . , . , .  

1.25 mq/l' 

Col i form Bac te r ia  

Ph 

Ames tes t  f o r  Mutagenic i ty  

SAR 

RSC 

Combined To ta l  

Radium - 226 and Radium-- 228 
Total  Stront ium . 
Gross alpha p a r t i c l e  

r a d i o a c t i v i t y  

T r i t i u m  

References: ( 7 ) .  (8). ( 9 ) .  (10. (11) 



best described by the Freundlich isotherml4. The main difference i s  that  
sorption of gases and vapors onto solids i s  primarily a function of tempera- 
tu re  and pressure, whi  1 e the sorption capacity of sol i d s  from solution depends 
upon the pH of the solution, concentration of the solute,  contact time, and 
competition adsorption reactions between species. Although we have measured, 
in the laboratory, the sorption of many ground-water contaminants i n  solution 
on granular coal a t  pH 7,  we have not yet b en able t o  predict absolute sorp- 

P3 t ion character is t ics  under f i e l d  conditions . In many geologic colloid 
systems, such as coal, adsorption is expected to  play a s ignif icant  role.  I t  
is also important to  c o z i d e r  the r a t e  a t  which desor,ption takes place. 
Desorption depends upon many fac tors  including changing solution characteris- 
t i c s  and the type of adsorption process tha t  occurred i n i t i a l l y .  Furthermore, 
thermodynamic equations demonstrate tha t  i f  adsorption occurs from a solution, 
the surf ace excess (number of adsorbed 1 ayers) increases w i t h  increasing con- 
centration of the adsorbate in solution. If the adsorption occurs from the 
gaseous phase, t surface excess increases w i t h  increasing part ia l  pressure 
of the adsorbate . 

The outstanding a b i l i t y  of activated carbon to  adsorb various organics 
and inorganics from solution i s  well known12. Our recent laboratory experi- 
ments have shown tha t  bituminous coal i s  the best source of activated carbon 
fo r  the removal of organics tha t  are present i n  the ground water affected by 
UCG operations. The f i r s t ' s t e p  i n  the production of activated carbon i s  the 
formation of a char from the source material (carbonization). T h i s  is accom- 
plished by heating the source material (usually i n  the absence of a i r )  t o  a 
temper tu re  that  is suf f ic ien t ly  high to  dry and vola t i l ize  substances in the 

f2 carbon . To increase the surface area, the carbon i s  then activated by the 
action of oxidizing agents such as steam, a i r  or C02 a t  elevated tempera- 
tures.  This resu l t s  in the development of an extremely porous structure and 

, 

an extensi ve internal surf ace area w i t h  much greater adsorption capacity. The 
adsorptive properties of the finished product depend heavily on the oxidizing 
gas, i t s  concentration and the temperature during oxidation. 

Since activated char i s  formed during the gasification proceis15, i t  
may be possible to  provide increased adsorption capabi l i t ies  in the surround- 
i n g  coal by promoting the formation of t h i s  uniquely effect ive adsorbent. The 
experiment a t  Hoe Creek I used explosive fracturing to  enhance permeability 
prior to. gasification. This may have provided additional surface area for  
activation, thereby leading to  the formation of more highly activated coal 
surfaces. In f ac t ,  contaminant levels have decreased most conspicuously a t  
Hoe Creek I (compared t o  Hoe Creek 11) b u t  there are many other factors  tha t  
could equally we1 1 account for the observed differences. Nevertheless, the 
poss ib i l i ty  of providing increased adsorption through specSal activation pro- 
cedures deserves fur ther  consideration. 

Supplementary Control Measures 

If a combination of process controls and s,orption by the surrounding 
coal proves i nadequate fo r  effect ive control of ground-water qua1 i ty,  then ci-: 

i. supplementary measures will need to  be implemented. There are three 
approaches that  can be explored: (1) minimizing contaminant transport ( 2 )  
external removal of contaminants or ( 3 )  converting contaminants t o  innocuous 



substances. We have begun to evaluate possible control technologies tha t  
could be both effect ive and economically feasible.  Figure 6 suggests the 
steps involved in assessing potenti a1 cleanup techniques. Much of the 
required informati on i s  already avai 1 able to  us as a r e su l t  of our ground-water 
sampling investigations. 

Our cur,rent investigations include a consideration of conventional water 
treatment methods which involve pumping the contaminated water to  the sur- 
face. If pumping can be in i t ia ted  soon enough af te r  gasification - before the 
normal ground-water flow has extended the region of contamination - i t  may be 

. possible to  create a f 1 ow pattern that  prevents fur ther  contami nant disper- 
sal .  Prel iminary estimates suggest that  reasonable pumping capabi l i t ies  ( l e s s  
than 100 gpm) may be adequate. Although t h i s  approach seems straightforward, 
we are  uncertain of i t s  ultimate effectiveness - primarily because slow 
desorption of residual contaminants may prolong the effect ive l ifetime of the 
contaminant source. Experiments designed to  provide an estimate of t h i s  
e f fec t  are under consi derati on. Of course, chemical additives might hasten 
the desorption process. In any case, i t  must be remembered tha t  a combination 
of several techniques may be most effective.  

We are presently involved i n  process f e a s i b i l i t y  and engineering design 
studies to  determine system effectiveness and cost economics for  ground-water 
treatment in connection w i t h  1 arge scale  UCG operations. We are evaluating a 
combination of conventional wastewater treatment techniques, as well as some 
possible -- in s i tu  methods ( F i g .  6 ) .  -- In s i tu  ,treatment .might involve oxidation, 
~zonat ion ,  biological, chemical or containment methods. We have contracted 
with both Nati onal Techni cal Services (NTS) , Corval 1 is,  Oregon, and NUS 
Co'rporation of Pittsburgh, PA t o  develop design c r i t e r i a  and cost estimates 
for  conventional treatment methods that  may be applicable t o  UCG operations. 
We have conducted laboratory ja r  t e s t s  and bench scale studies (involving Hoe 
Creek water samples) in collaboration w i t h  NTS. The techniques studied 
included activated carbon adsorption, wet-air oxidat ion, aeration and ozona- 
tion. O u r  resul ts  suggest that  certain powdered activated carbons in appro- 
pri ate amounts are effect ive i n  removing problem. organics. As indicated pre- 
viously, activated carbon prepared from bituminous coal was found t o  be the 
most effect ive adsorbent. Total organic carbon concentrations were reduced 
t o  ~ 0 . 1  ppm i n  Hoe Creek water samples whose i n i t i a l  TOC values were ~ ~ 7 5  'ppm. 
Concentrated synthetic solutions made up i n  Hoe Creek water using typical con- 
taminants and having TOC concentrations of about 280 ppm were lowered t o  <10 
ppm . i n  these bench scale studies. Aeration and ozonation were found t o  be 
effect ive preliminary treatments and might, be incorporated into the system 
design, since a i r  and oxygen are both avail able on s i t e .  A preliminary design 
fo r  surf ace treatment of UCG-contami nated ground water i s  indicated 'in 
Figure 7. Note tha t  carbon regeneration i s  involved. . I t  is of in te res t  t ha t  
some treatment methods which have been considered too cost ly  to  be used i n  
conjunction w i t h  surface gasification may be cost effect ive when applied under 
the conditions tha t  prevail during UCG operations. The disposal of t reated 
-water may involve reinjection or, possibly, repeated use i n  continuing gasif i -  
cation process operations. 



(Plan For Evaluation of Potential Control Technologies) 
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Figure 6. Flow diagram sug$es ti ng the me'thodology necessary t o  evaluate . 
environmental control technologies, t ha t  may be applicable t o  ' , 

ground-water qua1 i ty  changes resu l t ing  from underground coal 
gas i f i ca t ion .  
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National Technical Services. Inc. 

Figure  7.  Schematic representation of a possible wastewater treatment f a c i l i t y  
fo r  surface cleanup of ground waters affected by UCG o p r a t i o n s .  This 
system, designed by National Technical Services, Corvall i s ,  Oregon, 
u t i  1 i zes activated carbon adsorption. 



In summary, we emphasize t ha t  underground coal gas i f i ca t ion  i s  a promis- 
ing technology t ha t  may provide an important contribution t o  our needs f o r  
clean,  e a s i l y  transportable fue l s .  To insure t h a t  UCG development is  not 
unnecessarily delayed, i t  i s  imperative t ha t  s ign i f ican t  environmental e f f ec t s  
be anticipated.  Our s tud ies  show t h a t  a broad range of organic and inorganic 
contaminants are introduced in to  the ground water, but t ha t  most of '  these are 
subs tan t ia l ly  reduced and circumscribed as a r e s u l t  of sorption by the  sur- 
rounding coal. In recognition of the pos s ib i l i t y  t ha t  coal cleansing and 
operational 1 imitat ions may be judged inadequate, we are  evaluating the  cost  
and effectiveness of various ground-water res tora t ion method01 ogi es.  
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INTRODUCTION 

There are some indications' that low sulfur Pennsylvania anthracite 
.may once again play a larger role among national and world energy sources. 
Previously it was the main source fueling the American industrial revolu-. 
tion. The exact nature of its new role is not clear, but some develop- 
ments have occurred, and certain trends'are beginning to develop. 

Due to anthracite's unique geology, conventional anthracite mining 
has associated costs which contribute to competitive mzirketing dis- 
advantages, particularly when compared to bituminous coal. Traditional 
anthracite mining methods have unique environmental considerations. New 
or expanded markets, to be more competitive, require improved mining 
methods which also have unique environmental problems and solutions. 
Any of these mining methods must fnteract with the Region's abandoned 
mine conditions and current laws/regulations. 
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WHERE AND WHAT IS ANTHRACITE? 

All of the reported output of anthracite in recent years has been 
from the northeastern Pennsylvania Region, although smaller amounts are 
located in Virginia, the Narragansett Basin and elsewhere. According to 
the U.S. Geological Survey, 96 percent of the estimated domestic reserves 
of anthracite are located in four geological fields of the '~e~ion ---- 
Northern, Eastern Middle, Western Middle and Southern. 

111.1975 Berger Associates completed a comprehensive study of anthra- 
cite for the Department of Interior, Bureau of Mines1. As part of this 
study we made a basic analytical study of the remaining Pennsylvania 
.anthracite resources, and estimated this to be 17.4 billion tons. This 
independent estimate appears to be reasonable since the U.S. Geological 
Survey had previously estimated 18.4 billion tons (1945), and the 
Pennsylvania Bureau of Topographic and Geologic Survey, 16 billion tons 
(1970). The recoverable reserves have been estimated by others at 7 to 
8 billion tons. 

Since the 1960's anthracite has generally been ignored, especially 
in the research and development area ---- until some recent activity. 
It suffers . from what can be called the "one percent syndrome"; it is 
only one,percent of the national coal resources. However, 7 to 8 
billion tons of recoverable coal is still a lot of coal, located as it' 
is within 150 miles of 118 of the population of the United States. This 
amount of coal represents 200 quads of energy. It should not contiflue 
to be ignored. 

To the above reserves should be added 910 million c.Y.~ of surface 
coal refuse in some 860 banks covering 12,000 acres in.the Region. The 
coal content of these banks ranges from 10 to 50 percent with a conser- 
vative figure being 20 percent, since the material consists of breaker 
refuse, silt, mine refuse, tunnel rock and combinations thereof. 
Conversion to a tonnage basis indicates approximately 230 million tons 
of recoverable coal. 

Anthracite is a high rank, high fixed carbon, low sulfur coal with 
a relatively high ignition temperature. The definition of anthracite . ' 

varies throughout the world, but ASTM defines it as a nonagglomerating 
coal having more.than 92 percent and less than 98 percent fixed carbon, 
8 percent or less and more than 2 percent of volatile matter, as measured 
on a dry, mineral-matter-free basis. Anthracite's inherently low sulfur 
content should be viewed favorably in light of the environmental benefit 
derived from the use'of fossil fuels which exhibit this quality. 

'~valuat ion of Mining Constraints to the Revitalization of Pennsylvania 
Anthracite, NTIS No. PB 242 580/AS, March, 1975, 336 pp.. 

2~c~artney, James G. and Whaite, Ralph H. , Pennsylvania Anthracite 
Refuse - A Survey of Solid Waste from Mining and Preparation, Bureau 
of Mines, IC-8409, 1969, 77 pp. 



ANTHRACTTE RELATIVE'TO THE NORTHEASTERN UNITED STATES 

In the current energy situation anthracite is important because it 
is geographically located near the densely populated and highly industri- 

. alized northeastern region of the United States. Stated in other terms 
the ten northeastern anthracite counties of Pennsylvania are located 
near a potentially large market which is now heavily dependent on oil, 
much of it imported. In 1974 the New England area depended on oil to 
produce approximately 60 percent of their total electrical output, while 
the New York-New Jersey area used oil to produce 50 percent of its 
electrical needs. 

The EPA New Source Performance Standards (NSPS) for new power 
plants, issued June 11, 1979, exempted anthracite from the percentage 
reduction requirement of the SO2 standard, except for the previous 
ambient standard of 1.2 lbs SO2 per million BTU. Anthracite is also 
subject to all other provisions of the NSPS, including particulate 
matter and NOx standardsl. The preamble to the NSPS Regulations states 
that the exemption from the percentage reduction requirement of the SO2 
standard was granted by the EPA Administrator based on conclusions that 
the higher SO2 emissions were acceptable because of the other environ- 
mental improvements that will result. Some of these are discussed in 
this paper. EPA's action has caused a number of utility companies, both 
within the state and outside the state, to at least take a closer look 
at anthracite. Many of these companies would not have otherwise done 
so. 

'CURRENT'MINING'LAWS/REGULATIONS AND THEIR RELATIONSHIP 
'TO 'ANTHRACITE 'MINING 'AND 'THE ENVIRONMENT 

Hlsrorically under Pennsylvania. State law, there has been two sets 
of mining laws relathe to bituminous and anthracite coal mining, 
principally Because of the unique geologic and mining characteristics of 
the coals ---- one lying essentially level and the other steeply pitched. 

The,Federal Coal Mine Health and Safety Act did not take this into 
consideration and resulted in a single law with some regulations that 
were unrealistic for the anthracite deep mining industry. The industry 
has generally admitted that they were not represented to provide input 
to the Bill at critical times. While this Act had some detrimental 
effects it was by no means the sole reason for the near demise of the 
anthracite deep mining industry, accounting as it does for less than 10 
percent of current production. There were many reasons for this 
decline, not the least of which was the trend to cheaper surface mining 
as in bituminous coal mining. 

'40 CFR Part 60, 44 FR 33590. 



The above was not the case with the Federal Surface Mining Control 
and Reclamation Act of 1977. The unique features of anthracite mining 
are considered. Section 529 of that law pertains to anthracite mines, 
and authorizes acceptance of the environmental protection performance 
standards of the State regulatory program, in lieu of the environmental 
performance standards (Section 515 and 516) of the Federal Act. Sections 
509 and 519 are applicable except for specified bond limits and period 
of revegetation responsibility. All other provisions of the Act apply 
and must be reflected in the State's regulatory program. The Secretary 
of the Interior shall also issue such additional regulations as necessary, 
and shall report to the Congress biennually on the effectiveness of the 
State anthracite regulatory program; hence the Office of Surface Mining 
(OSM) still has oversight authority. 

. Pennsylvania's Act 147, the 1971 Surface Mining Conservation and 
Reclamation Act, was the first State legislation to regulate both anthra- 
cite and bituminous coal mining. Along with the Pennsylvania Clean 
Streams Act and the Coal Refuse Disposal Act, this Act basically con- 
trols the environmental performance standards for anthracite mining. 
These three Acts are included in a bundle of five which are in the 
process of being amended by the Pennsylvania Legislature to gain primacy 
under the Federal Surface Mine Act. The State mining law provides for 
reclamation by contouring (approximate original contour) as well as 
terracing. The latter must be approved by the State Regulatory authority. 
It limits the highwall to 35 degrees, instead of the maximum 20 degrees 
in the Federal law, P.L. 35-07. Tile Lable portion of the restored area 
is required to be a relatively level terrace without depressions to hold 
water. This reclamation method is applied in the anthracite region, 
although quite a bit of approximate original contour (AOC) is practiced 
too, expecially in basin-type mining where all of the coal is normally 
taken. The allowance of 35 degree maximum slopes takes recognition of 
such factors as: (1) the bottom rock from which the coal is removed is 
often 702 degrees, or more (2) spoil material for reclamation backfill 
may be deficient where past surface mining has occurred (double and even 
triple casting of spoil material to the side by dragline was not unusual), 
and (3) relative depth of mining on the pitch compared to the smaller 
lateral movement. 

EFFECT OF CURRENT RECLAMATION LAWS/REGULATIONS- 
ON'FUTURE ANTHRACITE SURFACE MINING 

Over the span of years, equipment, methods and market changes 
effect stripping ratios in surface mining. With the advent of larger 
equipment availability operators often reaffect an area by second and 
even later third cuts to greater depths ---- especially from pre-law 
open face highwalls. However, under current laws and regulations it 
becomes imperative to extract the maximum reserves in current and future 
mining areas. Because of the pitch of the coal (702 degrees is not 
uncommon in the Southern Field), reaffecting a reclaimed area in sub- 
sequent years by deeper stripping may require such expensive handling of 



spoil material as to make the operation uneconomic. Therefore, it 
becomes more imperative that surface mining recover the maximum amount 
of resource. This adds importance to the deep moving pit mining concept, 
described below. 

DEEP MOVING PIT MINING CONCEPT 
AND ENVIRONMENTAL CONSIDERATIONS 

Although a number of engineering studies have been performed on 
this concept, more engineering is continuing (see attached illustra- 
tions). It does appear that the large scale of this type of mining 
presents no mining problems that cannot be solved. In fact the concept 
is really not new since very similar open p i t  mining 1s already being 
practiced to considerable depths by Reading Anthracite Company and 
Bethlehem Mines Corp. Another firm is considering it. 

Several analogies to this concept are frequently mentioned which, 
in fact, are not directly applicable. The first of these, for example, 
is the Kennecott Copper-type of ore mining operations in the west. The 
expanse at the ground surface in ore mining increases as the mine pit 
goes deeper. This contrasts with the moving deep pit concept which 
follows the outcrop of the multiple coal veins, and has a relatively 
uniform depth of, say, 800+ feet. 

Secondly, an analogy is often made to the open pit mining as 
practiced in West Germany and East Germany. This does have similarities 
since it is a moving deep pit, except it is in so-called brown coal, or 
lignite, and the overburden is relatively shallow and friable. Hence 
large bucketwheel excavators are used which are impractical in the dense 
conglomerate found in anthracite overburdens. 

Alternative production techniques considered In deep moving pit 
mining involve dragline/loader/truck, shovel/truck, shovel/dragline/truck, 
or shovel/conveyor methods with appropriate benching. Some probiems can 
be expected, most of which have environmental considerations. These 
include final cut reclamation. A working base of 600 to 800 feet is 
required in the bottom of the pit. Since the pit may eventually move a 
number of miles, obtaining material for reclamation of this final cut 
may pose a problem. 

Another costly problem will be the pumping, handling and treatment 
of large volumes of'water at depth. Any type of anthracite mining 
cannot be discussed without addressing the problems of water ---- a 
perennial problem to operators. However, several of the largest opera- 
tors are now handling and treating large amounts of water within the 
economic constraints of similar open pit mining. Because of the large 
volumes of water to be encountered in deep moving pit mining, it may be 
advantageous to consider trying to transform the water problem from a 
negative factor to a plus. This might include hydraulic hoisting from 
the pit and hydraulic transport to the nearby generating plant, providing 



sufficient coal volumes can be attained to make this a viable operation. 
Whether hydraulic disintegration of the'coal should be considered in 
open pit mining vs. conventional crushing is a matter of conjecture. It 
has previously been shown in tests that in-place anthracite can be 
hydraulically pulverized at easily attainable pressures of 3000 to 5000 
psi. 

Other possible problems having some environmental and social con- 
sequences, include stream encroachments and restorations, highway 
alterations or restorations, and dwelling or possibly even village 
relocations. One potentially difficult problem may be the hydrologic 
consequences, including effects on adjacent wells and ground water 
quality. More will be discussed later about existing huge abandoned 
mine pools from past deep mining. However, deep moving pit mining would 
completely mine out these mine pools and their large acidic discharges. 
This would be a considerable benefit to the streams and people of the 
Commonwealth. 

.4 
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In recent years the Pennsylvania Power and Light Co. (PP&L) engi- -. 
neers and a number of consultants engaged by PP&L undertook studies to 
determine the feasibility of an anthracite-fired power generation plant. 
This included an extensive drilling program. Following this initial . \ 
period of study PP&L shelved the project, probably because of reduced ; ,, 
load growth patterns and uncertainties as to the need for scrubbers. i 

This took place prior to the EPA NSPS anthracite exemption of June 11, c 
1979. Since then they have announced that they will join with Allegheny 
Electric Cooperative Inc. in further exploring the project feasibility. 
The previous PP&L studies, although not entirely complete, did reach 
some conclusions: 

e From the drilling program and reserve studies, suf'ficient'coal is 
available for the life of the plant. 

Economics are greatly influenced negatively if scrubbers are 
required. The project is possibly economic if large scale deep 
moving pit mining is used, rather than traditional small operations. 

The Southern and Western Middle Fields have the most potential. 

The open pit method provides land rehabilitation while extracting 
much needed resources for energy production. Deep mining is out of 
the question because of lack of new technology, leads times, etc. 

" Only one or two areas would be developed, instead of many locations. 
Each location would involve a pit of approximately 114 square mile 

. moving over a total site of about 2 to 3 square miles with constant 
: I e (  



reclamation as mining proceeds. The pit would be from 400 to 800 
feet deep. 

The backfill can be tailored to future land use requirements with 
the reclamation plan fully developed in advance before the first 
bucket of earth is moved. This planning would be in conjunction 
with the adjacent communities and their land use planning. 

An anthracite plant will be able to meet the required air quality 
standards without scrubbers. 

The EPA NSPS exemption for new power plants is causing a number of 
utilities, including some from adjacent states, to at least review 
anthracite. However, because of lagging technology developments in 
anthracite combustion, inherent risks, uncertain economics (for example, 
an anthracite-fired plant costs approximately one-third more than an 
equivalent bituminous plant), rail transportation and other problems, it 
has been difficult to translate interest into action. Because of the 
uncertainties and the improved economics of a mine-mouth plant, it is 
believed that if the concept is developed, it will be a Pennsylvania 
entity which first undertakes it. Tt is also likely that only large 
deep moving pit mining can provide the economies of scale for an 
anthracite-fired plant. 

Pennsylvania State government elected officials and agencies are 
also interested in seeing such a market develop for anthracite. Good 
cooperation in this respect,has taken place in the past and can be 
expected to continue. 

ANTHRACITE M'INING EFFECTS ON WATER, LAND AND AIR 

Operations in the Region have been somewhat slower to filly comply 
with environmental mining regulations due to the high percentage of 
marginally profitable small operators and loss of markets, accompanied 
by a long steady production decline. Mine inspectors are well acquainted 
with the need for environmental protection and take the necessary strides 
within the constraints of reaffecting abandoned deep and surface mines. 
Recent hopeful market improvement trends have been noted along with 
improving compliance. Some of these emerging improved markets appear to 
be in export, heating fuel, and potentially in power generation and 
other applications. However, anthracite like all U.S. coals, remains 
demand limited. 

Water 

The phrase "water, land and air" is purposely reversed from the 
usual because revitalization of anthracite production must necessarily 
address the problems created by water. This includes, as previously 
mentioned, the handling, disposal and/or treatment of water. Unlike the 
bituminous coal industry, anthracite surface mine operators thrive on 



previously deep mined coals where as much as 50 percent of the in-place 
coal may already have been removed. Large scale deep moving pit mining 
"below drainage1' necessarily involves these large colliery underground 
mines of the past 100 years. Many of them extend to depths of 800 feet 
or more, approximately that planned for the deep moving pit concept. 
Hence large quantities of water are involved. 

Present data indicate-that the cessation of most underground mining 
has created at least 167 known mine pools. The Northern Field, in 
particular, is one continuous pool, more or less. The estimates of the 
total amount of'water contained in the .mine pools of the various fields 
are as follows: 

Northern - 262,000,000,000 gallons 
Eastern Mfddle - 14,000,000,000 gallons 
'Western Mfddle - 61,'000,000,000 gallons 
Southern - 38,000,000,000 gallons 

In addition to the necessity to partially drawdown the static pool 
of any given mine pool, infiltration is a factor, although the latter . 
can be minimized somewhat by diversion ditches and other techniques. 

All of the above mine pools discharge at some point into area 
streams. These abandoned mine discharges are by far the major sources 
of acid mine drainage. In one Berger Associatesr study completed in an. 
area in the Southern Field under Operation Scarlift for the Pen.nsylvania 
Department of Environmental Resourcesl, it was found that although there 
were nine small deep mines in the watershed, they collectively produced 
8 percent of the flow and only 2 percent of the acid load of all dis- 
charges.' The worst acid mine drainage pollution sources are abandoned 
deep minelmine pools, coal refuse banks, and abandoned strip mines, in 
that order. 

Because of its reduced sulfur content (0.6 to 1.2+ percent), it can 
be generalized that acid mine drainage (AMD) from anthracite mining 
tends to be .somewhat less acidic than AMD. from bituminous mining. 
Assuming the absence of limestone in a given area (the Region has 
almost none), typical anthracite mine discharges may. vary upwards to 
400' mg/l of acidity, while mine discharges.in bituminous regions of 
Pennsylvania may vary upwards to 1,000 mg/l, or more. Acidic mine 
discharges of 10,000 mg/l have been recorded. However, this lowered 
acidity associated with anthracite does not mean that streams in'the 
Region are any less devoid of aquatic life. Deep moving pit mining, as 
previously discussed, could eliminate some of the large discharging 
abandoned mine pools ---- the principal pollution contributors to area 
streams. The potential hydraulic.heads above mine drainage audits for 

lgerger-~sscjciates, Inc. , Swatara Creek Mine Drainage Pollution 
Abatemelif'Prdjecf'-'Part'Two, Operation Scarlift, Pennsylvania 
Department of Environmental Resources, SL 126-2, December, 1972, 
166 pp. 



t h e  most p a r t  a r e '  t o o  l a r g e  f o r  mine s e a l i n g ,  and mine dra inage  t r e a t -  
ment of abandoned sou rces  i s  no t  a v i a b l e  answer ---- i t  goes on 
e s s e n t i a l l y  fo reve r .  

Land 

There have been x~umerous e s t ima te s  of t h e  amounts of unreclaimed 
s u r f a c e  mined l ands  by t h e  S o i l  Conservation Serv ice ,  Bureau of Mines, 
S t a t e ,  and o the r s .  The r e c e n t l y  publ ished f o u r t h  inventory  by SCS is  
t h e  f i r s t  ever  t o  l ist  t h i s  in format ion  by Counties.  Of t h e  S t a t e s  i n  
t h e  n a t i o n  Pennsylvania l e a d s  t h e  l i s t  wi th  240,000 a c r e s  of abandoned 
coal-mined land. O f  this t o t a l  46,000 a c r e s  a r e  l oca t ed  i n  t h e  an thra-  
c i t e '  Region. For t h o s e  f a m i l i a r  wi th  t h e  Region, S c h u y l k i l l  followed by 
Northumberland County, l e a d  t h e  l ist.  These two coun t i e s  a r e  l oca t ed  i n  
t h e  Southern and Western Middle F i e l d s  where t h e  major ancllrtlcllt: 
reacrvco  remain. 

Some of t h i s  acreage  w i l l  c o ~ ~ k i ~ ~ u e  t o  be reclaimed under Pennsy1.- 
v a n i a ' s  t e n  year  o l d  Operat ion S c a r l i f t  Program, and p r i m a r i l y  through 
t h e  emerging OSM Abandoned 'Mine Land Reclamation Program, wi th  t h e  S t a t e  
and SCS as cooperators .  However, a s  i n  bituminous mining "second mining" 
under cu r r en t  law r e a f f e c t s  abandoned s t r i p  mine a r e a s  and hence achieves  
reclamation.  Often o p e r a t o r s  r ec l a im more acreage  than  normally r equ i r ed .  
The r e v i t a l i z a t i o n  of a n t h r a c i t e  would do much t o  remove t h e  s c a r s  of 
p a s t  s u r f a c e  mining. Considerable  acreages  of t h e s e  open p i t s  d a t e  t o  
World War I1 mining which, of course ,  was pre-law s u r f a c e  mining. 

, 
Recovery of c o a l  from a n t h r a c i t e  r e f u s e  remains an  important  

energy source wi th  t h e  t o t a l s  included i n  t h e  annual  r epo r t ed  c o a l  
product ion.  Th i s  source  c o n s i s t e n t l y  ranges  from 30 t o  40 percent  of 
t o t a l  a n t h r a c i t e  product ion.  The environmental a s p e c t s  of u s ing  t h i s  ii 

m a t e r i a l  can be, f o r  t h e  most p a r t ,  p o s i t i v e .  Since t h e  banks a r e  t h e  
r e s u l t  of pre-law mining, they  a r e  dot c o r r e c t a l l e  undcr preccnt  su r f ace  
mining l e g i s l a t i o n .  When t h e s e  banks were reprocessed  i n  t h e  p a s t  l a r g e  
q u a n t i t i e s  of r e j e c t  m a t e r i a l  were r e tu rned  t o  t h e  p i l e .  However, under 
c u r r e n t  r e g u l a t i o n s  a mining permit  i s  r equ i r ed  and rec lamat ion  can be 
expected f o r  r e a f f e c t e d  banks. This  can only be b e n e f i c i a l  a s  t h e  910 
m i l l i o n  C.Y. of c o a l  r e f u s e  covering some 12,000 a c r e s  remains a b l i g h t  
on t h e  Region, o f t e n  wi th  c o a l  r e f u s e  banks loca t ed  w i t h i n  towns and 
c i t y  l i m i t s .  They a r e  n o t  on ly  u n s i g h t l y  but  o f t e n  a r e  uns t ab le  w i th  
h igh ly  e rodable  condi t ions .  Many a r e  l oca t ed  ad jacen t  t o  s t reams wi th  
r e s u l t i n g  e ros ion ,  sedimentat ion,  and mine dra inage  t o  t h e  s t reams.  
Almnst a l l  of t h e  c u r r e n t  product ion  goes t o  t h e  Pennsylvania Power and 
Llght  Co. a t  t h e i r  Sunbury and Holtwood p l a n t s  o r  t o  t h e  U G I  Corporat ion 
a t  t h e i r  Hunlock Creek gene ra t ing  p l a n t .  Some of t h e  s i l t  m a t e r i a l  
which o r i g i n a t e d  from e a r l y  w e t  p rocess ing  p l a n t s  i s  used d i r e c t l y  by 
t h e  u t i l i t i e s .  Other coa r se  r e f u s e  is  reprocessed l eav ing ,  say,  75 
percent  bony m a t e r i a l  behind, a s  d i scussed .  However, c u r r e n t l y  i n  
rec la iming  the ' banks ,  t h e  r e s i d u e  can be s t a b i l i z e d ,  dra inage  c o n t r o l l e d ,  
and t h e  a r e a  reseeded.  



There is an inflexibility in the law preventing "mining" of refuse 
within 100 feet of a stream. Normally this is a sound regulation, since 
it minimizes erosion and sedimentation to the stream.' However, allowing 
the reworking of the culm bank will yield far greater long term benefits, 
while employing short term operator controls. Again, State law applies 
(Pennsylvania Coal Refuse Disposal Control Act of 1968) in lieu of the 
environmental performance standards of Federal Act 95-87. However, both 
laws have the same 100 foot restriction. 

The Department of Energy (DOE) presently has planning underway, 
along with others, for three Atmospheric Fluidized Bed Combustion (AFBC) 
demonstration projects at Shamokin, Wilkes Barre and possibly Towanda, 
Pennsylvania. In this process a limestone or dolomite bed serves as a 
high temperature "host" for the anthracite culm fuel. The bed is 
fl~iidized by high velocity a i ~  currents ILULU the bottom of the combustor 
which lifts the coal and limestone causing it to churn so that it behaves 
like a boiling fluid in suspension. The limestone in this mixture 
reportedly captures up to 90 percent of the sulfur released from the 
burning coal, negating the need for sulfur dioxide emission controls. I 

The coal and heat of the fluidized bed are reportedly below the sinter 
n !  

level. Temperatures are 1500 to 1650°F compared to an average of 2700°F 1 

in burning conventional anthracite. Low temperatures also reportedly 2 

decrease considerably the formation of nitrogen oxides, another serious 
air pollutant produced in burning coal. Tests on culm material have , 
been conducted at the DOE Morgantown Energy Research center1 and others 
planned at the Georgetown University FBC installation. The process does 
eliminate tile tzadiLiona1 environmental problems, such as AMD, from coal 
refuse banks; the residue also does not have the ground and surface I, % 

water contamination problems associated with SO2 scrubber sludges. In .\: 
wide industrial/commercial applications FBC could help to reduce some- > 
what the enormous quantities of refuse in the Region. However, very 
considerable ash disposal problems would still exist. Perhaps 60 per- 
cent of the material may be accumulated as ash. Lowrquality culm has 
about 3500 BTU per lb., compared to 12,500 BTU per lb: for anthracite. 
Therefore, three to four times as much fuel must be,burned to obtain the 
same amount of heat value. Development of alternative utilization or 
disposal practices such as recovery of alum&a, use in highway materials, 
building materials and in mining backfill would be required. 

Additionally, the Bureau of Mines is reported to annually use some 
3 million tons of anthracite waste in subsidence control activity, 
especially under the densely settled areas of the Northern Field. Use 
of FBC ash should be considered if the transport costs are within an 
economic range. 

....___ _ _ 
'~ilson, ~ o h n  S . et al, Preliminary Report on Fluidized-~ed Combust ion 
of ~nthracite Wastes, Fourth International Fluidized-Bed Combustion 
Conference, McLean, Va., Docember 7-11, 1975. 



Various es t imates  have been made of the  number of years i n  which 
a n t h r a c i t e  r e fuse  w i l l  remain a s  a v i a b l e  energy source. Such es t imates  
vary widely which i n d i c a t e s  they a r e  r i s k y  a t  bes t .  Variable f a c t o r s  t o  
be considered include:. 

1. The many cons t i tuen t  sources of t h e . r e f u s e ;  each source having 
a r e l a t i v e  res fdua l  coal  content.  

2. Hfghly v a r i a b l e  coal  recovery f a c t o r s  even within individual  
banks. 

3.  Some banks have been t o t a l l y  o r  p a r t i a l l y  reprocessed i n  t h e  
pas t .  

4. Power companies supplement low q u a l i t y  s i l t  mate r i a l  with 
reprocessed coarse refuoe, and sometimes fresh mined an th rac i t e .  

5. Uncertafn usage r a t e s  i n  the  f u t u r e  f o r  power generat ion,  FBC 
and other  appl ica t ions .  

S i l t  ma te r i a l  from s l u r r y  ponds i s  general ly screened only and 
del ivered t o  power companies. Coarse re fuse  i s  genera l ly  reprocessed 
through a wet processing plant ;  t h e  product may go t o  power o r  t o  
i n d u s t r i a l  customers. Further,  the re  w i l l  l i k e l y  not be any anthra- 
c i t e  refuse-f i red  power p l a n t s  i n  use pas t  the  year 2000. The 1978 
washery and bank production was reported by PennDER t o  be 1.5 mi l l ion  
tons. Based on t h i s  r a t e  of use and estimated energy values,  It can be 
general tzed t h a t  it may take  from 50 t o  severa l  hundred years  t o  recover 
t h e  energy contafned i n  a n t h r a c i t e  refuse ,  desp i t e  t h e  f a c t  t h a t  t h e  
q u a l i t y  of s i l t  mate r i a l  is  a l ready declining.  Using t h e  r e j e c t  
materfa l  f o r  subsidence con t ro l  a t  t h e  reported annual r a t e  would not 
a l t e r  t h i s  est imate.  

A i r  - 

The major problems asaoci.ated with a i r  po l lu t ion  from a n t h r a c i t e  
mznfng ac t fv f  t i e s  a r e  not g r e a t l y  d i f f e r e n t  from bituminous mining. In  
surface  ,mfnfng some problems can Be created by f u g i t i v e  dust  emissions. 
Agafn, s t a t e  law would con t ro l  i n  Tieu of t h e  environmental performance 
standards, of t h e  Federal  Surface Mine Act. This would include t h e  
Penssylvanfa A i r  Pollut%on Control Act of 1968 and t h e  S t a t e  Surface 
.Mfning Conservation and Control Act. EPA is understood t o  have dropped 
i ts f u g f t t v e  ~ I u s t  r u l e  f o r  surface  mines.1 

Coal refuse. can c r e a t e  wind blown dust  problems, p a r t i c u l a r l y  from 
t h e  f f n e  .mater$al t n  s f l t  dams. The Penna. Coal Refuse Disposal Control 
Act of 1968 s t a t e s  t h a t  coal  refuse, d i sposa l  p i l e s  s h a l l  not  be opera ted ,  
$.n such a condftfon t h a t  would create hazards of hea l th  and s a f e t y  t o  

j the..publ4a.. . . . . A l l  a c t f v e l y  operated banks a r e  t o  be rendered unsusceptible 

2 
Coal Outlook, EPA To Drop Fugftfqe 'Dust 'Rule, Sept. 10, 1979. 



to sliding, shifting or burning. The latter is the cause of nauseous 
and possibly lethal gases for nearby residents. However, the problem 
relates both to burning abandoned refuse banks and mine fires. The. 
Bureau of Mines and the Penna. Dept. of Environmental Resources have 
been successful, supported in part by Appalachian Region Commission 
funds, in controlling or extinguishing a number of these fires. How- 
ever, severe problems still persist because of the very large expense 
involved. Success has been particularly good with bank fire extinguish- 
ment since the work is not done remotely as in most mine fire control 
work. 

SUMMARY 

An estimated 200 quads of potential energy lie essentially unused 
within close proximity to the densely populated and highly industri- 
alized northeastern United States. The 1917 anthracite production of 
100 million tons declined to 5.7 million tons1 last year. 

There are signs of a limited renewed interest in anthracite spurred *. 
* by the 1979 EPA NSfS exemption for new power plants, refinements in the 

deep moving pit mining concept, recent U.S. DOE studies and FBC.demon- 
stration projects using anthracite refuse, and somewhat improved export 
and heating fuel markets. Certain exemptions from the Federal Surface 
Mine Act requiring continued reliance on the State environmental pro- 
tection performance standards partially provided a regulatory respite 
for the anthracite industry. However, anthracite like all U.S. coals, . t -  - 
remains demand limited. A new anthracite-fired power plant in the . - 

*,:- 

Region, for example, would double the current production of fresh-mined 
" - 
id. 

anthracite. -. - 
t'. 

n> 

Both traditional and improved mining techniques must interact with 
the Region's abandoned mine conditions and current laws/regulations. 
The major environmental problem relating to both active and abandoned 
mining involves water. Area streams have been adversely impacted chiefly 
by acid mine drainage discharges from abandoned deep minelmine pools, 
followed by AMD sources from coal refuse banks and abandoned surface 
mines. The deep moving pit mining concept would entirely mine out some 
of these large colliery underground mines of the past 100 years ---- 
thus eliminating at least some large pollution contributors to area 
streams. A revitalization of anthracite would also do much to reclaim 
abandoned coal mined land, along with the ten year old Pennsylvania 
Scarlift Program, and the emerging OSM, SCS, and State Abandoned Mine 
Land Program under Title IV of the Federal Act, P.L. 95-87. 

'!Pennsy&v.vanfa Anthracite Weekly Production, Energy Information 
Admfnistratkon, U.S. Department of Energy, January 4, 1980. 



I f  the  FBC demonstration p r o j e c t s  a r e  successful ,  they should pro- 
< ----. v i d e  a source of 'energy while somewhat reducing the ' . l a rge  q u a n t i t i e s  of 

c o a l  r e fuse  from pas t  mining. An estimated 60 percent  would s t i l l  
. remain i n  t h e  form of ash , requ i r ing .new u t i l i z a t i o n  o r  d i sposa l  p rac t i ces .  

. Continued reclaiming of coal  refuse ,  mainly f o r  power p'roduction, along 
with t h e  use of r e j e c t  ma te r i a l  f o r  subsidence con t ro l  w i l l  a l s o  help 
reduce t h i s  b l i g h t  on t h e  Region. 

Air po l lu t ion  problems associa ted  with a c t i v e  mining a r e  not  g rea t  
and r e l a t e  t o  f u g i t i v e  dust  i n  surface  mining and wind blown sil t  from 
s l u r r y  ponds. More se r ious  problems r e l a t e  t o  nauseous and possibly 
l e t h a l  gases from abandoned burning mine f i r e s  and mine r e f u s e  bank 
fires. 
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ENVIRONMENTAL CONTROL SYSTEMS OF THE SRC-I DEMONSTRATION PLANT 

by John C. Tao and A. F. Yen 

Air Products/Wheelabrator-Frye Joint Venture 

INTRODUCTION 

The 6000 Tons Per Day SRC-I Demonstration Plant that is planned to 
be constructed near Newman, 'Kentucky, to produce solid solvent refined 
coal, liquid fuels, and anode coke presents a two-fold environmental , 

challenge: < 

(1) How to begin with an environmentally dirty feedstock, high- 
sulfur coal, and end with environmentally clean products. 

(2) How to operate at an environmentally acceptable level 
throughout the refining yru.cess. 

The first challenge has already been met. Pilot Plant products 
have been evaluated in extensive burn tests and found to meet strict 
emissions standards for air pollutants. The second challenge is being 
addressed in the design of the Demonstration Plant, which will not only 
comply with existing environmental regulations, but also anticipate 
future requirements. 

The SRC-I process will generate air emissions containing sulfur 
dioxide, particulates, hydrocarbons, carbon monoxide, oxides of nitro- 
gen, and reduced sulfur compounds. The best available control tech- 
nology will be employed in the Demonstration Plant to eliminate or 
.reduce these contaminants to an environmentally acceptable level. 

Wastewater from the Demonstration .Plant will be treated in an 
advanced wastewater treatment facility located on the plant site. 
Phenolic compounds will be the major contaminant in the wastewater; 
some cyanides, thiocyanates, ammonia, and trace organic constituents 
will also be present, along with toxic metals. Streams that contain 

, toxic metals will be pretreated by physical-chemical methods before 
biological treatment. The biological system will remove the organic 
contaminants, cyanides, thiocyanates, and ammonia. The effluent from 
the biological system will be polished by filtration and activated 
carbon adsorption before discharge to the river or reclamation for 



reuse. Possible techniques to eliminate all wastewater discharge to 
surface waters are also being evaluated. 

Three major types of soiid waste will result from the SRC-I' Pro- 
cess: The largest volume will be the mineral residue from the 
gasifier; this material will either be stored onsite.in accordance with 
best engineering practice or be sold 'for further processing. Hazardous 
wastes from the physical-chemical section of the wastewater treatment 
facility will be disposed of in a permitted and secure .landfill located 
onsite.' (Sludge fixation processes that will convert hazardous'waste 
to. nonhazardous waste are also being evaluated..) The: third type of 

' solid, nonhazardous waste that is primarily biological sludge, will be 
recycled to the process for ultimate degradation. 

This report covers the following subjects: 

Process description 
Product environmental compliance 
Status of environmental controls 
Air emissions control 
Handling of aqueous wastes 
Solid waste disposal 
Sulfur balance 
Investment in pollution control 

A. PROCESS DESCRIPTION 

Refer to Figure 1 (three pages) for a flow sheet of the SRC-I 'Coal 
'Refinery. The process encompasses the following steps: 

Washed Kentucky /I9 coal is delivered to the .site by unit train, 
weighed, unloaded, and delivered by conveyor to process silos. It is 
fed to pulverizers/dryers where the coal .is ground, dried and ,pulver- 
ized to 200 mesh coal. 

. . 

The c'oal is slurried in the process solvent and pumped to reaction 
pressure (roughly 2000 psig). Hydrogen-rich recycled gas is mixed with 
,the slurry and heated to reaction temperature in a fired heater. .At 
the exit of the fired heater, hot hydrogen makeup gas from a hydrogen 
purification a'rea is added to the slurry and this mixture. 'flows to a 
dissolver for further hydrogenation .and desulfurization. 

After the dissolving step, the slurry is flashed--and the gases 
and the hydrogen are separated in stages and recovered for recycle to 
the reaction section after being treated by a diethanolamine (DEA) 
system, an oil scrub for heavy hydrocarbon remova.1, and a cryogenic 
methane separation'. The vapors from these stages are ,partially con- 
.densed and the water is decanted from the .hydrocarbon phase. This 
water is 'sent to the ammonium sulfide stripper in a gasification a,rea. 
The hydrocarbon liquid streams are mixed, heated, and charged -.into a 
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process solvent column in a fractionation section. The gas is com- 
pressed, combined, and forwarded to acid gas removal. 

The low pressure slurry containing unconverted coal and ash from 
the final separation stage goes directly to a vacuum column in an SRC 
recovery area. Here the process solvent and lighter components are 
removed from che SRC slurry' in a single vacuum column. The SRC ash 
slurry is sent to a Kerr-HcGee Critical Solvent Deashing Unit, where it 
is mixed with a deashing solvent and separated into SRC and ash con- 
centrate. 

The present product slate sends one-third of the SRC tfi the 
abliditier to be solidified into a solid SRC product. Another one- 
third proceeds to the coker-calciner area. There molten SRC is fed to 
a fractionator tower where it is mixed with an appropriate amount of 
recycled coking solvent. The mixture is heated to about 900°F in a 
preheater and fed into the bottom of a delayed coking drum, where coke 
is formed. Vapor and gas from the drum pass back into the fractionator 
tower bottom where the liquid products are fractionated into heavy and 
light oil. Overhead vapors from the tower are compressed and sent to 
acid gas removal. The green coke is calcined and converted into anode 
grade coke in a rotary kiln. The flue gas from the calciner is 
scrubbed to remove SO2 and particulates. 

The sour water stream originating from the coker-calciner unit is 
sent to the axoonium sulfide water stripper. 

The remaining one-third of the SRC product, as presently proposed, 
is to be fed fnto an LC-Finer for conversion to distillates. In the 
LC-Fining Process, SRC combined with internal solvent plus hydrogen are 
catalytically hydrogenated and, hydrocracked in an expanded bed of 
catalyst. The expanded bed operates at isothcml temperature 
(750-850°E) and constant pressure. Effluents of the LC-Fining reactor 
ate cooled and flashed in a separator. Vapor effluents are further 
cooled and passed through another separator where the light condensate 
is drawn off. The liquid is drawn off hot from the separator and let 
down in pressure before passing into still another separator where 
heavy condensate is drawn off. All liquids are then sent into a 
fractionator for separation into light and heavy oil cuts. The heavy 
SRC oils, including unconverted SRC, are then recycled to the front end 
for further hydrocracking. 

The sour water from the LC-Fining area is again sent to the 
anrnonium sulfide stripper unit. . . 

. . 

The ash concentrate. .recovered from the Kerr-McGee deashing area, 
containing ash, unconverted coal, and some .residual SRC, is sent to a 
gasification area. The gas.if.ier serves basically two purposes. , First, 
it converts the highly.- carbonaceous mineral ash residue from the 
deashing unit into a slag for solid vaste disposal,.the sulfur 

. , .  



compounds being converted to H25 Second, it generates makeup hydrogen 
by partial oxidation of the unconverted coal with steam and oxygen. 
This synthesis gas leaving the gasifier goes to a sour shift conversion 
reactor where the carbon monoxide and water are converted into hydrogen 
and carbon dioxide. 

. .  . 

The hydrogen sulfide and carbon dioxide are removed. in a ~elexol 
Unit in the gas treatment section. The hydrogen, after carbon'dioxide 
removal, is sent to the preheating area for makeup. 

Sour water from the Selexol Unit goes to the ammonium sulfide 
water stripper. 

Hydrogen sulfide-rich gas from the DEA acid gas removal units is 
combined with hydrogen sulfide from the Selexol Unit and converted to 
sulfur in a sulfur recovery area, which contains a Claus Unit and a 
Beavon Sulfur Removal Unit. The Claus Unit recovers the bulk of the 
sulfur from the SRC plant acid gases and the Beavon Sulfur Removal Unit 

. provides final sulfur removal. Clean hydrocarbon gas from the DEA Unit 
is treated in the Stretford section of the sulfur recovery area, where 
the hydrogen sulfide is removed down to 4 ppm; and the gas made avail- 
able for inplant fuel use. 

B. PRODUCT ENVIRONMENTAL COPiPLIANCE 

Extensive burn tests, including .a commercial-scale test,, indicate 
that both .solid and liquid solvent refined' coal products can be 
expected to qualify as compliance 'fuel for .new boilers under the Envi- 
ronmental Protection Agency's revised New Source Performance Standards 
(NSPS) as shown in Table 1. This conclusion applies not only to sulfur 
dioxide., but also to nitrogen oxide, and,. with the use of appropriate 
control 'equipment, to. particulates. SRC-I also complies with the 
emission standards for the retrofit of existing boilers and other 
combustors. 

1. Plant Mitchell Tests . 
1. 

The goal of demonstrating the desirability of SRC-I as a boiler 
fuel was successfully achieved in -a. burn ,test at Plant Mitchell. 
Specific objectives of the test--to investigate the transportation, 
storage and handling, and burning of 3000,tons of SRC-I--were met with 
onlyminor modifications to equipment or procedures. 

Shipment . was accomplished in standard open coai cars ; a com- 
mercially available spray coating was applied to minimize blowing 
losses 'while in transit. At the plant, the ,SRC-I was handled by the 
normal Plant Mitchell fuel conveying 'and storage equipment, with dust 
'being controlled by a wetting . agent during unloading operations. No 

' t 
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equipment modifications were required for handling or storage; no dust 
problems' were encountered during bunker filling, storage, or feed. 

The wate.r-cooled dual register burners developed especially for 
the buin test performed well, delivering exceptional.. f l.ame stability 
while' firing SRC-I . Installation of these burners was the only modif i- 
cation made to the boiler. 

Under a variety of operating conditions, there were no problems 
with pulverizing SRC-I. When grinding the SRC-I the pulverizers con- 
sumed 25% less power, ground finer, and had a capacity 25% greater than 
when grinding coal. 

Boiler efficiency at full load was essentially the same when 
burning either SRC-I or coal. The boiler stayed much cleaner with 
SRC-I than with coal, totally eliminating the need .for soot blowers or 
for deslagging the burner front during the 18-day burn test. The 
quantity of SRC-I fly ash was 1/7 to 1/10 that of coal fly ash, and 
there was, no ash accumulation in any boiler section. In addition, 
there was almost no bottom ash accumulation from SRC-I. SRC-I ash is 
characteristically nonabrasive, and that fact, coupled with the very 
low ash loading, reduces maintenance of the ash handling ,systems. 

Emission tests, conducted throughout the burn'test using EPA and 
American Society of Mechanical Engineers procedures, measured par- 
ticulates, sulfur dioxide (SO ), nitrogen oxides (Nh), carbon monoxide 
(CO) , carbon dioxide (C02), and oxygen (02) Particulate etnissi6ns 
leaving the secondary precipitator yielded concentrations in compliance 
with current EPA standards and are expected.to comply with NSPS, using 
properly designed precip,itators. Heasurements indicated that SO2 
emissions were more than 20% under existing EPA standards for maximum 
'SO2 emissions and that NOx emissions were also under NSPS. 

The overall results from the Plant Mitchell Solvent Refined Coal 
Burn Test prove that the performance of SRC-I as a boiler fuel is 
exceptional. The fuel is clean, uncomplicated in use, and has char- 
acteristics that should substantially improve the availability and 
reliability of boilers and auxiliary equipment.. And by meeting EPA 
requirements, solvent refined coal offers a clearly.-viable alternative 
to scrubber installations at both new and existing power plants. 

2. Consolidated Edison Tests 

Liquids from the SRC-I Demonstration Plant are expected to be 
better in quality than those of the SRC-I1 liquids. This is because 
the LC-Finer produces liquid products that contain more hydrogen and 
less nitrogen and sulfur. 

Table 1 gives the results of the burn tests conducted at Con- 
solidated Edison Co. of New York. These results showed combustion 
characteristics comparable to 1'16 fuel oil and well within EPA 
standards. 



Table 1 

New source Performance ~randards (NSPS) 
For Electric Utility Boilers. ;. 

Compared With SRC-I and SRC-11 Solid Burn. Tests 
', 

Lb/MM Btu , 

Nox Particulates 

NSPS 1.2 . ' 0.5 0.03 
85% reduction* 

SRC-I 
burn test 
at Plant 
Mitchell 

skc-11 . ' 

Con Ed 
burn test 

*24-hour average. All other SOp a n d N O x  regulations. are for' 30-day 
rolling average. SO emissions are set for 80% reduction for first 
6,000 to 10,000 mw 0% commercibl SRC demonstration. Reduction refers 
to parent.coa1, and credit is given for changes in heating value. 

*Southern Research Institute and, the Joint Venture believe 'that with 
an electrostatic precipitator, using a' -specific collection area of 300 

2 ft and gas velocity of 2 ft/sec, the particulate emission ' can be 
reduced to below 0.03 lb/MM Btu. 



C. STATUS OF ENVIRONPiENTAL REGULATIONS 

Present environmental standards for coal conversion facilities are 
not well defined. Controlling environmental regulations for the 
pioneer conversion plants will probably be negotiated at the state and 
local level--and promulgated as data becomes available from these 
plants. They will be met by employing a variety of environmental 
control systems and options. 

.Controls are usually segregated into categories dealing speci- 
f ically ' with gaseous, liquid, and solid pollutants. This follows in 
part from the enviroweetal 'legislation, which i.8 pti.mari.1y concerned 
with the impact on the acceptor medium, e.. g. , air, water, or land. 
However, in evaluating a .pollution control process, secondary. effects 
on other. media .must be taken into consideration. It does little .good 
t o  rake one problem, say SO2 emissions, and transform it into a water 
and land problem by 'the surface disposal of a hazardous scrubber 
sludge. Ideally, the pollution control process is fully integrated 
with the conversion process to take advantage of economics of energy 
consumption, reduced pollutant production, water reuse potential, and 
by-product production. The following portions of this paper discuss 
this concept as it applies to the SRC-I Coal Refinery. 

, 

D. AIR EHISSIONS CONTROL 

Best available control technology will be employed to eliminate or 
minimize the air pollutants emitting from this plant. The quantities 
of- the EPA criteria pollutants .have'been estimated and their impacts on 
ambient air quality have been assessed with an air dispersion modeling. 
The result of the modeling shows that there will be no significant 
impacts from the SRC-I Demonstration Plant. It will satisfy the EPA. 
Prevention of Significant Deterioration. (PSD) requirements for air 
quality and all applicab'le NSPS. 

1. Emission Inventory and Pollution Control 

Table 2 gives the emission rates of the criteria pollutants from 
the SRC-I facility after pollution control. The emission rates 
generated from a neighboring power plant are also listed in the same 
table for comparison. 

The pollution control technology employed is highlighted for each 
pollutant: sulfur oxides, particulates, hydrocarbons, nitrogen oxides, 
and carbon monoxide. 

Sulfur oxides control. Sulfur oxide control alternatives were 
considered for various parts of the .plant. Fired heaters are poten- 
tially major sources of ;sulfur dioxides. But over 50% of their fire 
duty will be met by fuel gases' produced in the .process--and these 
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:. . Table . .2. ' ' 

SRC-I - .   earb by' power. p l i n t  (Gith FGD) . ,  

. . .  . . . . . . . . 
sulfur ,oxid&. : '. .'260 ' , ' . ' . ' 29,900 . . 

particulates . . . . . .  . . .  % ,350 . . . . . . .  
. . .;2,000 . . ' ,  

Hydrocarbons.-. . . : .  40 ' . .  . .. : . . -_ . . . . . . . .  

Nitrogen oxides. 1 ,050.  . . : .  14,000 
carbon monoxide . 550 . . 

. . .  . . .  
1,250 

. . 
, .  , 

. . . . 
. . . . . . 

, . .  
. . . . 

. . . . . . . .  , . . .  . . . . . . .  . . 
. . . . 

FGD: Flue gas desulfuriza.tion' . . 



gases, after acid gas removal, contain only 4 ppm of sulfur. The rest 
of the fire duty will be met by using low sulfur fuel oil that has been 
hydro-treated, also produced in the process. 

t 

l'tt~o parallel Claus Units are incorportated in the plant design for 
,' sulfur recovery, the second unit being a 100% spare. The tailgas 
cleanup of the Claus Unit is accomplished by a Beavon Sulfur Removal 

, Unit (BSRU). The vented gases from the molten sulfur storage and 
, handling operations will be treated by small scale Stretford scrubbers 
to prevent release of sulfur compounds. 

c The flue gas from the calciner will be scrubbed with a soda ash 
system to minimize SO2 and partuculates. 

F 
Hydrocarbon control. All Liquid storage tanks .will be equipped 

, with fixed roofs and vented to a vapor recovery system to eliminate 
: hydrocarbon emissions. All recovered vapors will be burned as fuel 
; gases for the plant fuel needs or flared. In addition, pumps, valves 
and compressors will have double mechanical seals to minimize fugitive 
hydrocarbon emissions. During process upsets and emergencies the 

, hydrocarbons will be flared prior to release. A ground flare which 
. provides controlled combustion is being investigated for large 
emergency blowdowns to prevent emissions of entrained heavy hydro- 
carbons. 

Particulates control. ~u~itive emissions will be minimized by 
enclosing the transfer points in chutes or hoods or by spraying with a 
dust inhibitor. Particulates in the exhausts from the conveyors will 

' be controlled by a baghouse. 

Vent gas from coal pulverizing/drying oper.ations will 'also be 
controlled by a baghouse. The main calciner flue gas will be scrubbed 
by the soda ash system,..which removes SO as well. All coal feed piles ' 2 and open solid SRC piles will be sprayed with a polymer dusting 
inhibitor ,to control fugitive dust. The elemental sulfur from the 

'. sulfur recovery area will be stored in molten state in a closed tank to 

!- 
prevent emission of the fugitive suifur dust from open sulfur piles.' 

. The anode coke from the calciner will be stored in silos, handled by a 
' closed conveyor system with dust control, and transported in hopper 
cars. - .  . , . 

Nitrogen oxides control. The principal,' source of nitrogen oxides 
. will be the fired heaters. The quantity of NOx .emitted will be reduced 
by applying the following combustion modification techniques: flue gas 

: recirculation,, staged combustion, and minimizing excess air. 

. .. The combustor for the slurry preheater,. which.consumes close'to 

. half the total fuel needs, is two-stage and refractory-lined. . The 
.. burner is designed to , operate at' low excess air but .allow for ,complete 

,I . combustion . .  of hydrocarbons. It uses a. toroidal mixing pattern in the 

'. ? 

.I ' * .  



" sub-stoichiometric first stage' and e high outlet velocity in tpe second 
.stage: ' The 'reducing first stage breaks down the fuel-bound nitrogen 
and the relatively low temperature prevents nitrogen fixation. There 
is vigorous internal recirculation and the high flame velocity 
minimizes residence time and induces jet entrainment of the combustion 

' products. In order to cancel out the harmful effects of preheated air 
. -on NO formation, 25% of the flue gas will be recirculated to reduce 

.' flame %emperature. ' 

, 2. Air Quality Impact Assessment 
, i . .  

T h c  impact of the =missions from SRC-I o n  air quality has been 
assessed with ait dispersion modeling. 

The pollutants modeled were SO , total suspended particulates 
: .  (TSP), NO2, and CO. The proposed SRC& Plant is located in an attain- 

ment area for SO2, TSP, CO, and ozone (03), and in an unclassifiable 
' area - for NO2. 

r * .  : 

Results of the air pollution dispersion.modeling study--based on 
one-year simulations of SO TSP, NO2, and CO ambient air quality and 

, 
more than one year of bacgiround air quality monitoring-'-support the 
following conclusions: 

. + 

(1) SRC-I Plant eidissiona will have an insignificant impact 
on air quality in any nonattainment or unclassifiable areas 
for SO2 or TSP. 

(2) SRC-I Plant emissions will have an insignificant impact 
on air quality in any PSD Class I.area.. . 

(3) ~missions' from the SRC-I Plant alone and. in kmbination 
with all other definable, local PSD sources will dot threaten 

i or exceed the PSD Class I1 cohcentration increments for SO2 
and TSP in the .vicinity of the proposed plant site. 

. . ' (4) The ~ational Ambient Air ~ u a l i t ~  Standafds (NAAQS) for 
SO2, TSP, N O  ,, and CO will not be exceeded in the, vicinity of 
the SRC-I d a n t  site after the plant becomes opdrsfional.. 

. . , .  , .. 
J .- . - E. HANDLING OF AQUEOUS WASTES 
4 

' 1. 'Maj.or Wastewater Streams and Contaminants 

The expected normal wastewater flow is 1.5 UGD which consists of 
the following major streams: . . 



Sour water 
Cooling tower blowdown 
Coal pile runoff 
Process runoff 
Weak process wastes 
Oily wastes 
Sanitary waste 
Landfill leachate . 

About a third of the total wastewater flow is sour water, the most 
heavily contaminated s t r ~ a r n >  Efydrogen sulfide, amuuia ,  phcftolics ace 
the major contaminants in this stream, along with some cyanide, thio- 
cynate, and metals. Trace organics, such as polycyclic aromatic hydto- 
carbons, are probably present in the stream, too. 

Another third o f  the flow wastewater is the cooling tower blow- 
down. Flow rate of this stream is about the same as that of the sour 
water. The most significant contaminant in this stream is hexavalent 
chromium, which is added to the cooling system for corrosion control. 
The common inorganic constituents originated in the makeup water to the 
cooling system will be concentrated and present in the blowdown. 

The contamination of the ' cooling tower blowdown with the 
hexavalent chromium could be avoided if nonchromate anti-corrosion 
chemicals could be used in lieu of chromate. The possibility is being 
evaluated. 

The remaining third of the' wastewater comes from various sources : 
runoffs from raw coal and SRC piles, runoffs from the diking areas 
where the process .equipment is located, sanitary waste, landfill 
leachate, oil-bearing wastes, and such lightly contmiinated waters as 
boiler blowdown and water filter backwash; 

The contaminants in the runoffs from.. the coal piles are mostly 
dissolved'inorganic common solids, although:..trace quantities of metals 
may also be present. The process.area rimoff is, contaminated with 
process .liquids, including certain .high-boiling point hydrocarbons. 
The landfill leachate should contain the c.ontaminants. common to the 
runoffs. The lightly-contaminated wastewaters contain . chiefly 
inorganics and suspended solids. 

I I 

The oil-bearing wastes, although small in quaatities, deserve 
particular attention, because they may contain hydrocarbons that are 
potentially' hazardous , to human health, including polycyclic' .aromatic 
hydrocarbons. . . 



The major contaminants are: 

Phenolics 
Ammonia 
Cyanide 
Thiocganate 
Toxic metals 
Dissolved solids 
Oil and grease 
Trace organics 

2. Conceptual Design of the Wastewater Treatment System 

I 
All wastewaters generated in the plant, as well as the con- 

taminated runoff will be sent to the wastewater treatment facility. 
Figure 2 is a conceptual diagram .for the treatment facility. ' The 
treatment processes include separation of oily wastes, precipitation/ 
flocculation of toxic metals, two-stage aerobic biological .treatment 
followed by filtration, and a final polishing of the effluent by 
activated carbon and disinfection. The system provides equalization 
and retention basins. to promo.te mixing and thereby prevent upset of the 
biological system due,to shock by toxic components. 

The sour water will initially,be steam-stripped to remove hydrogen 
sulfide and apmonia. After stripping, the stream will be combined with 
the landfill leachate and then fed into a first-stage precipitat0.r for 
nickel removal. The optimal pH for nickel removal is' about 11, con- 
siderably higher than the optimal pH, 8.5, for removing other metals. 

The chromate-laden cooling tower blowdown. will+be treated in a 
electrolytic redu~tioq~unit in which the soluble Cr is reduced to 
trivalent chromic (Cr ) oxide precipitates. .The blowdown then will 
flow into a second-step precipitator .for solids removal. 

The pH, in the second-stage precipitator will be maintained at 8..5 
for a maximum removal of other metals. Various chemicals will be added 
to facilitate the, removal. For example, iron will aid in removing 
arsenic and vanadium and polymer or alum will enhance sedimentation. 
After ,the precipitation stage, the wastewater will flow into an 
equalization pond where it will commingle with other waste streams 
prior to biological treatment; 

. I .  , 

.Also feeding into the second-stage precipitator is the coal pile 
. . ,runoff. Because of, its high fluctuation in flow rate. and' concen- 

tration, it is equalized in a surge pond before feeding to the 
precipitator. 

Process area runoff, which is 1ikely.to be contaminated with 
hydrocarbons, will be combi.ned with other oily wastes for emulsion- 
breaking and oil removal. The treated oily waste will be;introduced to 



Figure 2 , 

I '  Conceptual Design of SRC-I Wastewater Treatment 
I 

WEAK PROCESS WASTES - . 
C. T. BLOWDOWN 

. * 

'SOUR WATER 

LANDFILL 

RUNQFF/LEACHATE 

SLUDGE . . 

COAL PILE - €0. 
' 

TWOSTEP 
RUNOFF . POND 

- 
BIOSYSTEM 7 - - - - - - - - 

. . 
SLUDGE 

PROCESS 
RUNOFF b EMULSION , API" . - 
OILY WASTES - BREAKER. SEPARATOR FILTER 

I 

SLUDGE. 
ACT. 

- CARBON 

WATER REUSE r, 

SANlf ARY WASTE 

SLUDGE 



.'the'equalization pond upstream.of the biological system. There will be 
. . an .oil-skimming device . . in. this pond to remove any floating oil that is 

not removed upstream. 

The two-stage biological system ,consists of two separate bio- 
logical systems. Each will have a reactor. followed by a clarifier. 
The purpose of the first-stage biological system will be to remove 
mostly phenolics ,and other easily.biodegradable materials. Removal of 
ammonia and thiocyanates,.'as .well as refractory organics, should occur 
principally. in the second-stage ' biological system. Since the micro- ' ' 

organisms in the second stage are usually more sensitive to environ- 
mental changes and more susceptible to inhibitions, the 'first stage 
should provide stability for the second stage. To further protect the 
biological system from potential inhibition and toxicity, provisions 
will be made for adding powdered activated carbon. 

The effluent from the biological system, will be further polished 
by -filtration and activated carbon adsorption. Filtration .removes 
residual suspended solids and adsorption greatly reduces trace 
organics, particularly polycyclic aromatic hydrocarbons. 

Sanitary waste will be treated separately in a package biological 
unit. Because of fecal coliforms, disinfection of this stream is 
required before discharge. chlorination or ozonation will be employed. 
The decision will be made durfng detail engineering. 

3. Expected Treated Effluent 

Because a plant of this type has never been built before, the 
exact nature of the .effluent is not known. However, anticipated 
effluent contaminants and their possible .concentrations are given in 
Table 3. . More. study on. effluent characteristics will be conducted 
during detailed design efforts. 

4. Zero Discharge Concept 

During detail engineering, we will also evaluate the zero 
discharge concept--which calls for eliminating or minimizing liquid 
effluent from the Demonstration Plant. Implementing the zero discharge 
concept would involve a water reclamation system (yet :to be defined). 

. . 

The major 'factors to be considered in evaluating the concept 'are: 
(1) technical ' feasibility, including safe dispo,sal of highly water- . ,  

soluble solid wastes; (2) economics; (3) energy consumption; and (4) 
overall environmental impact on multi-media. 



Table 3 . . ,  . - 

Anticipated Effluent Contyinants 
. . After All ~reatments 

,~unc.euti.a ~ l h '  (&/l) : . , '  . 

Average Maximum ... . . 

. . 
. . . . 

Temp 61°F 100°F', " . .  . . . .  

Flow 1.5 mgd ; ,  ,2.88'mgd . . . . 
pH (units) 6-9 units 6-9 units ' . .. 
BOD ' 20 40 ' 
COD 50 . , 100 . , . . . 
TOC (2.2 X BOD) 44 '88. ' 

10 ' .  Oil and grease 20.: . ,, . . .  . , , . . 

TSS 20 . . 
' '  . ' . 

35 ' . . . . 

TDs TBD TBD . . 

Chlorides TBD TBD 
Phenolics 0.1 0.6 
Ammonia. as N 5 20. 
Phospate as P .5 10 
Nitrate 30 60 . 

, . . . 

Sulfide 0.04 . '0.09." . , , . . .  . 
Arsenic 0.1 , 0.25 . . , 

1 
. . 

Barium 2 
Cadmium 0.15 0.30 
Chromium (total) 1 2 
Chromium (Hex) 0.05 0.1 
Cyanide 0.45 0.9 
Fluoride 7 14- . . . . . Lead 0.25 . . 

. . 0.4 , - :. 
Seleniuin 0.35 . - 0.7: 
Silver 0.1 0.2 . . 

Zinc 1 2 
Nickel 0.5 1.6 
Iron 2 4 
Vanadium 1 5 

1.0 Copper . . 2.0 . . ( : 
Manganese . . 2  , .  4 ' . ; . . . .  , 

. . 
. . 

Mercury 0.001 0.002 
, . 

. . 
1 

. . C12 residual (total) 2:. . 
. . 

Beryllium 0.005 0.01' 
Fesal colifsrm TBD (Below 400/100 6i) 
Boron TBD TBD 
Alkalinity TBD TBD 
Thiocyanate TBD .TBD . . 
Sulfate TBD. . . .' TBD. 

. . .  Polyaromatic . . . . . . . . . , . . . .  , . .  . . .  
. . .. . . . 

TBD hydrocarbons .TBD 
. . 

1. Excludi,ng waste contribution from LC-Fining 

TBD: to be determined 
.. . 



F., SOLID WASTE DISPOSAL 

1. Types and Quantities 

~ h r e e  major types of solid waste resulting from the,SRC-I process 
are:. (1) inert mineral residue from the gasifier; (2) metal-bearing 

. . inorganic solids mainly from wastewater treatment processes; and (3) 

. . biological solids, also from the wastewater treatment. In additi'on, 
there are minor quantitfes' of other types of solid waste, including 
oily sludges, spent catalysts, and spent activated carbon. If the zero 
d,ischarge concept is implemented, there will be an inorganic salt cake 
associated with it. 

The quantities of the three major types of' solid waste are esti- 
, . niated to be: 

~asi'fier slag 700 dry tons/day 
. Metal-bearing sludge 8 dry tonslday 
Biological sludge 2 dry tons/day 

. . 2. ' Classification of Solid wastes 

. . 

. . 
The ' EPA proposed regulations for the Resource Conservation and 

. ~ e c o v e r ~  A c t  (RCRA), p i ~ h ~ i s h c d  18 Decemb;er 1978 in the Federal 
Register, classify solid wastes into two categories:. hazardous and 
nonhazardous. Much more. stringent .requirements are imposed for the 
hazardous wastes. 

In the .Demonstration plant, .the gasifier slag appears to be non- 
hazardous. 'High temperature; slagging, entrained flow gasifiers 
provide high' carbon conversion,, thereby precluding highly carbonaceous 

. - wastes.' The slag will ,be low in sulfur because organic and pyritic 
.. sulfur have been' preferentially. coberted to H S in liquefaction and 

. gasificatian. T h e  trace quantities of metals in%he slag do not appear 
.to- present' disposal problems either. Leaching tests have been 
conducted by the, Oak' Ridge National Laboratory (ORNL) for gasifier 
slags generated from various coal .feeds and gasification technologies. 
,Table. 4 summarizes the .results. Although concentrations of the trace 

. ' elements ' vary from gasifier to ,gasifier, the general trend is 
.apparent--the concentrations of the metals in the leachates are sub- 
stantially below the proposed RCRA.,standards. .Specific slag from Pilot 

' .Plant . gasification of' -the SRC-I residue will be tested by ORNL for 
leabhability. 

. . .  . . .  . . . 
Leaching data for- the -metal-bearing sludges are not available. 

Because of, the metal content, it is likely that these sludges will be 
hazardous. 



Comparison of Leachate Concentrations (ppb) 
With Proposed RCRA C r i t e r i a  f o r  Five Gasi f ica t ion Slags 

Using the Proposed EPA Extract ion Procedure 
-. 

Plan t  
, Element C 

Arsenic 
-Barium 
Cadmium 
Chromium 
Lead 
Mercury 

: ,- Selenium 
." S i l v e r  

Copper 
Nickel . 

Zinc 

Plant  Plant  
E G - 

Proposed 
P lan t  RCRA 

I Texaco Standards 

- *Not included i n  18 December 1978 lnterirn Primary DrinkingWater Standards of 
Resource conservation and Recovery Act (RCRA). .. . . 

Note: Because of p ropr ie ta ry  agreements, t h e  p l a n t s  cannot be i d e n t i f i s d .  

' . NP.: . Not published. 
:..I . , 
.C, - 



\ 
The classific.ation of the biological solids will depend on the Y - 

metal contents; they may or may not be hazardous., 

3. ' Methods of Disposal . . 
The gasifier, slag. will be stored onsite in ash ponds. After 

dewatering,' the metal-bearing sludge will be stored onsite in a secure. 
landfill. The landfill will also store the dewatered, biological 
solids, if .gasification is not feasible. ' Incineration or gasification 
will be employed to dispose of the oily sludges and the spent activated 
carbon. 

The vaste sludge ' landfill (Figure 3) will be constructed and 
maintained in accordance with'.U.S. Environmental Protection Agency 
hazardous waste' guidelines and 'regulations (Federal Register, 1978). 

Excavated material from the plant process area will be used to 
construct the embankment dikes for the waste sludge landfill. The 
landfill will be lined with a 0.91 m (3 ft) thick clay liner over a 
20-mil synthetic liner. A leachate collection and removal system on 
top of the clay liner will collect and remove leachate generated in the 
landfill. The top clay liner will provide primary containment of the 
waste and protection for the synthetic membrane' liner. The synthetic 
liner will provide containment of any waste that migrates or leaks 
through the clay liner. A' leachate detection and removal system will 
be located beneath the synthetic bottom liner. 

A ground water monitoring system will include some monitoring 
wells hydraulically downgradient from the facility and some upgradient 
from the facility. 

The ash ponds will be located over an existing clay stratum, which 
will be exposed by stripping to topsoil overburden and compacted. The 
ash ponds will be lined with a 15.24 cm (6 inch) compacted clay liner 
(Figure 4). 

The near-surface clayey soils present over the high terrace will 
produce an estimated coefficient of permeability (k) of about 1 x 10-7 
to 1 x 10-8 cm/sec, which is normally acceptable for lining ash ponds. 

The embankments that will enclose the ash ponds are planned to be 
only about 6.10 m (20 ft) high. The embankment slopes will be dictated 
primarily by maintenance or erosion control.." Slopes no steeper than 
2.5 (horizontal) to 1 (vertical) will be required. 

G. SULFUR BALANCE 
Figure 5 shows an overall sulfur balance for the 6000 TPD SRC-I 

Plant. Of the total 204 TPD of sulfur coming in with the coal, almost 
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. . Figure4 - . - -  

Typical Ash Pond Dike 
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... . 

92% has been conberted. to pure sulfur by-product, appears in the 
solid SRC and coke, 2% in the oil .products, and the rest ,in different 

'., ., . . 
waste streams. 

6 .  . , . . . 
% ,  . 

. .. . . If. INVESTMENT IN POLLUTION .CONTROL ' ' 
, . .  ' *  ' . 

The pollution control equipment in the SRC-I Deionrttation Plan$ 
dedicated to minimize .emissions ,. waste effluents, and retrievesent df 
hazardous waste will amount to 12.5% o'f the,,total ,plant investamits. 
This can be broken:.-dowq to: . 36% Air Polfution.Control; 59% for Waste- 
water 'Treatment; and 5% for 'Solid Waste - Disposal.' - . ... . .. 

t .  < 

CONCLUSI~N . ... .. . 

For the near term, there appears to be no* wjor "environment- 
related constraint associated with the SRC-I Demonstration Plant. 
Uncertainties regarding evolving regulations under RCRA, and Toxic 
Substance Control Act (TSCA) could present s- obstacles to the design 
of commercial plants in the future. A need exists for interrediate- 
to-long-term environmental monitoring of operations at demonstration 
scales of development--to acquire experience in determining the best 
technologies to contain emissions and effluents. and the ultimate dis- 
posal of solid wastes. I .  - " 

The SRC-I Demonstration Plant will provide the oppCrtunity to 
assess the environinental impact of a coal liquefaction plant designkd . 
to use the best available pollution control technologies. 



ENVIRONMENT~L CONTROL SYSTEMS FOR ME 
SRC-11 DEMONSTRATION PLANT 

D. K. Schmalzer & C. R. Moxley 
The P i t t s b u r g  & Midway Coal Mining Co. 

I n  Ju ly  1978, t h e  U.S. Department of Energy and The ,P i t t sburg  & 
Midway Coal Mining Co., :a  subs id iary  of Gulf O i l  Corporation, entered 
i n t o  a con t rac t  which has a s  p r i n c i p a l  ob jec t ives  t h e  design,  construc- 
t i o n ,  and opera t ion  of a demonstration s c a l e  SRC-I1 coa l  l i q u e f a c t i o n  
p lan t .  A bas ic  precept  i n  t h i s  p ro jec t  f o r  both DOE and P&M is . tha t  
s a f e t y ,  h e a l t h  p ro tec t ion ,  and environmental a c c e p t a b i l i t y  w i l l  'be 
dominant considerat ions,  i n  the  design and opera t ion  of t h e    em on strati on 
P lan t .  Applicat ion of a wide v a r i e t y  of con t ro l  technology i o  planned 
and under conciderat ion.  This paper w i l l  b r i e f l y  desc r ibe  these  a reas  
a s  w e l l  a s  t h e  employee h e a l t h  p ro tec t ion  programs planned. 

.. . 

2. PROCESS DESCRIPTION 

Figure 1 shows a schematic flow diagram of the  SRC-I1 process. The 
feed,  which is a t y p i c a l  high-sulfur  P i t t sburgh  seam coal ,  is mixed with 
a r ecyc le  s l u r r y  produced by the  process. Hydrogen e n t e r s  the  coal-slurry 
mixture and t h e  mixture is pumped through a preheater  t o  t h e  r e a c t o r  
where t h e  coal  i s  dissolved and,hydrocracked. 

The e f f l u e n t  from the  reac to r  e n t e r s  a series of vapor-liquid sepa- 
r a t o r s .  The l i g h t  prockss gases c o n t a i n i n g  hydrogen, H2S, and C02 a r e  
s e n t  through an ac id  gas removal system followed by a cryogenic u n i t  t o  
sepa ra te  the  hydrogen which is' recycled t o  t h e  process. The hydrocarbon 
gases a r e  ref ined i n t o  methane. ethane,  propane and' mixed C4 p'roduct 
streams . 

. . 
The l i g h t  l i q u i d  stream is *,fract ionated i n t o  a naphtha product 

(C -350°F) and a middle d i s t i l l a t e  (350°F-600°F). The product s l u r r y  i s  
s p h t  such t h a t  p a r t  i s  recycled t o  t h e  f r o n t  end t o  be  mixed wi th  t h e  
feed coal .  The o the r  poktion is s e n t  t o  vacuum d i s t i l l a t i o n  where\a 
heavy d i s t i l l a t e  is produced and subsequently mixed wi th  t h e  middle 
d i s t i l l a t e  from the  atmospheric tower. These two streams (heavy and 
middle d i s t i l l a t e s )  o r  t h e i r  blends comprise' t h e .  f i n a l  SRC-I1 f u e l  o i l  
products.  

The vacuum tower bottoms a r e  s e n t  t o  a high pressure  s lagging 
g a s i f i e r  f o r  production o f . s y n t h e s i s  gas, a mixture of hydrogen and 
carbon monoxide. P a r t  of t h i s  gas is c a t a l y t i c a l l y  reac ted  with steam 
(water-gas s h i f t )  t o  produce hydrogen. The remainder syn thes i s  gas is  
t r e a t e d  t o  remove ac id  gases and is used f o r  p l a n t  fue l .  
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The temperature i n  the  g a s i f i e r  i s  s u f f i c i e n t  t o  l ique fy  the  mineral  
matter i n  the  feed.  This molten ash i s  cooled and s o l i d i f i e d  and is  
s e n t  t o  t h e  s l a g  d isposal  a r e a  located on s i t e .  Approximately 800 T/CD 
of s l a g  w i l l  be produced by the  p lan t .  

3. CONTROL OF A I R  EMISSIONS 

There has bee'n considerable specula t ion  about the  p o t e n t i a l  adyerse 
h e a l t h  e f f e c t s  of coal  and coal-derived chemicals. The present  design 
f o r  t h e  SRC-I1 Demonstration Plant  has incorporated severa l  con t ro l  
techniques t o  p r o t e c t  not only the  workers but  a l s o  the  general  pub l i c  
from exposure t o  these  mater ia ls .  

A. Toxic Gases 

The Demonstration Plant  w i l l  handle l a r g e  quantities of t0xl.c 
gases such a s  H2S and CO. I n  t h i s  r e spec t ,  t he  p lan t  is similar t o  
petroleum r e f i n e r i e s  and many of the  s a f e t y  and h e a l t h  procedures 
employed a t  r e f i n e r i e s  w i l l  be used i n  t h e  Demonstration Plant .  

I n  t h e  SRC-I1 process,  the  hydrogenation reac t ion  taking p lace  
i n  the  d i s so lve r  converts  organic s u l f u r  t o  H S. It is p r e c i s e l y  
t h i s  r eac t ion  which allows t h e  products  from $he p lan t  t o  be low in  
s u l f u r .  A s u l f u r  recovery p lan t  has been designed t o  process a l l  
p l a n t  streams containing H S and C02. These f a c i l i t i e s  convert H2S 
t o  elemental s u l f u r  which 2s recoverable i n  l iqu id  form. 

The conceptual design of the  s u l f u r  recovery .p lant  u t i l i z e s  
t h e  Claus-SUPERSCOT system f o r  s u l f u r  removal. Acid gases not 
s u f f i c i e n t l y  r i c h  i n  H2S f o r  the  Claue r e a c t i o n  are f i r s t  enriched 
i n  t h e  SUPERSCOT u n i t .  These streams w i l l  come pr imar i ly  from t h e  
Hydrogen Treat ing  and Recovery P lan t ,  the  Hydrogen P u r i f i c a t i o n  and 

, . 
Compression P lan t ,  and the  Low Pressure  Gas Compression and Treat ing  
P lan t .  Streams t h a t  a r e  a l ready s u f f i c i e n t l y  r i c h  i n  His, such a s  
from the  Ammonia Recovery Plant  and Methanation P lan t ,  w i l l  be s e n t  
d i r e c t l y  t o  the   lau us un i t .  

I n  add i t ion ,  the  Claus u n i t  t a i l  gas w i l l  be recycled t o  t h e  
SUPERSCOT u n i t  i n  order  t o  recover a d d i t i o n a l  HIS before  inc inera-  
t i o n .  t 

The design f o r  the  Claus u n i t  is based on 95 wt.% s u l f u r  
recovery while an o v e r a l l  s u l f u r  recovery of 98.6 w t . %  is  obtained 
wi th  the  a d d i t i o n  of the  SUPERSCOT u n i t .  The res idua l  H2S is 
converted t o  SO2 i n ' a n  inc ine ra to r  before  r e l e a s e  t o  the  atmosphere. . . 



B. Fugitive Coal Dust 

The Demonstration Plant wlll process 6,000 TPCD of coal. Coal 
unloading, conveyance, crushing, and drying are integral parts of 
plant operations. Fugitive coal dust will be controlled through 
the use of bag filters, covered conveyors, and wetting agents. 
These techniques are not ne'w and are in common use today. 

Fugitive ~ydrocarbons 

' The potential health effects of coal liquids are addressed in . ' . 
Section 6. Considerable attention has been given in the design of 
.the plant to limit worker exposure to these materials. In some 
instances, the procedures are similar to those already being used 
by refineries and.petrochemica1 plants. Examples of these are: , 

1) Enclosed vapor recovery systems for storage tanks 

2) Extensive use of mechanical seals rather than packing on 
rotating shafts. 

However, in addition to these 'standard practices, special 
consideration will be given to other control features to reduce 
potential exposure of the public and plant personnel. 

(1) Pump Seals 

The fact that hot coal slurries will have to be pumped 
presents special problems due to the abrasiveness of the 
materials. Several sealing systems have been investigated 
including tandem seals, double seals with a disaster bushing, 

I 
a double seal followed by an outside tandem seal and a tandem 
seal with packing as a secondary seal. Detection that seal 
failure is imminent is of prime importance in determining the 
proper sealing approach. The tandem seal configuration shows 
the most promise of providing a reliable means of detecting 
that a primary seal failure is imminent. Briefly, the tandem 
seal consists of two mechanical seals both facing the same 
direction. The seal closest to the impeller, the primary, 
will be flushed with hot clean solvent. If the primary seal 
should fail, the hot solvent flush will leak into the secondary 
seal cavity and cause a rise in pressure. A pressure sensing 
switch in the secondary seal loop wlll detect the pressure 
Increase and sound an alarm. The secondary seal will keep) the 
shaft and pump sealed until the pump can be shut down and the 
primary seal replaced. The tandem seal arrangement is illus- 
trated in Figure 2. 
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(2) Valves 

Valves are a major'source of hydrocarbon releases in 
refineries and.petrochemica1 plants and have.been estimated to 
cause up to 75% of the total fugitive emissions from these, 
facilities. Due to the number, of streams containgng mixtures 
of solids (coal particles) and coal chemicals at high pressure 
and temperature, considerable attention is being given to the 
materials of construction and design of the valves used in the 
SRC-11 Demonstration Plant. The Fort Lewis Pilot Plant has 
provided'valuable information on valve performance and con-. 
tinues to test new and prototype valve designs. 

(3) Product Handling 

The SRC-I1 process produces approximately 50 MM SCF/D of 
gas. Pipeline shipment was selected as the only practical 
method of transportation and the environmental impact will be 
minimal since an existing pipeline systemcpasses approximately 
ten miles from the plant site. s 

Rail shipment was chosen for the high-volume liquid 
products, primarily fuel oil. The tank train concept offers 
several positive environmental control features and is currently 
being considered as the method of transport, For the quantities 
of liquids produced at the demo plant, the tank train concept 
has added benefits from a product distribution and cost basis. 
Up to 20 cars can be loaded with a single fill connection and 
a single vent connection, therefore potential for spills and 
fugitive vapor emissions are minimized. 

D. Emergency Upsets 

The most frequent upsets in the Demonstration Plant that will 
cause a change from normal gaseous emissions are leaking relief 
valves, compressor shutdowns, and reduced gas treating plant capa- 
city. These occurrences will send gases to the flare system. To 
ensure that these gases are fully combusted with a minimum effect 
on the environment, a controlled combustor system is being evaluated 
as a possible part of the flare system. 

A controlled combustor is a highly efficient combustion system, 
similar to a gas fired boiler burner and firebox. It would serve 
two purposes. It would provide efficient destruction of a wide 
range of materials in the flare gases with essentially no smoke, 
and it would mitigate the illumination nuisance caused by frequent 
flaring. 



For preliminary sizing evaluation of the controlled combustor, 
an upset condition, namely, a blockage or upset downstream of the 
dissolver either in the acid gas removal or cryogenic section, was 
used. This event may occur several times per year, especially 
during initial plant operation. The sulfur dioxide emission rate 
has been estimated to be approximately 10,200 pounds per incident. 

Preliminary information from vendors indicate that two units 
would suffice.to handle the proposed design basis. Each unit may 
be in the order of 25 feet in diameter and 100 feet tall. Emergency 
upset conditions that exceeded the design c a m  would be diverted to 
the elevated f larestack. 

4. LLqUID EMISSIONS 

A. Water Pollution Control 

Recycle, treating, incineration, and controlled site ' drainage 
are key factors in avoiding water pollution. Discharges of con- 
taminated water into surface waters or aquifers will be eliminated 
during normal operation by recovery, treating, and recycle of all 
process water, with contaminants reduced to solids by incineration. 
Other alternatives will be developed if solid wastes from the 
incinerator will not meet disposal standards. 

B. Water Treating and Discharge 

It is planned that the plant process water system will have a 
zero discharge and the rainwater runoff collection system. will be 
capable of holding a 10 year - 24 hour storm. 

The zero process discharge system was chosen because this ie a 
Demonstration Plant and there are unknowns in connection with the 
water treatment. The system used will remove organics, hydrocarbons, 
salts and solids using existing technology. Recovered water will 
be reused in the process, reducing river water requirements. The 
solids removed will be treated as hazardous material until such 
time as they are proven not to be. 

Several alternates to zero process area water discharge were 
considered : 

- The elimination of reclamation or treating of the process 
area water was considered to be not feasible because of the known ; 

and unknown contaminants in these streams. 



- Holding of the untreated process area water for natural 
evaporation was considered not feasible because the natural evapo- 
ration rate is lower than the precipitation rate for the proposed 
plant site. 

- A partial process area water discharge system was considered, 
one which would discharge process area water streams that would not 
normally be of a contaminating nature. This has been ruled out, 
for the present time, because of uncertainty of the risk of conta- 
mination of some of these streams. 

Untreated discharge of the utility (Oxygen Plant) cooling 
, 

tower blowdown is being considered. This would decrease the treat- 
ment system size by about 300 GPM. 

The rainwater runoff system design is based on the EPA Impound- . . 
ment Guidelines for Refineries. Holding ponds will collect runoff 
from the plant process area, slag disposal area, and shipping and 
storage area. Water so collected will be treated and reused in the 
process, decreasing river water requirements. 

Several approaches to waste heat rejection are being explored 
with parttcular interest in utilizing dry aerial cooling to (1) 
reduce the consumptive use of water, and (2) to provide an addi- 
tional guard against contamination of cooling tower water by process 
liquids. Table 1 provides a summary of cooling system options 
presently under consideration. 

\ 
5. SOLID WASTE DISPOSAL 

The major solid wastes from the Demonstration Plant Include gasifier 
slag and'the dehydrated water soluble residues resulting from the use of 
a waste water incinerator. 

The gasification unit will produce 800 tons per day of slag. 
Little information is currently available on the hazardous or non-hazar- , 

dous nature.of these materials as defined by the Federal Resource Conser- 
vation and Recovery Act (RCRA). In order to preclude any adverse en- 
vironmental impact, the initial waste disposal plan calls for on-site 
burial of the material in conformance with RCRA. 

The slag will be either trucked or pumped to a clay lined landfill 
possessing an initial capacity of 267,000 cubic yards. The disposal 
area will include retention dams and surface drainage diversion systems. 
Runoff and drainage from the storage area will be collected and pumped 
to the water reclamation system. 
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TABLE 1 

SUMMARY .OF BASE CASE AND ALTERNATE COOLING SYSTEMS 

Note: Heat load i s  1.63 b i l l i o n  BTU/Hr i n  a l l  cases. 
based on the same amount of a r e i a l  cool ing. 

CASE BASE. . ,  - ALT A . . - ALT. B . 

CASE DESCRIPTION, 
Tower Types : 

Wet Dry. I n d i r e c t  Dry I n d i r e c t  
( ~ v a p o r a t i  ve) P l  us Wet/Dry 

A1 1 cases are . .  : 
. . 

. . 

ALT C . , 

Dry I n d i r e c t  
Wet (Evaporati ve) 
Pl  us Wet/Dry 

Water Makeup H i  gh Negative Low. For Moderate. For a1 1 
Oxygen P l  ant  Requirements Except 
coo l ing only. High Pressure 

Process Cool i ng 

WATER RATES, GPM . , 

C i rcu la t ion :  110,000 160,000 142,000 122,000 

Evaporated, 

Des i gn 3,500 0 600 2,600. 

Operating 3,000 0 500 '2,000' 

D r i  ft : 

FITS WITH WATER 
BALANCE : YES ' NO NO YES 

.- [Negative water (Excessive t ime 
ba l  ance would requ i red t o  
. require d is -  empty r e t e n t i  on 

': charge of p l a n t  ponds. ) 
,. water t o  the 

. r iver . )  - .  . . 



There have been some preliminary characterization studies done on 
slag produced from the gasification of vacuum tower bottoms. The results 
are shown in Table 2 and indicate the slag is composed primarily of 
aluminum, iron, and silica. + 

Table 3 shows the results of the analysis of the leachate from the 
slag. 

The procedures contained in RCRA were used to obtain these data and 
they indicate that the slag would be classified as non-toxic. 

The other major source of solid wastes are produced from treatment 
of process waters, and runoffs from the process area, coal piles, and 
slag disposal areas. Since characterization and quantification of these 
water soluble solid wastes are incomplete at this time, an appropriate 
method for handling the residues has not been defined. Because they are 
highly water soluble, disposal in the slag disposal area is not desirable, 

I 
Y Depending on the final quantity of these materials, several alternatives 

disposal methods are being considered. 

, . 6. WORKER SAFETY AND HEALTH PROGRAM 

Worker safety is a major goal in the design, construction, and 
operation of the SRC-I1 Demonstration Plant. The approach to be taken. 
includes: designing to avoid hazards in startup, operations, maintenance, 
and during upsets, operating the facility in a manner that will prevent 
accidents, and preparing by plant design, layout, procedure development, 
and personnel training to deal with potential accfdents. 

Safety consideration, while of major importance, are substantially 
analogous to the provisions necessary and normal in large refining and 
chemical operations. In this brief paper no attempt will be made to 
discuss in detail the safety program. 

A. Health Protection 

.The goal of the worker health protection program is to ensure 
- that even a worker who spends his entire working career in an SRC 
facility suffers no injury. to his healthfrom occupational exposure 

.. . to . toxic materials or physical agents. The approach to accomplishing 
this at the SRC-I1 Demonstration Plant is to design and operate the 
plant so as to avoid worker,exposure to potentially harmful agents 
and to provide a rigorous health p-rotection program. 

The plant will be designed and operated 'to strictly control 
worker exposure to toxic materials and to harmful physical agents,. 
such as excessive noise and heat. Many of the design concepts and 
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opera t ing procedures used i n  accomplishing t h i s  w i l l  be s t r a i g h t  
6 forwatd extensions of e x i s t i n g  r e f i n i n g  technology and w i l l  not  

represent  anything unique t o  coal  l iquefact ion,  o the r s  w i l l  be 
extensions of engineering con t ro l s  and procedures developed i n  t h e  
SRC p i l o t  p lan t  program. 

A comprehensive hea l th  p ro tec t ion  program is planned f o r  the  
Demonstration P lan t  and w i l l  include an employee t r a i n i n g  and 
hygiene program, an  i n d u s t r i a l  hygiene monitoring prograot, and an 
occupational  medicine and epidemiology program. This progranl is 
summarized i n  Table 4. Extensive toxicological  s t u d i e s  c u r t e n t l y  
underway and planned under t h e  SRC P i l o t  Plant  con t rac t  and by 
o t h e r  DOE con t rac to r s  w i l l  continue and w i l l  improve our under- 
s tanding of the  p o t e n t i a l  hea l th  and ecoiogical  impacts of SRC 
mater ia ls .  

The employee education and hygiene program has  a s  object ives:  
informing t h e  employee of t h e  known and p o t e n t i a l  hazards i n  t h e  
work environment, p a r t i c u l a r l y  those associa ted  with exposure t o  
coal-derived mater ia ls ,  motivating the  employee t o  use appropr ia te  
p ro tec t ive  measures, and providing the  employees with t h e  p ro tec t ive  
equipment, c lo th ing,  f a c i l i t i e s ,  and techniques needed t o  minimize 
t h e  p o t e n t i a l  f o r  adverse hea l th  e f f e c t s .  This is summarized i n  
Table 5 .  Each new employee w i l l  undergo a formal o r i e n t a t i o n  and 
t r a i n i n g  program, and w i l l  be provided appropr ia te  c lo th ing  and 
o the r  p ro tec t ive  gear, shower and changehouse f a c i l i t i e s ,  and w i l l  
be required t o  adhere t o  approved personal hygiene procedures. 

The employee educational  program t o  be u t i l i z e d  a t  t h e  Demon- 
s t r a t i o n  P lan t  has not- ye t  been developed i n  d e t a i l ,  but is an t i -  
c ipated  t o  be s t ruc tu red  s i m i l a r l y  t o  the  program presen t ly  used a t  
t h e  p i l o t  p lant .  There the  employee education program c o n s i s t s  of 
new employee o r i e n t a t i o n  and continuing education. The new employee 
o r i e n t a t i o n  c o n s i s t s  of: an audio/visual  s l i d e  p resen ta t ion  des- 
c r i b i n g  t h e  p lan t ,  p o t e n t i a l  exposures . in  t h e  p lan t ,  and appropr ia te  
p ro tec t ion  techniques. Af ter  the  s l i d e  presenta t ion,  t h e  new 
employee is given t h e  SRC Heal th .Pro tec t ion  Manual and is required 
t o  read it. Then the  employee is taken through the  locker 
room/changehouse a rea  and shown t h e  proper entrances and e x i t s  
wi th in  the  a rea ,  proper d i spos i t ion  of soi led,  c lo th ing,  and proper 
s to rage  of c lean work c lo th ing  and street c lo thes .  Per iodic  
presenta t ions  a r e  given t o  employees on various h e a l t h  protec t ion 
and s a f e t y  topics .  

The i n d u s t r i a l  hygiene program w i l l  monitor the  workplace f o r  
conventional tox ic  mate r i a l s  and physical  agents common t o  r e f i n e r y  
and chemical opera t ions  as w e l l  as t o  those exposures which may be 
unique t o  coal  l iquefact ion.  Development work, p resen t ly  underway 
on techniques f o r  monitoring dermal contamination by p o t e n t i a l l y  
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TABLE 5 

EMPLOYEE TRAINING . 
. . - . : '-s . 

., . . . , .  
. i . . .  . 

, . 
. . 

1 .  . '  . , . 
OBJECTI,VES . , . ~ . . 

. I <  ' . .. * 

I I \ '  ' < 

A t  TO .INFORM EMPL~YEES OF: KNOWN AND/OR, ' , 

POTENTIAL HAZARDS ASSOCIATED WITH ; ; , r .  

COAL-DERIVED MATERIALSOL, 
a .  ~. 

B. TO EDUCATE EMPLOYEES ON THE A V A I L A B I L I T Y  
. AND USE OF PROTECTIVE EQUIPMENT, CLOTHING 

' AND F A C I L I T I E S  TO M I N I M I Z E  THE 'HAZARD. 

C. TO EDUCATE EMPLOYEES ON 'THE RECOMMENDED 

PERSONAL HYGIENE PRACTICES TO MINIMIZE 
. . .  

THE HAZARD, 

D n  ' To MOTIVATE EMPLOYEES TO USE. APPROPRIATE 

PROTECTIVE EQUIPMENT# ETC 8 J AND TO ' FOLLOW 

PERSONAL HYGIENE PRACTICES, 

E. TO ENCOURAGE EMPLOYEES- TO BE AWARE OF AND 

TO REPORT ANY UNUSUAL SKIN DISTURBANCES) 

. DISCOLORATIONSJ ETC o 



toxic materials will, if successful, be implemented in the demon- 
stration facility. 

The occupational medical and epidemiology programs will seek 
to detect, at the very earliest stages, any occupat~onally related 
shifts in worker medical profiles, to reverse, to the extent possible, 
any untoward impact and to establish causality, and dreventive 
strategies should any occupationally related health problems be 
detected. The anticipated approach will he an extension of the SRC 
pilot plant program and will utilize pre-emp1oyment"and periodic 
medical examinations together with intensive analysis of the findings 
of such examinations and the occupational and personal histories of 
the workers. . 

A major toxicological program is '<nderw~~ and planned for the 
SRC materials. ,Table.6 surrmiarizes the,P&M program for SRC-I1 
materials. Major areas to,be addressed in the toxicological studies 
are acute studies, dermal studies, reproductive toxicology studies, 
inhalation studies, and mutagenicity.l'Table 7. summarizes the 
complementary'program under way at Battelle-Pacific Northwest 
Laboratory. 

. . a  
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. . TABU 7 . SRC-I1 STUDIES BV W E L L E  PNl - 

. . 
S R C - I I  $ . . 

. -. 
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Stripper Mineral Fractions f*0SRC . . . 

Coal Middle . Heavy SRC-I1 Vacuua Tower Mineral Rosldw Haterials and Othar 
ASSAYS Slurry Naphtha D ls t l  l l a t e  D l s t l l l a t e  Product Bottom Bottoms Resldue Leachads Reference Platerlab 

I.. ce l l u l a r  S tb i les  - . 
P P P P 1P . A. ~ l c r o b l a l  mutage~esls P C C C p .  

B. llanarallan c e l l  t ox l c i t y  6 t r a n s f o m t l o n  IP I P IP P P P P P IP - 
P P P P . . 

C.. Chlnese hamster ovary c e l l  mutagenesls 

11. Oral Studies ' 

C P P P  P .  P P A. Acute t o x l c l t y  C C 
B. Subchronlc t ox l c i f i  C C C P P P .. P P 'P 
C. Developaental Toxlc l ty 

1. Prenatal e f fec ts  IP I P . IP P P 
2. Postnatal ef fects I p  , . '  IP P 
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IV .  Inhalation Studies 
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C. Chronlc (Cardnogenesis) 
D. Pulmonary function 

.V .  Other Toxlc i ty Tests 

A. Absorption and Dlstr ibut lon 
B. Enzyme induction 
C. Iletabol Ism o f  know carcinogens 

P - Proposed; IP = ' In Progress; C = Completed 



TOXICOLOGIC STUDIES OF ' SRC MATERIALS 

D. D. Mahl um, ,R.A. Pel roy, B. W. W i  1 son, and H. Drucker 
Pac i f i c  Northwest Laboratory 

Richland, Washington 

M. J. ~ a s s e y  :- Environmental Research & Technology, Inc., Pit tsburgh, PA 
D.K. Schmalzer - Gul f  Mineral Resources Company, Denver, CO 

t, . . 

I n  l i g h t  o f  the energy c r i s i s  which the U.S. faces, i t  i s  be- 
coming imperative t o  develop new energy technologies i n  as rap id  a 
manner as possible. In order f o r  these new, technologies t o  develop i n  
the  most p rop i t ious  manner, It 1s necessary tb perform studies t o  
determine po ten t i  a1 heal th  and envi ronmental ef fects associated w i t h  
the  technology. However, i t  i s  sometimes d i f f i c u l t  t o  perform these 
studies w i t h  mater ia ls  which are meaningful t o  the f i n a l  process t h a t  
i s  developed. Thus, a "Catch 22" s i t u a t i o n  develops. You have t o  have ' 

the  technology before appropriate mater ia ls  can be obtained; y e t  you 
need the heal th  and environmental studies before the technology i s  
deemed acceptable. We are going t o  describe an approach which has 
been taken i n  the solvent re f ined  coal area t o  provide meaningful 
hea l th  e f f e c t s  data t o  the technology i n  a time-frame which permits 
technology changes t o  ameliorate po ten t ia l  problem areas. 

I 
We a t  the Pac i f i c  Northwest Laboratory have been engaged i n  a 

broadly based tox ico log ic  program deal i n g  w i t h  SRC mater ia l  s. These 
studies have included 1)  microb ia l  mutagenesis, 2) i n  v i t r 6  mammalian 
c e l l  t o x i c i t y  and transformation assays, 3) epidermal carcinogenesis 
(sk in  pa in t ing) ,  4)  acute and subchronic o ra l  t o x i c i t y ,  5) develop- 
mental t o x i c i t y ,  6 )  dominant l e t h a l  assays, 7) i nha la t ion  t o x i c i t y ,  
and 8) dosimetry and metabolism. We have approached the study i n  two 
concomitant modes. I n  the f i r s t  mode we have used chemical charac- 
t e r i z a t i o n  and p lan t  operat ional  data t o  se lect  mater ia ls  t o  be 
evaluated using a t i e r  approach. I n  t h i s  mode, mater ia ls  are f i r s t  
assayed using microb ia l  systems. On the basis o f  the resu l t s  of the 
microbial  assays, mater ia ls are selected f o r  study i n  mamnalian c e l l  
cu l ture .  The resu l t s  generated i n  the c e l l u l a r  systems are used as 
se lect ion c r i t e r i a  f o r  mater ia ls t o  be used i n  animal assays, par- 
t i c u l a r l y  the assays f o r  carcinogenesi s. I n  the second mode, mater ia l  s 
considered t o  be of prime importance t o  occupational o r  environmental 
hea l th  are entered d i r e c t l y  i n t o  animal systems f o r  study o f  acute, 
subchronic, mutagenic, and developmental e f fec ts .  Long-term effect . 
studies are then designed using the resu l t s  from these whole-animal 
and c e l l u l a r  assays, and the chemical character izat ion and p lan t  . 
operational data. A t  each l eve l  o f  tes t ing,  we have included other  
mater ia ls for  comparative purposes. These mater ia ls which include 
shale o i l ,  petroleum crudes, o ther  fossi 1 -derived materials, and pure 
known chemical mutagens and carcinogens help us i n  p lac ing resu l t s  
w i t h  SRC mater ia ls  i n  a more meaningful perspective. 



We have i n  our program attempted t o  es tab l i sh  a balance between 
standardized b i  01 ogi ca l  t es t i ng  and research. The use of standard 
t e s t i n g  protocols permits us t o  obta in  informat ion necessary for  the 
evaluation o f  the p o t e n t i a l ~ h e a l t h  hazards o f  a number o f  important 
mater ia ls i n  order t o  meet regulatory demands. Research, on the 
o ther  hand, enables us t o  obta in  a be t t e r  understanding o f  the . 
nature o f  p o t e n t i a l l y  harmful mater ia ls as wel l  as t o  obta in  data 
which w i l l  permit a be t t e r  ext rapola t ion o f  the experimental data t o  
man. The research e f f o r t  a lso a1 lows us t o  explore po ten t ia l  ways 
o f  ameliorat ing the adverse e f f ec t s  o f  such mater ia ls.  

The types o f  mater ia ls encountered i n  coal l i que fac t i on  processes 
are general ly  complex mixtures which may behave qu i t e  d i f f e r e n t l y  i n  
b io log ica l  systems than do ind iv idua l  const i tuents.  In teract ions 
among const i tuents may r e s u l t  i n  both antagonist ic  and synerg is t i c  
e f fec ts ,  the sum o f  which may o r  may no t  be predicted from the re- 
s u l t s  obtained w i t h  ind iv idua l  consti tuents. Our philosophy, there- 
fore, i s  t o  chemical l y  characterize SRC materi  a1 s (raw products, pro- 
cess stream materials, s o l i d  wastes, etc.)  which are important i n  
considerations o f  hea l th  and environmental consequences o f  production, 
storage, transport,  accidental sp i  1 1s , and maintenance. We then 
characterize these mixtures b io log ica l  l y  using cel1,ular and animal 
systems and re1 ate b io l og i  c a c t i  v i  t y  t o  chemical" comljosi ti on. Fur- ' 
t he r  i d e n t i f i c a t i o n  o f  the components producing b io l og i ca l  a c t i v i t y  
i s  performed through i t e r a t i v e  cycles cons is t ing o f  chemical and 
physical f rac t iona t ion  accompanicd by bioassay o f  thc  f rac t ions  ob- 
tained. 

I would l i k e  t o  describe i n  some d e t a i l  one face t  o f  our program' 
to :  1 ) i l l u s t r a t e  a p a r t  o f  our approach t o  the tox ico log ic  study - 
o f  complex coal l i qu ids ,  2 )  show the bene f i t  o f  in te rac t ions  between 

t' b io log is ts ,  chemists, and process engineers, and 3) demonstrate the ,  
necessity o f  evaluat ion and reevaluat ion o f  the relevance and repre- 
sentat i  veness o f  the samples being evaluated t o  demonstration/comner- 
c i a1  operation. I w i l l  use our microbial  mutagenesis studies since 
they i l l u s t r a t e  the'se po in ts  i n  a concise way. 

The mater ia ls used i n  these studies have been obtained from the 
SRC p i l o t  p lan t  a t -  F t .  Lewis, Washington operated by the Pi t tsburgh 
& Midway Coal Mining Co., Inc. f o r  the Department o f  Energy. L i gh t  
o i l  (LO), wash solvent (WS), and process solvent (PS) were obtained 
from the SRC-I process and l i g h t ,  middle, and heavy d i s t i l l a t e s  (LD, 
MD, and HD) from the SRC-I  I process. The boi  1 i n g  po in t  ranges and 
spec i f i c  g rav i t y  ranges f o r  these matet ia ls  are given i n  Table 1. 
The mater ia ls i n  a l l ,  cases were obtained dur ing equ i l i b r ium run con- 
d i t i o n s  when the processes were being operated f o r  determination of 
mate3ial balances. It should be noted4that  these mater ia ls  are of . 
p i l o t  p lan t  o r i g i n  and may o r  may not  represent mater ia ls  t o  be found 
i n  demonstration or~commercial appl icat ions.  We w i l l  discuss t h i s  
aspect l a t e r  i n  the'paper. r$ 



Table 1 

B o i l i n g  Poin t  Ranges o f  SRC Mater ia ls  
Used i n  B io log ica l  Experiments 

Process Ma t g r i a  1 Boi 1 i,nng Range ( " F ) Density 

SRC- I L igh t  O i  1 ambient t o  380 0.72 

Wash Solvent 380 t o  480 0.96 

Process Sol vent 480 t o  850 1.04 

SRC- I I Ligh t  D i s t i l l a t e  134 t o  353 0.82 

Middle D i s t i l l a t e  366 t o  541 0.99 

Heavy D i  s t i  1 1 ate 570 t o  850 1.10 

To i l l u s t r a t e  how b io l og i c  evaluat ion can be in tegrated w i t h  
chemical character izat ion and w i t h  process operations, I would l i k e  
t o  present some data which have been obtained using the Ames Salmo- 
n e l l a  system. B r i e f l y ,  the Ames assay i s  performed by mix ing the 
t e s t  mater ia l  w i t h  the organism i n  the presence o r  absence o f  mam- 
mal i a n  l i v e r  microsomal enzymes (S9) and determining the number o f  
organisms which reve r t  (mutate) from dependency on h i s t i d i n e  i n  the 
medium t o  nondependency. Assay i n  the presence of S9 detects muta- 
gens which requ i re  metabolic ac t i va t i on  t o  e f f e c t  mutagenesis; assay 
i n  the absence o f  S9 detects mutagens which do not  requ i re  metabol ic 
ac t i va t ion .  Use o f  appropriate s t r a i ns  o f  Salmonella permits deter-  
mination of the nature o f  the mutation (frame s h i f t  o r  po in t  mutat ion) 
which i s  a funct ion o f  the biochemical proper t ies  o f  the t e s t  ma- t 

t e r i a l s .  The Ames assay i s  o f ten  used f o r  screening large numbers o f  
mater ia ls  f o r  b i o l og i ca l  a c t i v i t y  because i t  i s  r ap id  and inexpen- 
s i ve  and the r e s u l t s  show a high co r re l a t i on  w i t h  those o f  carcino- 
genesis assays. 

The mutagenic a c t i v i t y  o f  a number o f  crude mater ia ls  are shown 
i n  abbreviated form i n  Table 2. It can be seen t h a t  o f  the major 
process stream mater ia ls  from the SRC-I and SRC- I1  processes, PS and 
HD (h igh bo i  1 i n g  po in t  mate r ia l s )  contain substant ia l  mutagenic a c t i  - 
v i  ty. The LO, WS, LD, and MD were wi thout  a c t i v i t y .  The known chemi - 
ca l  carcinogen , benzo (a)pyrene (BaP) , shows approximately 3X the 
a c t i v i t y  of heavy d i s t i  1 l a t e  (HD) whi le  another we1 1 -known chemical 
carcinogen, 2-aminoanthracene (2-AA) , i s  about 100 times as act ive .  
Raw shale o i l  shows a small degree o f  a c t i v i t y  whi le  crude petroleum 
showed no a c t i v i t y  i n  the Ames system. 



Table 2  

Comparison o f  the Mutagenicity o f  Sol vent Refined Coal 
Mater ia ls,  Shale Oi ls ,  and Crude Petroleums i n  

Salmonella Typhimurium TA98. 

Materi  a1 s  Revertantslpg o f  Mater ia l  

SRC-I  
Process sol  vent ' . 12.3 2 1.9 
Wash solvent  ~ 0 . 0 1  
L i gh t  o i l  ~ 0 . 0 1  

SRC- I I 
Heavy d i s t i l l a t e  40.0 + 23 
Middle d i s t i l l a t e  <O. 01 
L igh t  d i  s t i  1  l a t e  <O. 01 

Shale O i l  
Paraho-16 

. Paraho-504 
L i  vermore-LO1 

Crude Petroleum 
Prudhoe Bay <0.01 
W i  l m i  ngton <O. 01 

Pure 'Carcinogens 
Benzo (a) pyrene 114 + 5 
2-Aminoanthracene 5430 394 

I n  order t o  determine the classes o f  mater ia ls  responsible f o r  the 
mutagenic a c t i v i t y ,  f rac t ions  were prepared from PS and HD using the 
solvent  ex t rac t ion  procedures s i m i l a r  t o  t h a t  employed by Swain, Cooper, 
and ~tedman(1) f o r  f r ac t i ona t i on  o f  tobaccosmoke condensates, and widely 
used f o r  chemical c lass f r ac t i ona t i on  o f  environmental l y  complex mix- 
tures, Since PS and HD var ied only.  i n  t h e i r '  quan t i ta t i ve  response i n  
the Ames system, the remainder o f  t h i s  repor t  w i l l  general ly  use HD t o  
i l l u s t r a t e  the approach we have used i n  i d e n t i f y i n g  important mater ia ls.  
I n  add i t i on  t o  y i e l d i n g  the expected ac id ic ,  basic, and neut ra l  f rac -  
t ions,  f r ac t i ona t i on  o f  HD a lso y ie lded  basic and neut ra l  t a r  f rac t ions .  
The r e l a t i v e  amounts o f  mater ia l  i n  each f r a c t i o n  are shown i n  Figure 
1. When these f r ac t i ons  were assayed using the Ames system, the highest 
spec i f i c  a c t i v i t y  (number o f  rever tants  per microgram o f  materi  a1 ) was 
found i n  the basic f r a c t i o n  (Table 3). Signi . f jcant  a c t i v i t y  was a lso 
found i n  the basic and neut ra l  t a r  f rac t ions,  although the spec i f ic  
a c t i v i t y  was about 1/8 t o  112 o f  t h a t  o f  the basic f rac t ion .  The t o t a l  
mutagen ic 'ac t i v i t y  i n  the basic and neut ra l  t a r  f rac t ions,  however, was 
greater than t h a t  i n  the basic f r a c t i o n  due t o  the. subs tan t ia l l y  greater 
mass of the tars .  The ac id i c  and neut ra l  f rac t ions  showed essen t i a l l y  
no mutagenic 'ac t iv i ty .  Under the condi t ions o f  these experi,ments, the 
polynu'clear aromatic (PNA) f r a c t i o n  d i d  not  demonstrate s i g n i f i c a n t  
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Figure 1. Percentage d i s t r i b u t i o n  o f  f rac t ions .  obtained by solvent f r ac t i ona t i on  
of heavy d i s t i l l a t e .  , e r .  



mutagenic a c t i v i t y .  It i s  important t o  note a t  t h i s  po in t  t h a t  t h i s  
occurs not  because o f  the absence o f  potent i  a1 l y  mutageni c components 
i n  the PNA f r a c t i o n  but  i s  probably due t o  the large number o f  compounds 
i n  t h i s  mater ia l  which prevent metabolic ac t i va t i on  o f  mutagenic com- 
ponents . .. 

. . . Table 3 
- - , 4  

Mutagenic A c t i v i t y  .ip ~ r a c t i  ons o f  SRC-I  I Heavy D i  s t i  11 a te  (HD) 
"L4  .,,@ 

Materi a1 Revertantslpg X o f  Total  A c t i v i t y  

Heavy d i s t i l l a t e ,  .r. 

unf r a c t i  onated 40 100 I 

, 
Basic f r a c t i o n  400 4 

Basic t a r  66 16 

Neutral t a r  ' 108 28 

Benzo(a) pyrene 114 - - - 
2-Ami noanthracene 4326 --- 

The above resu l t s  l e d  t o  f u r t he r  studies o f  the nature o f  mutagenic 
mater ia ls ac t i ve  i n  HD. It was f e l t  on the basis o f  previous chemical 
analysis t h a t  po la r  n i  twgen-containing compounds might be responsible. 
To t e s t  t h i s  idea the. SRC-I1  d i s t i l l a t e s  and t h e i r  basic and t a r  frac- 
t i ons  were analyzed by t h i n  l aye r  chromatography (TLC) using a solvent 
system designed t o  separate the po la r  n i  trogen-contai n i  ng compounds from 
less-pol a r  const i tuents . Samples o f  pure chemical s were a1 so chromato- 
graphed t o  a i d  i n  the loca t ion  and i d e n t i f i c a t i o n  o f  major compound 
classes known o r  suspected t o  be present i n  HD. Fluorescent areas 
corresponding t o  these chemicals were located by ill umination w i t h  an, 
u l t r a v i o l e t  l i g h t .  The chromatograms were cu t  i n t o  s t r i ps ,  the s t r i p s  
extracted w i t h  a hexane-acetone mixture, and the ext racts  subjected t o  
study f o r  mutagenic a c t i v i t y .  

The separation o f  the  mutagenic const i tuents from the basic frac- 
t i o n  o f  HD i s  depicted schematical ly i n  Figure 2. The major por t ion  
o f  the  a c t i v i t y  was found t o  migrate w i th  R f  values (distance migrated 
by the t e s t  material/di.stance t rave led by the so'lvent f r o n t  on a TLC 
p la te )  between 0.07 and 0.20. These values are very close t o  those 
obtained f o r  aromatic amines, a c lass o f  compounds suspected but no t  . 
previously shown t o  be present. i n  SRC- I1  mater ia ls.  S imi lar  r esu l t s  
were obtained when the basic t a r  o r  neut ra l  t a r  f r a c t i o n  o f  HD (o r  
PS and PS basic and t a r  f rac t ions)  were chromatographed. 

Extracts from the mutagenically ac t i ve  regions a f t e r  t h i n  layer  
chromatography o f  heavy d i s t i  1 l a t e  .and i t s  f rac t ions  were subjected t o  
gas chromatographi c/mass spectral  (GCMS) analysis t o  i d e n t i f y  spec i f ic  
components. Several primaryJ.aromati c amines , i n c l  udi  ng aminonaphtha- 
lenes AN), aminoanthracenes (AA) , ami nophenanthrene (APH) , aminopy- 
renes I AP), and aminochrysenes (AC), were found t o  be associated w i t h  
TLC regions . , which were, mutagenically act ive.  An estimate o f  the 

1 .  F 



SOLVENT : 

TLC FLUORESCENT . 
REGION COLOR 

(- 11 YELLOW 

8 YELLOW 1 
7 ORANGE . ) 
6 FAINT PURPL 

5 PURPLE 
4 YELLOW AND BROW 

I 
I 
I 

1 
I 3 %  LIGHT BLUE I . .  . 
t I 

2 VIOLET 

1 - TAN. 

0 ORIGIN 

Figure 2. Thin layer  chromatographic separation o f  mutagenic agents found i n  the 
basic f r a c t i o n  o f  heavy d i s t i l l a t e .  



aromatic amine content o f  the ac t i ve  TLC regions from the HD basic 
f r a c t i o n  i s  shown i n  Figure 3; the r e l a t i v e  concentrations o f  AA, AP, 
APH, and AC were highest  i n  the regions w i t h  the strongest mutagenic 
a c t i v i t y .  With the exception o f  AN, primary aromatic amines were not  
found i n  regions t h a t  lacked mutagenic a c t i v i t y .  Aminofl uorenes (AF) 
and aminocarbazoles were t e n t a t i v e l y  i d e n t i f i e d  i n  ac t i ve  regions from 
the basic f rac t ion  but  h igher-resolut ion analysis must be performed t o  
obta in  more d e f i n i t e  i d e n t i f i c a t i o n .  Q u a l i t a t i v e l y  s im i l a r  r esu l t s  were 
obtained when the basic o r  neut ra l  t a r  f r ac t i ons  were analyzed. Analy- 
ses o f  these mater ia ls  suggest t h a t  the 3- and 4- r ing primary amines are 
important mutagens but  t h a t  the 2 - r i  ng ami nonaphthal enes c o n t r i  bute 
l i t t l e  t o  mutagenic a c t i v i t y .  

Since GCMS analysis showed the presence o f  aromatic amines i n  
the mutagenical ly ac t i ve  regions o f  t h i n  layer  chromatograms o f  the 
basic, basic t a r ,  and neutral  t a r  f r ac t i ons  o f  HD, a ser ies  o f  exper i -  
ments were performed t o  determine i f  these amines were responsible fo r  
the mutagenic a c t i v i t y .  One approach u t i l i z e d  the unique c a t a l y t i c  
proper t ies  o f  a p u r i f i e d  1 i v e r  enzyme system ca l l ed  m i  xed-function 
amine oxidase (MFAO). This enzyme i s  spec i f i c  f o r  the metabolic t rans- 
formation o f  primary aromatic amines t o  a mutagenical l y  ac t i ve  s ta te .  
The MFAO i s  i nac t i ve  w i t h  BaP and other  po lycyc l i c  aromatic hydrocar- 
bons (PAH) . Nor does i t  ac t i va te  the 2-aminonaphthal enes , probably 
due t o  the i n s t a b i l i t y  o f  the enzyme product. Previous experiments 
u t i l i z e d  a mixture o f  hepatic enzymes ( ca l l ed  S9) which act iva tes a 
wide v a r i e t y  o f  PAH's; therefore, no d i s t i n c t i o n  could be made between 
amines and other  po lycyc l i c  const i tuents.  I n  t h i s  experiment, the 
basic f r a c t i o n  o f  HD was again subjected t o  t h i n  layer  chromatography 
and the various regions tes ted f o r  mutagenic a c t i v i t y  a f t e r  ac t i va t i on  
w i t h  e i t h e r  MFAO o r  S9. Again, TLC regions w i t h  R f ' s  o f  approximately 
0.08 t o  0.20 were found t o  contain the major po r t i on  o f  the a c t i v i t y  
when the assay was performed using S9, as had been seen previously.  
When ac t i va t i on  was performed using MFAO, the same d i s t r i b u t i o n  of muta- 
genic a c t i v i t y  among the TLC regions was found as w i t h  S9. These re-  
s u l t s  thus provide f u r t he r  evidence t h a t  aromatic amines are both pre- 
sent and capable o f  expressing t h e i r  mutagenic a c t i v i t y  i n  the basic , 
f r a c t i o n  o f  HD. 

The above data were considered as presumptive f o r  the involvement 
o f  the primary aromatic amines as causative agents i n  the mutagenic 
a c t i v i t y  o f  the basic f r a c t i o n  and o f  the heavy d i s t i l l a t e .  A more 
d i r e c t  approach was taken by t r e a t i n g  HD and i t s  basic f r a c t i o n  w i t h  
n i t r ous  acid. This procedure d i  azo t i  zes aromatic ami nes and renders 
them nonmutagenic i n  the Ames system. Thus, disappearance o f  muta- 
genic a c t i v i t y  i n  the basic f r a c t i o n  o r  i n  the heavy d i s t i l l a t e  a f t e r  
n i t r ous  ac id  treatment would provide d i r e c t  evidence f o r  the impor- 
tance o f  t h i s  c lass o f  compounds f o r  mutagenesis. When t h i s  was done 
w i t h  a number o f  mater ia ls,  as shown i n  Figure 4, i t  can be seen t h a t  
the mutagenic a c t i v i t y  o f  a pure aromatic amine 2-aminoanthracene was 
almost completely l o s t  whi le the a c t i v i t y  of benz(a)pyrene o r  benza- 
c r i d i n e  was not  a f fec ted  by the n i t r ous  ac id  treatment. Moreover, 
treatment w i t h  n i t r ous  ac id  el iminated most o f  the a c t i v i t y  seen w i t h  



TLC REG I ON 
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Figure 3. Relat ive  concentrations o f  aromatic amines and mutagenic a c t i v i t y  on 
t h i n  layer  chromatograms o f  the basic f rac t ion  o f  heavy d i s t f l l a t e .  
AC , aminochrysene ; AP , ami nopyrene; APH, ami nophenanthrene; M, ami no- 
anthracene; AF, aminofl uorene; AN, arninonaphthal ene. 
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HD, PS, and t h e i r  bas ic  f r a c t i o n s .  It thus appears t h a t  much o f  t h e  
mutagenic a c t i v i t y  i s  probably due t o  the  presence o f  pr imary aro- 
ma t i c  amines i n  both t h e  crude ma te r ia l  and i n  t he  bas ic  f r a c t i o n s .  

The data obta ined i n  t h e  Ames system have been used t o  guide a 
number o f  o t h e r  ' b i o l o g i c a l  experiments. For example, a se r ies  o f  ' 
mammalian c e l l  c u l t u r e  experiments have been performed us ing  m a t e r i a l s  
which are a c t i v e  and i n a c t i v e  i n  the Ames system. The data  ob ta ined 
i n  these experiments con f i rm  and extend the  Ames r e s u l t s .  We also 
have i n i t i a t e d  s k i n  p a i n t i n g  experiments w i t h  SRC m a t e r i a l s .  Since 
n o t  a l l  ma te r i a l s  cou ld  be tested,  we have u t i l i z e d  those which have 
shown subs tan t i a l  a c t i v i t y  i n  the  Ames system and have a l s o  shown 
t rans format ion  a c t i v i t y  i n  'mammalian c e l l .  cu1 t u r e  experiments. For 
example, HD wa,s i n i t i a l l y  . se lec ted  as an SKC-I1 mate r ia l  t o  be tes ted  
i n  s k i n  p a i n t i n g .  Since l i g h t  d i s t i l l a t e  has been shown t o  be i n -  
a c t i v e ,  we a l s o  used i t  f o r  comparison. These comparative experiments 
a l l n w  us t o  evaluate the .  a b i l i t  o f  t he  c e l l u l a r  systenis t o  p r e d i c t  
t h e  carc inogenic p o t e n t i a l  o f  t l ese crude ma te r ia l s .  

A1 tlroirgh t h e r e  i s  n o t  t h c  space t o  present the  d e t a i l s  of the  - 
rlla~tllllal i an c e l l  cu1 t u r e  and 'sk in p a i n t i n g  experiments, a summary o f  r e -  
s u l t s  from the  Ames assay, mammalian c e l l  c u l t u r e  s tud ies ,  and s k i n  
p a i n t i n g  experiments a re  presented i n  Table 4. Examination o f  t he  
r e s u l t s  show t h a t  t he re  i s  r e l a t i v e l y  good q u a l i t a t i v e  agreement be- 
tween the  c e l l u l a r  assays and the  tumorigenesis data. However, t he re  
are  q u a n t i t a t i v e  d i f f e rences .  For example, mutagenic a c t i v i t y  o f  
2-aminoanthracene i s  very  h igh  b u t  tumor igenic a c t i v i t y  i s  o n l y  
moderate. On t h e  o the r  hand, t h e  mutagenic a c t i v i t y  o f  HD i s  moderate 
b u t  t h e  tumor igenic a c t i v i t y  i s  h igh .  

Table 4 , 

~ o m i a r i  son o f  Mutagenic and Carcinogenic A c t i v i t y  f o r  Several 
Crude Fossi 1 -Derived Mater i  a1 s ' , 

Sk in 
Mater i  a1 Ames Assay Mammalian C e l l  Cu l tu re  Tumorigenesis 

L i g h t  d i s t i l l a t e  - - - - ---- ---- 
Heavy d i s t i  1 l a t e  ++ + + ++++ 
Shale o i l  + + ++ 
Crude petroleum ---- s l i g h t  t 

As f u r t h e r  separat ions a r e  performed on m a t e r i a l s  der ived from 
HD, the  Ames system i s  used t o  determine t h e i r  b i o l o g i c  a c t i v i t y .  
Those showing mutagenic a c t i v i t y  a re  then subjected t o  f u r t h e r  chemical 
c h a r a c t e r i z a t i o n  usi.ng , p a r t i c u l a r l y  , gas chromatographic mass spec- 
t rometry.  Thus, t h i s  . i n t e r a c t i o n  between use o f  a simple b i o l o g i c a l  
system and chemi ca l  c h a r a c t e r i z a t i o n  w i l l  cont inue t o  be used t o  de ter -  
mine i f  f u r t h e r  l o c a l  i z a t i o n  o f  t he  a c t i v i t y  t o  c e r t a i n  s p e c i f i c  
mater i  a1 s can be made. 



The data obta ined above have a l so  suggested t h a t  t he  amount o f  
b i o l o g i c a l  a c t i v i t y  as represented by mutagenesis i n  the  Ames system 
might be a l t e r e d  by changing process cond i t ions  o r  by adding o the r  steps 
t o  t h e  processing. For example, a sample o f  coal  l i q u i d s  was hydro- 
t r e a t e d  under e i t h e r  moderate o r  severe processing cond i t ions .  When t h e  
t rea ted  mate r ia l  was compared t o  the  untreated mate r ia l  us ing the  Ames 
system, i t  was found t h a t  t he  mutagenic a c t i v i t y  was s i g n i f i c a n t l y  re -  
duced by both  severe and moderate hyd ro t rea t ing  (Fig.  5 ) .  These b i o -  
l o g i c a l  r e s u l t s  c o r r e l a t e  w e l l  w i t h  changes i n  chemical composit ion 
produced by hyd ro t rea t ing  ( f o r  f u r t h e r  d iscussion o f  t he  e f f e c t s  o f  
h y d r o t r e a t i  ng on chemi c a l  composi t i  on, see the  paper by W i  1  son, Pel r o y  , 
and Craun elsewhere i n  t h i s  volume). These data suggest t h a t  c e r t a i n  . 
process treatments may be important  i n  a1 t e r i  ng t h e  b i  01 og i  c a l  a c t i v i t y  . 
Thus, b i o l o g i c a l  data obtained e a r l y  i n  process development are being 
used i n  considerat ions o f  ways o f  a, l ter ing the  development o f  t he  
technology to make the  products more acceptable from a b i o l o g i c a l  and 
environmental v iewpoint .  

The mate r ia l s  used i n  the  described s tud ies  were obtained about 
two years ago when l e s s  i n fo rmat ion  was a v a i l a b l e  concerning the  de- 
s ign  of the  demonstration p lan t .  Therefore, a d e t a i l e d  review o f  t he  
p i l o t  p l a n t  operat ion when these samples were obta ined has been per-  
formed. Condit ions which per ta ined when the  middle and heavy d i s t i l -  
l a t e  samples were obtained are i l l u s t r a t e d  i n  F igure 6. From t h i s  
sequence o f  opera t ing  condi t ions,  the  f o l l o w i n g  f a c t o r s  must be con- 
s idered r e l a t i v e  t o  the  ma te r ia l s  used: 

1 ) Samples were taken ' before f u l  l y  s tab1 e opera t i  on was 
achieved. 

2) Feed t o  t h e  d i s t i l l a t i o n  tower a t  t h e  t ime o f  MD and HD 
sampl i n g  inc luded:  

a. Fresh product ion from 2 days o f  balance pe r iod  
operat ion.  

b. Seal f l u s h  HD from balance per iod.  . 

c. Seal f l ush  HD dur ing  30 hours o f  p l a n t  upset. 
d. Seal f l u s h  HD and ' f r e s h l y  produced m a t e r i a l  du r ing  

approximately 30 hours o f  s ta r t -up  f o l l o w i n g  p l a n t  
upset. 

3 )  The coal  type ( B l a c k s v i l l e )  i s  r e l a t i v e l y  unreact ive  and o f  
low p r i o r i t y  f o r  commercial -scale SRC feed. 

This i n fo rma t ion  i l l u s t r a t e s  t h a t  a number of compl ica t ing  fac-  
t o r s  may be encountered dur ing  sampling o f  ma te r ia l s  and t h a t  these 
fac tors  .must be taken i n t o  account when e x t r a p o l a t i n g  the  data t o  
scaled-up operat ions.  I n  t h e  case o f  our s tudies,  t h i s  eva luat ion  
shows t h a t  t he  ma te r ia l s  used a c t u a l l y  represented a cross-sect ion of 
a number o f  cond i t ions ,  Thus, the  data  obta ined are  judged t o  have 
gener ic  s i g n i f i c a n c e  t o  scaled-up operat ions. That i s ,  they are  
probably good i n  a q u a l i t a t i v e  sense, b u t  a d d i t i o n a l  da ta  a re  needed 
t o  ensure t h a t  t he  r e s u l t s  can be app l i ed  q u a n t i t a t i v e l y  t o  demonstra- 
t ion/commercial operat ion. Thus, the re  must be cont inua l  i n t e r a c t i o n  
among the  process engineers, t he  chemist, and the  b i o l o g i s t  t o  ensure 
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t ha t  meaningful data a re  obtained i n  the  r igh t  time-frame and t h a t  
these data' can be updated as more deta i led knowledge of demonstration 
and commercial designs a r e  obtained. We suggest the  need fo r  com- 
parable evaluation's f o r  o ther  technologies'. 

With these cautions i n  mind, improved sampl ing procedures have 
been devised f o r  obtaining materi a1 s under specified operating con- 
d i t ions .  The sampling procedures take i n to  account elements of the  
process which may influence the ,composition of the  materials  t o  be 
obtained. Thus, the  next s e t  of samples should be even more c losely  
re1 ated t o .  those expected from demonstrati on/commerci a1 operation. 
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ABSTRACT 

The Ames t e s t  was used t o  screen coal  l i q u i d s  from the  S R C - I 1  process f o r  muta- 
genic a c t i v i t y  before and a f t e r  hydrotreatment. The coal  l i q u i d  was hydro- 
t r e a t e d  a t  2,000 p s i g  over a commercial c a t a l y s t  a t  temperatures ranging from 
310" t o  400° C. Th is  range o f  cond i t i ons  removed more than 90 percent  o f  t h e  .I 

s u l f u r ,  from 30 t o  g reater  than 99 percent  o f  t he  n i t rogen,  and from 39 t o  99 
percent  o f  the  oxygen. Hydrogen was increased from 8.4 t o  12.4 wt-pct  f o r  
these cond i t ions .  A t  moderate cond i t i ons  f o r  t h i s  t e s t  (325O C) , mutagenic ac- 
t i v i  ty had been decreased t o  a l e v e l  i n d i s t i n g u i s h a b l e  from t h a t  o f  t he  c o n t r o l  
sample which had no coal l i q u i d  present.  

INTRODUCTION 

Di s t i l  l a t e  coal 1 i q u i d s  from the  S R C - I  I process and hydro t rea ted  products from 
, t h i s  coal  l i q u i d  were screened f o r  mutagenic a c t i v i t y  by the  Ames t e s t .  The 

coal l i q u i d  was hydrotreated a t  several l e v e l s  o f  s e v e r i t y  i n  a bench-scale, 
cont inuous- f low hydrogenation u n i t  a t  t he  B a r t l e s v i l l e  Energy Technology Center. 
The immediate goal o f  t h i s  study was t o  survey process cond i t i ons  w i t h  a com- 
m e r c i a l l y  a v a i l a b l e  c a t a l y s t  t o  p rov ide  samples upgraded t o  v a r i e d  degrees f o r  
i n v e s t i g a t i o n  o f  b i o l o g i c a l  a c t i v i t y  and f o r  d e t a i l e d  c h a r a c t e r i z a t i o n  anal -  
yses. Long-range goals a re  t o  c o n t r i b u t e  t o  a data base t o  evaluate raw 
ma te r ia l  sources, l i q u e f a c t i o n  o r  o the r  p roduct ion  processes, c h a r a c t e r i z a t i o n  
of  feedstocks f o r  f u r t h e r  r e f i n i n g  t o  t r a n s p o r t a t i o n  and o the r  end-use fue l s ,  
s e l e c t i o n  of r e f i n i n g  processes, and es t ima t ion  o f  type and equal i ty  o f  end 
products expected from combinations o f  these steps. 

41 McFarl and (5)- exp la ins  the  p o t e n t i a l  h e a l t h  problems invo lved ' i n  hand1 i ng 
coal  l i q u i d x .  However, these data s t i l l  a re  incomplete, e s p e c i a l l y  f o r  up- 
graded l i q u i d s .  

' I 

I/ Chemical Engineer 
21 Br,anch Chief  now r e t i r e d  - 
3/ Chemist - 
41 Underl ined numbers i n  parenthesis  r e f e r  t o  i tems i n  t h e  l i s t  o f  references - 

a t  the  end o f  t h i s  repo r t .  



EXPERIMENTAL 

Equipment 

The bench-scal e hydrogenation u n i t  ( f i g u r e  1 ) i s  a once-through, t r i ck le -bed  
reac to r  w i t h  downflow o f  gas and 1.iqui.d over a fixed-bed'cata.lyst., The u n i t  
is.. designed f o r  operatior i  up t o  3,000 ps ig  .and 450" C; Reactor temperature, 
pressure, and hydrogen Plow ,and 1 i q u i d  leve l  i n  the high-pressure product 
separator are cont ro l  1 ed automatjcal ly.  The ca ta l ys t  was. 100 m l  o f  American 
Cyanamid HDS-3A,-a 1.6-mm-diameter extrudate o f  nickel-molybdenum-alumina. The 
c a t a l y s t  was d i l u t e d  w i t h  i n e r t ,  granul.ar a.lpha-alumina t o  provide a bed depth 
o f  46 cm i n  the middle sect ion 0 f . a  2.4-cm I D  v e r t i c a l  reac to r  w i t h  a.0.8-cm 
OD i n t e r n a l  thermocouple we1 1. The ca ta l ys t  was progressively more d i  1 u te  
toward the top o f  the bed t o  .mlnlmize exlz,tliermic temperature e f fec ts .  Fnd 
sect ions were packed w i t h  alpha-alumina t o  provide f o r  preheat and coo l ing 
zones. 

The catalyst.  was presul f  ided and operated f o r  about 100 .hours on a petroleum 
gas o i l  ( Z O Q O  t o  500" C b o i l i n g  range, 0.8 wt-pct s u l f u r )  t o  check con t ro ls  
and provide some ca ta l ys t  aging before exposure t o  the cval l i q u i d .  

Sample Mater ia ls 

The S R C - I 1  l i q u i d  was. obtained from the- P i t t sburg  and Midway Coal Mining Co. 
The l i q u i d  was produced from Mater ia l  Balance Run No. 77 SR-12 on coal from 
the P i t t sburg  seam (Consol's B lacksv i l l e  No. 2 mine i n  West V i r g i n i a ) .  The 
middle (177-288" C) and heavy (288" t o  454" C)  d i s t i l l a t e s  were bl'ended t o  the 
same r a t i o  as produced by the mater ia l  balance run - - f o r  example, 75.5 percent 
middle d i s t i l l a t e  and 24.5 percent heavy d i s t i lPa te .  The feed contained 0.23 
wt-pct sulfur, 1.06 wt-pct nitrogen, and .3.29 wt-pct oxygen and bo i led  between 
185" and 380" C (5-95 percent) by.  simulated . d i . s t i  11 at ion.  , 

Operating Procedures 

Operating condi t ions selected as 1 i ke ly  t o  maintain ca ta l ys t  a c t i v i t y  and pro- 
v ide the range o f  upgrading.desired were 2,000 ps ig  pressure, 310" t o  400' C ,  
and 0.5 t o  1.0 volume 1 i q u i d  feed/vol ume bu1.k catalyst /hour (LHSV) . Hydrogen 
f l ow  was held .constant a t  a r a t e  corresponding t o  10,000 scf /bbl  t o  0.5 LHSV 
o r  5,000 scf /bbl  a t  1.0 LHSV. Var iat i -on i n  hydrogen 'low r a t e  i n  once-through 
operat ion has l i t t l e  e f f e c t  ,at more than 5,000 scf/l?bl. Operat ion a t  each 
condi t ion '  was f o r .  approximately 24 hours t o  a1 low 8 t o  12 hours f o r  equ i l  i bra- 
t i o n  p lus  time t o ,  accumulate about 750 m l  o f  1 i q u i d  product. Table 1 shows 
the 'sequence o f  reactor  condi t ions and essent ia l  process resu l t s .  
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TABLE 1.  - Process condit ions and r e s u l t s  

L iqu id  product Approx. C a t a l y s t  L i q u i d  

Sample Sp. g r . ,  Hydrogen, Nitrogen,  Sulfur ,  Oxygen, H2 Cons., tempera- feed  r a t e ,  

p e r i o d  60°/60"F wt-pct wt-pct wt-pct wt-pct scf /bbl  t u r e Y o C  LHSV 

(Feed) . 1.003 8 .42  1.057 .25 3.29 - - - 

L i q u i d  product  was withdrawn p e r i o d i c a l l y  from a low-pressure separator,  and 
the  combined h igh-  and low-pressure e f f l u e n t  gas was sampled f o r  ana lys i s .  
The 1 i q u i d  feed and products were screened f o r  chemical mutagens by. t h e  Ames 
assay (1,s). 
Per iod 4 was a t e s t  o f  a very  m i l d  c o n d i t i o n  a f t e r  a weekend shutdown. Per iod : 
7 was a t e s t  o f  the  l i q u i d  feed pump a t  a low ra te .  Per iod  8 was a b r i e f  t e s t ' :  
f o r  d e c l i n e  i n  a c t i v i t y  from p e r i o d  2, a l though the  e n t i r e  opera t ion  was too  
s h o r t  f o r  significant l i f e  t e s t i n g .  Periods i n  the order  of 2, 1, 3, 5, and 6 
were intended t o  cover the des i red  range o f  inc reas ing  upgrading. 

RESULTS AND DISCUSSION 

The r e s u l t s  i n . t a b l e  1 show the  expected t rends as hyd ro t rea t i ng  s e v e r i t y  was 
increased w i t h  r e a c t i o n  temperatures i n  t he  range o f  310" t o  400" C. The 
n i t rogen  i n  the product  l i q u i d  a t  375" C had decreased t o  l e s s  than 0.001 
wt-pct  compared t o  the  feed a t  1.06 wt-pct.  Oxygen i n  the  375" C product  
decreased toe0.09 wt -pc t  from 3.29 wt -pc t  i n  t he  feed, and s p e c i f i c  g r a v i t y  
decreased from 1 ;00 f o r  the  feed t o  0.89 i n  the  375" C product .  . Hydrogen 
content  increased from 8.42 wt -pc t  i n  t he  l i q u i d  feed t o  12 .24  wt -pc t  over  
t h i s  same range o f  process cond i t ions .  F igure  2 shows the  n i t r o g e n  decrease 
i n  the  l i q u i d  product  compared t o  the-hydrogen increase f o r  t h i s  sample. 

Calculated hydrogen consumptions v a r i e d  from 970 t o  2,880 sc f /bb l  f o r  t he  
range o f  process cond i t i ons  f o r  310". t o  375" C which i s  w i t h i n  the  ranges 
repor ted  by o thers  (2-3) .  Prec ise  hydrogen content  o f  t he  1 i q u i d  product,  
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Figure 2. Correlation o f  hydrogen and nitrogen contents i n  hydrotreated SRC-I 1.1 iquids . 



used i n  ca lcula t ion of hydrogen consumption, was determined by Nuclear Mag- 
ne t i c  Resonance spectroscopy through the  courtesy of Ph i l l ips  Petroleum 
Company. Analysis of the e f f luen t  gas d i d  not include hydrocarbons heavier 
than ethane. Contributions of the heavier hydrocarbons t o  hydrogen con- 
sumption a r e  small f o r  hydrotreating a t  conditions which cause very l i t t l e  
cracking of hydrocarbons s ince  most of the  consumed hydrogen goes in to  the  
1 i q u  i d  product. 

The d i s t i l l a t i o n  range of the  l iquid  products was sh i f t ed  downward a s  hydro- 
t r e a t i ng  sever i ty  was increased ( f igure  3 ) .  A comparison of the  temperatures 
f o r  5, 50, and 95 wt-pct d i s t i l l e d  and the  magnitude of the  simulated d i s t i l -  
l a t i o n  s h i f t s  are  shown in tabular  form i n  t ab l e  2. The l a s t  column i n  t ab l e  
2 ind ica tes  t ha t  8 t o  22 percent of the  feed i s  converted t o  material boil ing 
below the 5 percent point of the feed. 

The increase i n  product material boi.ling below 185" C r e su l t s  largely  from 
sa tura t ion  of aromatic r ings  and o l e f i n s  and from.remova1 of heteroatoms. 
Some hydrocarbons boiling lower than the  feed would be formed by cleaving 
of heteroatom linkages, w i t h  scarcely any cracking of hydrocarbons expected. 
For example, a l l  product l iqu ids  hdd i n i t i a l  boil ing points near that- o f  
benzene/cycl ohexane. 

TABLE 2. - Simulated d i s t i l l a t i o n  of l i q u i d  feed and products 

Sampl e 
p e r i o d  

( Feed ) 

1 

2 

3 

4 

5 

6 

7 

8 

Temp., OC., a t  wt-pct d i s t i l l e d  
5 - 50 - 95 - 

wt-pct  converted t o  below 
185" C 

The r e s u l t s  of the  Salmonel la/Typhimurium Mutagenicity (Ames) assay fo r  the  
feed and l iquid  products a r e  given i n  t ab l e  3.  The assay was r u n  e s sen t i a l l y  
a s  described by Ames (1) .  The assay employs spec ia l ly  constructed s t r a i n s  
of Salmonella TyphimurTum which a r e  reverted by a wide var ie ty  of mutagens 
from requiring h i s t id ine  i n  t h e i r  growth medial back t o  bacteria capable of 
synthesizing his t id ine .  

Some chemicals require metabolic ac t iva t ion  (addit ion .of microsomal enzymes) 
p r io r  to  showing mutagenic a c t i v i t y ;  t h u s ,  data a r e  given a s '  number of 





rever tants  w i thou t lw i th  metabolic ac t i va t ion .  The Ames t e s t  has thus f a r  
demonstrated a strong co r re l  a t i o n  between pos i t i ve  ca rc i  n0genesi.s i n  animal 
t es t s  and mutagenicity i n  the Ames t e s t  (1,4). However, p o s i t i v e  r e s u l t s  
from the Ames t e s t  do not  .conclusively sh~wWhuman r i s k .  

The untreated S R C - I  I was tested a t  f i v e  concentrat ions w i t h  Salmonel 1 a s t ra ins  
TA 98 and TA 100, general ly  considered the most sens i t i ve  s t ra ins .  I n  ' t he  re -  
s u l t s  i n d i c a t e d . i n  tab le  3, an increase i n  the number o f  rever tants  greater 
than two times the background (no SRC-1.1 feed o r  product) I s  sometimes con- 
sidered t o  ind ica te  a .de f ' i n i te  pos i t i ve  .(mutagenic) response. The p la tes 
which showed a , pos i t i ve  response by t h i s  c r i t e r i a .  are under1 ined. 

TABLE 3. - Results o f  the  Ames assay 

N~lmher ... ~f revertants. ,_-,- 

Sample 

Feed 

Feed 

Feed 

Feed 

Feed 

W i  t h o u t l w l t h  metabol ic  a c t i v a t i o n  
TA 98 'I'A 1DU 

Background 0 21/60 144L142 

7 

Background 

A c t i v i t y  decreased w i t h  decreasing concentrat ion f o r  the untreated feed but 
was s t i l l  near ly double the a c t i v i t y  o f  the background a t  a concentrat ion of 5 
pg per p la te .  A product dose o f  100 micrograms was selected as a sa t i s f ac to r y  
screening t e s t  since a strong response was observed f o r  the untreated SRC-I1 
a t  t h i s  concentrat ion and since no appreciable c y t o t o x i c i t y  was noted. The 
hydrogenation periods are 1 i sted i n  order o f  increasing sever1 ty  o f  processing . 



, A c t i v : i t y  was decreased e s s e n t i a l l y  t o  the  background l e v e l  when n i t rogen  con- 
t e n t  was decreased t o  0.35 wt-pct, oxygen content  was decreased t o  0.59 w t -  
pc t ,  and hydrogen content  was, increased from 8.4 t o  10.8 wt-pct. Th is  oc- 
cur red a t  process cond i t ions  o f .325"  C and 0.5 LHSV feed ra te ,  which had 
o r i g i n a l l y  been planned as the  lowest  r e a c t i o n  temperature expected t o  g i ve  
subs tan t ia l  upgrading . 
A more complete i n v e s t i g a t i o n  w i l l  r e q u i r e . t e s t i n g  o f  f r a c t i o n s  o f  t he  coal 
1 i q u i d  t o .  i d e n t i f y .  more a c t i v e  components. Nitrogen and oxygen compounds 
and aromatic r i n g  s t ruc tu res  are  important  i n  t h i s  respect ,  w i t h .  mutagenical l y  
a c t i v e  components l i k e l y  t o  be i n  h ighe r -bo i l i ng  f r a c t i o n s .  Tests on mam- 
mal ian systems are a l so  needed before making assessments concerning p o t e n t i a l  
human r i s k .  

SUMMARY 

Hydrotreated coal l i q u i d s  and d i s t i l . l a t e  coal  l i q u i d  from the  SRC-1I.process 
w i t h  hydrogen cqntent from 8.4 t o  12.24 wt-pct  were screened ' f o r  mutagenic 
a c t i v i t y  us ing the Ames tes t .  Results o f  t he  Ames assay ind i ca ted  t h a t  muta- 
geni'c a c t i v i t y  o f  , the 1 i q u i d  product decreased by an .order o f  magni tude f o r  
35 percent removal o f  n i t rogen  .and 52 percent  removal o f  oxygen. Mugagenic 
a c t i v i t y  o f  1. iquid product w i t h  67- percent  n i t rogen  removal and 82 percent 
oxygen removal was ind i s t i ngu ishab le  from t h a t  o f  t h e  background samples. 
The f u l l  range o f  e f f e c t  i n  decreasing mutagenic a c t i v i t y  by the  Ames assay 
was covered by r e l a t i v e l y  mi. ld hydrotreatment, bu t  assessment o f  p o t e n t i a l  
human r i s k  must be confirn~ecl us i i ig  a d d i t i o n a l  mammalian tes ts .  
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H-COAL PILOT PLANT ENVIRONMENTAL CONTROLS 

John H. Gray 
Ashland Synthetic Fuels, Inc. 

INTRODUCTION 

, 
General 

The H-Coal pilot Plant is bas'ed on the .H-Coal process developed by 
Hydrocarbon Research, Inc. (HRI) . HRI' s process converts various . 
coals ixiro liquids by dlcect hydrogenation in thc.presence.of-a 

, catalyst. Dependllig on reactor apacc vclocity either a synthetic 
crude or a boiler fuel can be produced. 

The pilot in Catlettsburg, Kentucky was a cooperative venture 
involving the U.S. DOE, Ashland Synthetic Fuels, Inc., the State of 
Kentucky, Mobil, Conoco, Standard of Indiana, and.Electric Power 
Research Institute. As of January 1980, the plant was nearing com- 
pletion and commissioning. is planned during the first quarter of 1980. 
Ashland Synthetic Fuels, Inc., has the contract to operate the 

. ?  . . 
pilot plant. 

Plant Description 

The H-Coal Plant occupies 43 acres of land bordered on the east by 
the Big Sandy River, the south by Ashlaud Oil's Catleteaburg ~efinery; 
and on the west by C&O Railroad right-of-way. The nearest town, 
three miles to the north, is Catlettsburg, Kentucky. 

The pilot plant is divided into sections (1.e. 100, 200, 400, 500, 
and 600) and is complete except for the following items. Ashland 
Oil ' s Refinery will supply hydrogen, firewater, make-up cooling water, 
make-up boiler feed water, plant air, utility water, instrument air, 
and emergency steam. The refinery will process hydrogen sulfide from 
the H-Coal Plant in their Claus Unit. 

!4 

Section 100 - Coal Preparation 
Coal is received at the pilot plant by rail or truck at the Shaker 
House. The coal is conveyed to a stockpiling tower where 12,000:tons 
can be stored. Movement of the coal continues by front-end loader 
and conveyor to the primary crusher (crushed to 3/4' inch coal). The . 



coal is then conveyed to the crushed coal bins (1,800 ton capacity). 
A Raymond Bowl Mill pulverizes and dries the cbal (40-200 mesh and 
2% moisture) after which the coal is stored in the dried coal bins 
(500 ton capacity) prior to entering the process. 

section 200 - Coal Hydrogenation 
The dried coal is slurried with a recycle oil in order to initiate 
conversion and improve handling. The slurry and a portion of the 
hydrogen, which is fed to the reactor, is mixed and pumped to 3000 psig. 
The mixture is preheated to approximately 7500F and passes into the 
reactor. Makeup or fresh hydrogen is also heated and fed to the 
reactor. 

The effluent from the reactor contains gases, oil, unconverted coal, 
and ash. These materials are separated through cooling and pressure 
reduction followed by distillation and fractionation. . i  

One of the heavy oil fractions has a high percentage of the ash and 
unconverted coal and is sent to the vacuum stripper for additional 
oil recovery. The bottoms (called residuum) from the vacuum tower 
solidify when cooled to ambient temperatures. 

Section 400 - Utilities 
Utilities included in the pilot plant are: 

Steam Generation 
*Fuel .Sys tem 
Nitrogen Sys tem 

. *Tank Farm 
Firefighting System 
Instrument Air 
*Flare System 

Cooling Water System 
*Sanitary Sewer 
*Process Water Treatment 
Hot Oil Tracer System 
*Gas Desulfurization 
*Foul Water Stripping 

Those systems with an asterisk have some relation to environmental 
control. 

The fuel for the plant will be propane and desulfurized process fuel 
gas. These low sulfur fuels are required by the Kentucky Air Permit. 
The tank farm uses floating roof tanks for materials with a vapor 
pressure greater than 1.5 psia. The flare system combusts the process . 
materials during upset conditions, preventing hydrocarbon or hydrogen 
sulfide emissions. The sanitary sewer system uses secondary treatment 
and tertiary filtration to handle the domestic wastes at H-Coal. 
Processwastewater is steam stripped to remove ammonia and hydrogen 
sulfide prior to biological treatment. Next, the process wastewater 
is treated (activated sludge) for removal of organics prior to 
discharge. 



Section 500 - Antisolvent  Deashing 

During t h e  Fuel  O i l  Mode, t h e  heavy o i l  stream which normally goes 
t,o t h e  vacuum tower is redfrected t o  The Lummus Company's ~ e a s h i n g  
Unit. An an t i so lven t  is  used t o  concentra te  t h e  ash and unconverted 
coa l  i n t o  t h e  underflow while t h e  overflow from t h e  u n i t  is v i r t u a l l y  
ash  f ree .  These two streams are vacuum s t r ipped ,  cooled t o  ambient 
temperature and s to red  a s  a s o l i d .  

Section 600 - Waste O i l  Recovery 

Process wastewater treatment has two u n i t s  which recover o i l .  This 
o i l  along wi th  o the r  s lop o i l s  i n  t h e  p lan t  a r e  processed by 
d i s t i l l a t i o n  t o  recover t h e  o i l .  

P lan t  Photograph 

Figure I is a photo taken i n  August 1979 of the  H-Coal Plant .  I n  t h e  
lower l e f t  is  the  coa l  unloading (shaker house) house. J u s t  above the  
shaker house are the  two crushed coa l  bins.  The l a r g e  concrete s i l o s  " 

a t  t h e  r i g h t  a r e  t h e  f laked residuum s i l o s .  Ashland O i l ' s  Refinery 
is  i n  the  background a t  t h e  r i g h t .  

I n  t h e  cen te r  of the  photo is  Section 200, Coal Hydrogenation. The 
l a r g e r  towers, j u s t  r i g h t  of cen te r ,  i s  Section 500, t h e  Lummus 
Deashing Unit. 

*4 





WATER POLLUTION CONTROLS 

There are two distinct types of wastewater that will be generated 
once operation of the H-Coal Pilot Plant commences. The largest volume 
will be the industrial or process wastewater and there will also be 
domestic wastewater. Each type will be collected and treated separately 
using treatment methods applicable to the type of waste. The treated 
wastewaters will then be combined and discharged to the Big Sandy River 
in a single outfall pipe. 

There is a source of unpolluted water and this is rain runoff from the 
uncontaminated areas of the plant. Of the 43 acres of land not all 
will be used for processing areae. The nanprocessing areas will be 
drained to a noncontaminated rain runoff sewer and directed to the 
river. The uncontaminated runoff join& the treated process and domestic 
wastewater before discharge to the Big Sandy River. 

Process Wastewater 

The H-Coal Pilot Plant processing units and ancillary facilities will 
produce five wastewater streams. The wastewater sources are as 
f ollowa : 

1) Process Water 
2) Cooling Tower Blowdown 
3) Boiler Blowdown 
4) Oily Water Runoff 
5) Coal Pile Runoff 

Process Wgger 

Within the E-Coal hydrogenation unit, there are five sources of process' 
wastewater that are collected and treated. The five process water 
sources are as follows: 

A) Reactor Effluent Vapor Wash Water Separator 
B) High Pressure Condenser Wash Water Separator 
C) Low Pressure Condenser Wash Water Separator 
D) Fractionator Reflux Drum 
E) Vacuum Tower Vent Condenser Collector 

The main purpose of the wash water separators (A, It, and C above) is 
to remove anunonia (NH3) and hydrogen sulfide (H2S) in the overhead 
gases from the coal conversion process. Removal of ammonia prevents 
plugging of lines or exchangers due to anmumium sulfate deposition. 
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The purpose of the fractionator reflux drum and the vacuum tower 
,?, 

-.- -- I , < ,  . 
vent condenser collector is to collect the condensed steam which has , 

come into direct contact with the product oil streams. These process 
wastewaters have high concentrations (20,000 ta 30,000 ppm COD) of 
phenols and soluble organic material. 

All five process wastewaters are collected in a water degassing drum 
to allow any dissolved gases to be released and vented off. These 
vented gases are collected and sent to the vent gas desulfurization 
unit prior to combustion in the flare system. 

Cooling Tower Blowdown 

Cooling towers will be used at the H-Coal Pilot Plant for the removal 
of waste heat. The cooling water will be recirculated instead of a 
once-through cooling scheme. The heat transfer points will be non- 
contact heat exchangers. Preventing corrosion of the heat exchangers 
necessitates the use of corrosion inhibitors and the periodic blow- 
down of a certain volume of cooling water. This blowdown of cooling 
water prevents the buildup of dissolved solids in the system and helps 
to prevent scaling of the heat exchangers. 

Since the cooling water does not come into contact with the H-Coal 
conversion products, there should be no organic pollutants %n the 
wastewater stream. The water is clean except for the phosphate present 
in the water used for inhibiting corrosion and possibly dispersants . 

and biocides (for algae control). The cooling water will be sent to 
the wastewater treatment plant for use as alution water. 

Boiler Blowdown 

The water used to make steam must also be blown down to eliminate 
dissolved solids in the water. The water as it evaporates to make 
steam leaves in solution the dissolved solids it possessed. To prevent 
scaling on the boiler tubes, it is necessary to periodically eliminate 
a certain volume of water to maintain an acceptable concentration of 
the dissolved solids. The boiler blowdown will contain small amounte 
of solium sulfite (an oxygen scavenger) but will be free of organic 
contaminants. The blowdown will be sent to the treatment plant prior 
to discharge. 

' 
Oily Water Runoff 

8 

rain that falls on or comes into contact with the processing areas ' A y n ' n  

be drained into the process sewer. The rain water sometimes picks - ,  

:* 1 T,! :, :*%, 
' j  5 3  6,U'r7- =. 



up o i l  and other s l igh t ly  water soluble organic coal-conversion 
compounds and, therefore, should not be sent direct ly t o  the r iver .  
The water is treated f o r  removal of the contaminants i n  the wastewater 
treatment plant  pr ior  t o  discharge. 

Coal P i le  Runoff 

Rain that  f a l l s  on the open coal storage area is drained in to  a coal 
p i l e  runoff storage pond. The ra in  runoff picks up coal f ines and 
any soluble organics found within the coal. The coal p i l e  runoff 
w i l l  have a very low pH (pH sf 1.0 t o  2.0). 

Shown i n  Figure 11 is the treatment plant schematic. The treatmeat 
plant i t s e l f  is divided in to  three sections: 1 )  pretreatment, 
2) coadi t ionin~,  and 3) biological oxidation. Biological sludge 
produced v ia  the oxidation of the pollutants is disposed of by high 
pressure (225 psig) f i l t r a t ion .  Onc correatAon t o  the figtam is that  
tlte chromate reduction unit  has been deleted due to  image of a phas- 
phate base corrosion inhibi tor  i n  the cooling tower. The cooling tower 
blwdown w i l l  s t i l l  be processed in the treatment plant. 
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Figure I1 

H-Coal Wastewater Treatment Plant Schematic 
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Pretreatment 

The process wastewater is stream stripped of ammonia and hydrogen 
sulfide in the foul water stripper to protect the bateria used 
in the biological oxidation section of the treatment plant. The 
foul water, after processing, flaws into the process sewer and on to 
the surge basin. 

All the waters collected in the process sewer discharges into the 
surge basin. The basin is designed to accept a maximum runoff from 
the  plant, During dry periods, the stored water can be fed into the 
treatment plant at a constant rate. This surge damgenhg t n  necee~ary 
to maintain treatment plant efficiency and ensure acceptable final 
effluent water quality. 

Rain falling on the coal pile is collected in a 1.5mm gallon basin. 
The solids entrained in the water settle out and the water is tram- 
ferred to the treatment plant for pH adjustment. 

Conditioning 

Before entering the activated sludge process for removal of the 
soluble pollutants, it is necessary to properly condition the waste- 
water to achieve maximum treatment efficiency. There are four steps 
in the pretreatment section and they are as follows: 

1) OIl/Water Separation - The API (American Petroleum Institute) 
design separator provides for removal of heavy sediment and oil 
from the process wastewater stream. The sediment settles to the 
bottom and the oil is skimmed off the top of the water. 

2) Nutrient and pH Adjustment Unit - Nutrients (nitrogen and 
phosphorus) necessary for bacterial growth are controlled here and 
the pH is adjusted to near neutral. 

3) Equalization (Storage) - The equalization tank provides 2.5 days 
of retention time at design flow. This allows the organic 
loading fluctuations to be dampened out. Equalization is neces- 
sary to provide a uniform concentration of organic matter to be 
fed to the biological oxidation step. 

In addition to equalization, a etorage tank is provided (see 
Figure 1x1). This tank will serve as a reserve of "food" for the 
activated sludge biomass. The projected an-stream factor for the 
H-Coal Pilot Plant is 50%. Therefore, during the shutdown periods, 
when no process water will be available. it will be necessary to 



keep the bacteria a l ive  so tha t  when the next operation test 
begins, the treatment plant can quickly resume maximum treatment 
efficiency. 

4 )  Air Flotation - Following equalization, the Gter flows by gravity , . ;, , ,.,, 
from the eqvalization (or storage) tank t o  the air f lo ta t ion  unit. I , I  . - _ 
The air f lo ta t ion  units  renmve suspended solids and small o i l  drop- :: .- ?'(: - 

lets from the wastewater stream. ' n l -  

These four pretreatment steps have as the i r  prime objective, the 
removal of gross contaminants and conditioning of the wastewater so 
tha t  optimum biological oxidation of the remaining soluble organic 
matter can take place. The effluent from the air f lo ta t ion  unit  is 
*hen pumped into the biological ofidation step. 

~ i o l o g i c a l  Oxidation 

The process wastewater is fed contlnuouslg in to  an aerated tank where 
the microorganisms metabolize and biologically oxidize the organics.' 
Microorganisms (activated sludge) a re  se t t l ed  from the aerated mixed 
liquor under quiescent conditions i n  the f i na l  c l a r i f i e r s  and returned 
t o  the aeration tank. Clear supernatant from the f i n a l  c l a r i f i e r s  is 
discharged t o  the river.  Synthesis of the waste organlcs resul ts  in 
a buildup of the microbial mass in the sy~tem. EHcess activated sludge 
is wasted from the system 'to maintain tb proper foot - ta~croargeaiam 
r a t i o  t o  eneure uptirhum aperation., Thie'wasted slrtdge i e  pumped t o  the 
Sludge Holding Tank to  be processed in the F i l t e r  Press System. 

Figure I11 is a photo of the wastewater treatment plant taken October 1978. 
The tanks are  being hydrotested. A t  the r ight  is the structural  s t e e l  
fo r  the f i l t e r  press building. The d l  building (completed) , located 
near the s tructural  steel, is the dry chemical storage building. The 
group of three d l  tanka are phosphoric acid, sulfuric  acid, and 
caustic. The large tank l e f t  of center is the equalieation tank. Left 
of the equalization tank, is the storage tank. Opposite (to top of 
photo) from the storage tank i e  the No. 2 Aeration Tank. To its 
r ight ,  is No. 1 Aeration tank and the Aerobic digestor. 
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Domestic Wastewater 

The H-Coal Pilot Plant will employ approximately 240 people and will 
provide sanitary facilities to accommodate the employees. The facil- 
ities will include restrooms, showers, wash basins, drinking fountains, 
etc. The domestic wastewater will be conveyed by a sealed sanitary 
sewer and three sanitary sewer lift stations which will pump the 
wastewater to an aerobic digestor. 

The treatment plant is a 10,000 GPD prepackaged unit of the extended 
aeration type. The unit will be supplied with a surge tank, a comm- 
uniter/grinder to reduce the size of incoming waste matter, a tertiary 
filter, and a chlorination chamber. The plant was sized based on 
standard per capita usage of water in sanitary facilities in accordance 
with the National Plumbing Code. 

AIR POLLUTION CONTROLS 

Air pollution control equipment for the H-Coal Pilot Plant was designed 
to decrease the emissions to levels well within air quality regulations 
promulgated under the Clean Air Act. The overall control plan is to 
filter out or eliminate those pollutants which are most sensitive in 
this air quality region. The two pollutants which are'most critical 
in this area are patttc.ulatas and oulfur dioxide. Hydrocarbons are 
also controlled to minimize environmental impact. 

Particulates 

Particulates created during the combustion of propane and fuel gas 
are an intrinsic feature of the oxidation process. Every effort will 
be made during the operation phase of the H-Coal project to burn the 
fuels at their optimum efficiency. The efficient combustion of fuels 
minimizes the amount of particulates generated. . 

The coal preparation area will use four dry-media dust collectors to 
filter particulates. The dust collectors have at every point where 
dust will be generated due to transfer or crushing and drying a bag- 
house intake. The manufacturers guarantee for the baghouses are 99.9% 
removal of all particulates. A baghouse services each of the following 
areas: 1) coal car (or truck) unloading, 2) coal stacking and reclaim 
tower, 3) crushed (wet) coal bine, and 4) the bowl mill pulverizer 
dryer vent. Also the residuum flaking operation is equipped with two 
baghouses to control dust in the silos. 

The H-Coal Plant has also purchased a street sweeper to operate in the 
coal handling area to aid in controlling fugitive particulate emissions. 



Sulfur Dioxide 

The potential sulfur dioxide sources are plant fuel combustion and 
hydrogen sulfide recovered from the process. The fuel gas used in 
the process heaters will be a byproduct of the H-Coal conversion process. 
However, the fuel gas will be desulfurized prior to burning. The design 
of the H-Coal Pilot Plant includes fuel gas desulfurization equipment 
for the recovery of H2S formed from sulfur in the coal feed to the 
plant. 

Additional plant fuel will be propane which is virtually sulfur free. 
The switch from conventional fuel oil to propane was necessary due to 
air permit restrictions. Certain gases. within the process must be 
vented. There is also a vent gas desulfurization unit to,remove 
hydrogen sulfide prior to cornbusting the gases in the flare system. 

The largest source of sulfur is the hydrogen sulfide extracted from 
the fowl water stripper. m e  hydroger! sulfide gas (60 to 80% by volume) 
is sent to A01 Refinery's Claus Unit for recovery as elemental sulfur. !.! 

In addition, the hydrogen sulfide from the fuel and vent gas desulfur- 
:/ 

ization units are also sent to the Claus Unit. 
i .  

Therefore, hydrogen sulfide is converted to sulfur and the plant fuels 
are extremely low sulfur. Emissions at H-Coal are expected to be less i 

4' 

than 100 ,tons per year. 

Hydrocarbons 
\ 

A possible source of hydrocarbons is the emergency pressure relief .>. , 

system. However, the H-Coal Pilot Plant design incorporated a flare 
system by which the hydrocarbon process streams are combusted prior 
to entering the atmosphere. The flare converts the hydrocarbons into 
carbon dioxide and water. 

Storage tanks are also a source of hydrocarbons; however, a review of 
the H-Coal.product characteristics reveals that all products are of 
heavy fuel oil quality except for the fuel gas and naphtha. The fuel 
gas is .consumed in the heaters and the naphtha .is stored in tanks with 
floatingroofs. A floating roof actually floats on top of the liquid 
surface. This ellminates the major cause of hydrocarbon emissions 
(working losses). The remaining H-Coal liquid products all have lower 
true vapor pressures than naphtha. The vapor pressures are sufficiently 
low so that they can be stored in fixed cone roof tanks with breather 
'vents. These low vapor pressure hydrocarbon liquids have correspondingly 
low emissions. The truck loading.'racks are all bottom loading to 
minimize emissions during the transfer of the products. 



SOLID WASTE 

During operation of the H-Coal Pilot Plant, two principal types of 
solid waste will be generated, they are: 1) flaked residuum, and 
2) filter cake. Flaked residuum is directly related to the operation 
of the H-Coal process. The filter cake is a result of the operation 
of the wastewater treatment plant. 

Flaked Residuum 
/ 

Flaked residuum is a solid byproduct generated by the H-Coal process. , 
It contains solids (unconverted coal fines and inert matter) and the ' 
residual fraction of the H-Coal liquefaction process. The H-Coal 
Pilot Plant design information indicates that 42,000 tons of the 
flaked residuum will be produced during the two years of pilot plant 
operation. Its bulk density is approximately 50-55 pounds per cubic 
foot. 

The residuum (vacuum tower bottoms) is sent to the flakers where it 
' 

is cooled to ambient temperatures on a steel belt by indirect heat 
exchange using cooling water. The material is then flaked off the 
end of the belt and stored in silos prior to disposal. 

' The flaked residuum will have. certain physical ,and.chemical properties 
which research investigators may wish to study at some point in the 
future. Since the residuum is relatively inert, surface storage of the 
flaked material would allow easy recovery of the material. The residuum 
would be stored in segregated piles (similar to coal piles) to 
differentiate between modes of operation. The storage site is currently 
under review by the State of Kentucky. 

Filter Cake 

The operation of the support facilities for the H-Coal Pilot Plant will 
also cause waste solids to be generated. Filter cake is the term 
applied to the solid waste created in the high pressure sludge dewatering 
system in the wastewater treatment area. The filter press converts 
sludge (solids/water mixtures) into solid material by squeezing out 
the water and retaining the solids. The wastewater treatment plant 
will generate three waste sludge streams.: 

- A) Biological Solids 
B) API Separator Bottom Sediment 
C) Air Flotation Skimmings 



These th ree  sludge streams a r e  mixed i n  a holding tank and then 
processed i n '  the  f i l t e r  press .  

Biologica l  Sol ids  

The a c t i v a t e d  sludge process converts  t h e  so lub le  organic  p o l l u t a n t s  
i n  t h e  process wastewater i n t o  new b a c t e r i a l  c e l l  mass. Maximum oper- 
a t i n g  e f f i c i e n c y  of t h e  b i o l o g i c a l  treatment process is maintained by 
keeping t h e  biomass a t  a given concentrat ion.  Therefore, b i o l o g i c a l  
s ludge must be r o u t i n e l y  blown down t o  compensate f o r  new b a c t e r i a l  
growth. This excess b i o l o g i c a l  s ludge must be disposed of properly 
bu t  the  sludge can only be concentrated by g rav i ty  thickening t o  a 
maximum of 8 - 10% s o l i d s  (by weight). The high pressure  sludge 
clewatering system can remove s u f f i c i e n t  water t o  tu rn  t h e  sludge i n t o  
a s o l i d  ma te r i a l  (approximately 45% s o l i d s ) .  

API Separator  Bottoms Sediment 

The API (American Petroleum I n s t i t u t e )  sepa ra to r  accomplishes the  
removal of o i l  from water  and heavy sediment from water by gravi ty lphase  
separa t ion .  The API provides t h e  quiescent  condi t ions  necessary f o r  
o i l  en t ra ined i n  the  water t o  coalesce,  rise t o  the  su r face ,  and be 
skimmed o f f .  There is  a l s o  s u f f i c i e n t  residence t i m e  t o  allow heavy 
sediment i n  the  water t o  s e t t l e  t o  the  bottom of t h e  separa tor .  This 
bottom sediment is pumped ou t  pe r iod ica l ly  and s e n t  t o  the  sludge 
holding tank. 

A i r  F lo ta t ion  Skimmings 

The air. f l o t a t i o n  u n i t  i s  p a r t  of t h e  process wastewater scheme. The 
u n i t ' s  purpose i s  (with t h e  a i d  of polymers) t o  remove any remaining 
suspended.sol ids and ent ra ined o i l  from t h e  process wastewater p r i o r  
t o  en te r ing  the  a c t i v a t e d  sludge treatment s t ep .  The polymers a r e  added 
t o  f l o c c u l a t e  the  suspended s o l i d s  and o i l  globules i n t o  p a r t i c l e s  
l a r g e  enough t o  b e  c a r r i e d  t o  t h e  su r face  by the  a i r  bubbles. The foam 
(comprised of s o l i d s ,  o i l ,  and a i r )  is then skimmed off  and s e n t  t o  
t h e  sludge holding tank. 

The dewatered mixture of s ludges ( f i l t e r  cake) has the  appearance of 
hard packed c lay  (45 t o  55% s o l i d s )  and has a bulk dens i ty  of 70 t o  
75 pounds per  cubic foo t .  The f i l t e r  cake w i l l  be disposed of i n  a 
s a n i t a r y  l a n d f i l l  operat ion.  The S t a r e  05 Kentucky has a l ready approved 
t h e  s i te  and d i sposa l  method used by the  cont rac tor .  
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1. INTRODUCTION 

Today I Would l i k e  t o  d e s c r i b e  t h e  s t a t u s  of t h e  development of 
environmental c o n t r o l s  f o r  t h e  Exxon Donor Solvent (o r  EDS) Coal Liquefac- 
t i o n  Process.  A s  shown i n  F igure  1, included w i l l  be  a b r i e f  d e s c r i p t i o n  of 
t h e  EDS process .  Next w i l l  be  a d i scuss ion  of t h e  p r o j e c t  s t a t u s ,  i nc lud ing  
a d e s c r i p t i o n  of t h e  p rog res s  i n  t h e  cons t ruc t ion  of t h e  250 T/D Exxon Coal 
Liquefac t ion  P i l o t  P l a n t ,  o r  ECLP. Then, I w i l l  cover some of t h e  environ- 
mental e f f e c t s  we p r e d i c t  f o r  a commercial EDS p lan t .  Next, I w i l l  cover  
our  s t r a t e g y  f o r  developing t h e  environmental con t ro l s .  F i n a l l y ,  I w i l l  
cover  t h e  out look f o r  commercialization. 

The goa l  of t h e  EDS Coal Liquefac t ion  P r o j e c t  is t o  develop t h e  
process  t o  a s t a t e  of commercial readiness .  This m a n s  t h a t  t h e  technology 
s l ~ o u l d ' b e  a v a i l a b l e  a t  t h e  end of t h e  p r o j e c t  t o  des ign  and. b u i l d  a f u l l -  
s c a l e ,  p ioneer  commercial p l a n t  wi th  a reasonable and accep tab le  l e v e l  of 
r i s k .  

I n  t h e  EDS process  development, bench s c a l e  research ,  o p e r a t i o n  of 
sma l l  p i l o t  u n i t s ,  and engineer ing  des ign  and technology s t u d i e s  a r e  being 
i n t e g r a t e d  wi th  ope ra t ion  of a 250 T/D P i l o t  P l a n t  and l i k e l y  a 70 T/D 
n E X I C O K I N G *  Prototype.  

2. EDS PROCESS DESCRIPTION 

The process  sequence shown i n  F igure  2 i s  designed t o  maximize 
l i q u i d  products .  The feed  c o a l  i s  crushed, d r i e d ,  and s l u r r i e d  w i t h  hydro- 
genated r e c y c l e  so lven t  ( t h e  donor s o l v e n t )  and f e d  t o  t h e  l i q u e f a c t i o n  

. r e a c t o r  i n  admixture w i th  gaseous hydrogen. Reactor ope ra t ing  cond i t i ons  
are 800-900°F and about  2000 PSI t o t a l  p ressure .  The r e a c t o r  e f f l u e n t  is 
separa ted  by d i s t i l l a t i o n  i n t o  a r ecyc le  so lven t  deple ted  of i t s  donor 
hydrogen, l i g h t  hydrocarbon gases ,  C4-1000°F d i s t i l l a t e ,  and a heavy 
vacuum bottoms stream conta in ing  1000°F+ l i q u i d s ,  unconverted coa l ,  and . 

c o a l  mineral  matter .  The r ecyc le  so lven t  I s  hydrogenated i n  a convent ional  
f i x e d  bed c a t a l y t i c  r e a c t o r  employing "off-the-shelf" hydro t r ea t ing  ca ta -  
l y s  ts . 

* Serv ice  Mark. 
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The heavy vacuum bottoms s t ream i s  f e d  t o  a FLEXICOKING u n i t  wi th  
a i r  and steam t o  produce a d d i t i o n a l  d i s t i l l e d  l i q u i d  products  and a low BTU 
f u e l  g a s  f o r  process  furnaces .  FXEXICOKING is a commercial petroleum p rocess  
t h a t  employs.an i n t e g r a t e d  c o k i n g / g a s i f i c a t i o n  sequence i n  c i r c u l a t i n g  
f l u i d i z e d  beds. Thi s  process  is opera ted  a t  low p res su res  ( 50 p s i )  and 
in t e rmed ia t e  temperatures  (900-1200°~ i n  t h e  coker and 1500-1800°~. in  t h e  
g a s i f i e r ) .  E s s e n t i a l l y  a l l  o rganic  m a t e r i a l  i n  t h e  vacuum bottoms f e d  t o  
FLEXICOKING i s  recovered a s  l i q u i d  product  o r  combustible gases.  A sma l l  
amount of r e s i d u a l  carbon is  r e j e c t e d  wi th  t h e  ash  from t h e  g a s i f i e r  f l u i d i z e d  
bed. 

Process  hydrogen i s  produced by steam reforming l i g h t  hydrocarbon 
gases.  An a l t e r n a t i v e  method f o r  hydrogen product ion which is  r ece iv ing  
inc reased  a t t e n t i o n  1s p a r t i a l  oxidatinn of t h e  heavy vacuum bottoms s t ream 
o r  of coal.. 

The t o t a l  l i q u i d  product  i s  a bleud of a treams from l i q u e f a c t i o n  
and FLEXICOKING. Product u t i l i z a t i o n  s t u d i e s  i n d i c a t e  t h a t  t h e  35O0F- 
f r a c t i o n  should b e  used i n  gaso l ine /  petrochemical  manufacture and t h e  350°F+ 
f r a c t i o n  i n  f u e l  o i l  app l i ca t ions .  The l a t t e r  f r a c t i o n  from ~ l l i n o i s  /I6 c o a l  
con ta ins  about 0.6 wt% s u l f u r  and about  0.8 w t %  n i t rogen .  These leveLs can be 
reduced f u r t h e r  by subsequent t r e a t i n g ,  i f  needed, t o  meet emissions ktand- 
a r d s  . 

3. EDS PROJECT STATUS 

Exxon Research and Engineering Company (ER&E) has been engaged i n  
c o a l  l i q u e f a c t i o n  r e sea rch  s i n c e  1966. The j o i n t l y  funded r e sea rch  and 
development p r o j e c t  s t a r t e d  i n  1976 and is  i n  t h e  f i f t h  year  of a 6-112 
yea r  program. The U.S. Department of Energy (DOE) 1s providing 50X nf the 
funding  and the  remaining 50% i s  be ing  provided by Exxon Company USA, 
E l e c t r i c  Power Kesearch I l i s t i t u t c  ( E P R I ) ,  ,Tapan Coal Liquefac t ion  Development 
Company, LTD., (JCLD), P h i l l i p s  Petroleum Company, Arco Coal Company, and 
Ruhrkohle AG. 

A broad t e c h n i c a l  program on t h e  l i q u e f a c t i o n  p o r t i o n  of t h e  
. p r o c e s s  is being advanced e s s e n t i a l l y  on schedule.  The program on vacuum 
bottoms process ing  has  been expanded t o  i nc lude  planning f o r  t h e  ope ra t ion  
of a 70 T/D F'LEXICOKING Proto type  a t  Baytown, Texas .us ing  t h e  vacuum bottoms 
produced from t h e  250 T/D Liquefac t ion  p i l o t  P lan t .  I n  a d d i t i o n ,  planning 
work f o r  a program t o  test ED$ vacuum bottoms in a 1'50 T/D P a r t f a 1  Oxidat ion 
u n i t  i s  c u r r e n t l y  underway. 



4. 250 T/D PILOT PLANT PROGRESS 

The const ruct ion of t h e  250 T/D P i l o t  Plant  is proceeding. This 
p lan t  is located  adjacent  t o  t h e  Baytown, Texas Refinery of Exxon Company, 
U.S.A. Figure 3 shows an artist's conception of t h e  completed p l a n t  with 
d e t a i l s  of t h e  relative pos i t ion  of t h e  adminis t ra t ion  building,  t h e  coa l  
prepara t ion f a c i l i t i e s ,  t h e  process a rea  and t h e  product tankage areas.  The 
estimated cos t  f o r  t h e  completed p l a n t  is 116M$ compared with t h e  i n i t i a l  
es t imate  of llOM$ which was prepared near ly  5 years ago. 

A s  shown on Figure 4, const ruct ion is expected t o  be completed i n  
March 1980 compared with t h e  o r i g i n a l  schedule of January 1. An increased 
engineering workload and an  unusually w e t  spr ing l a s t  year i n  t h e  B a y t m  
a r e a  have resul ted  i n  an extension of construction a c t i v i t i e s  and slower 
const ruct ion progress. 

S tar tup a c t i v i t i e s  began last summer a s  sec t ions  of t h e  p l a n t  w e r e  
completed. Coal-in operat ions a r e  expected by t h e  end of Apri l .  A 30 month 
operat ion on 3 feed coals  is  then planned -- 15 months on t h e  f i r s t  coal  
which w i l l  be an I l l i n o i s  No. 6 bituminous coal  and 9 months on t h e  second 
coa l ,  which w i l l  be a sub-butuminous coal ,  and 6 months on t h e  t h i r d  coal. 
These coals  have not  y e t  been se lec ted .  

The operat ions of t h e  250 T/D P i l o t  Plant  a r e  designed t o  demon- 
s t r a t e  t h e  operab i l i ty  of t h e  EDS l iquefac t ion  s e c t i o n  and ob ta in  t h e  
scaleup d a t a  required f o r  design of a commercial f a c i l i t y .  Key ob jec t ives  
a r e  demonstration of u n i t  operab i l i ty ,  design d a t a  acqu i s i t ion ,  product 
y i e l d  and q u a l i t y  confirmation, and t e s t i n g  and production of feeds f o r  
demonstration of environmental controls .  

Cer ta in  of t h e  f a c i l i t i e s  which may be  required i n  a commercial 
EDS p lan t  have not  been included i n  ECLP s ince  w e  do not bel ieve  t h a t  t h e i r  
t e s t i n g  on t h e  ECLP s c a l e  i s  necessary. For example, no product t r e a t i n g  
is  provided. The re f ine ry  w i l l  be supplying t h e  required hydrogen and some 
u t i l i t i e s .  I n  addi t ion ,  t h e  re f ine ry  w i l l  handle t h e  conversion of H2S 
produced a t  ECLP t o  s u l f u r  and w i l l  process t h e  sour water produced a t  
ECLP 

Even though these  environmental con t ro l  f a c i l i t i e s  w i l l  not be 
. . . . , ,  a n s i t e  a t  ECLP, t h e  p lan t  emissions w i l l  meet current  regulat ions.  
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.d .I. -d Environmental con t ro l  i s  important wi th in  t h e  EDS p lan t  i t s e l f ,  
f o r  t h e  surrounding community and a l s o  i n  t h e  u l t imate  usage of t h e  l i q u i d  
products. A s  a p a r t  of t h e  development program, we have sampled streams 
from our small p i l o t  p l a n t s  and - 3ed t h i s  information i n  our engineering 
s t u d i e s  t o  p red ic t  t h e  p lan t  emissions. 
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The EDS processing s t e p s  a r e  extensions of ex i s t ing  coal  and 
pe.troleum re f in ing  technology. Thus, the  emission would be expected t o  be 
s i m i l a r  t o  coal-f ired u t i l i t y  p lan t s  and petroleum re f ine r ies .  Commercial 
design s tud ies  have indicated  10-15 percent of the  commercial plant 's  cos t  
would be f o r  emission control .  

The expected atmospheric emissions f o r  a commercial EDS p lan t  
feeding 30;000 tons  pe r  day of an I l l i n o i s  No. 6 coal  containing 4.4% s u l f u r  
are shown in  Figure 5 .  These values a r e  based on a recent ly  completed Study 
Design Update. Included a r e  annual r a te8  of about 6000 tons of s u l f u r  
oxides, 740 tons of carbon monoxide, 3200 ton6 O f  nitrogen unides, 525 of 
p a r t i c u l a t e  matter  and 157.5 tons of hydrocarbons. When s t a t e d  on an annual 
b a s i s  these  numbers appear l a rge ,  but  i t  should be noted t h a t  the  s u l f u r  
oxides emission r a t e  is l e s s  ttiaa 20 T/D. 

Emiseion r a t e s  f o r  a l l . t h e  c r i t e r i a  po l lu tan t s  s i g n i f i c a n t l y  
exceed 100 tone/year which is t h e  threshold t o  be defined a s  a major source. 
Of f se t t ing  reductions i n  emissions from o ther  sources may be required t o  
l o c a t e  an  EDS p l a n t  i n  a reas  c l a s s i f i e d  a s  i n  nonattainment of National A i r  
Quali ty Standards. 

Figure 6 shows t h e  r e s u l t s  of d ispers ion model ca lcu la t ions  of the  
impact on ambient a i r  q u a l i t y  of an EDS p lan t  compared t o  the  Prevention of 
S ign i f i can t  Deter iora t ion (or  PSD) increments f o r  a Class I1 area.  The 
c r i t i c a l  GLC's f o r  t h e  major po l lu tan t s  from continuous sources a r e  below 
these  increments. Thus, a n  EDS p lan t  could probably be located i n  a Class 
11 attainment a r e a  having meterological condit ions t y p i c a l  of Southern 
I l l i n o i s .  A conservative buf fe r  zone of 10 miles between t h e  p lant  and 
Class I areas  (nat ional  parks)  would ensure t h a t  Class I Prevention of 
S ign i f i can t  Deter iora t ion (PSD) increments would not be exceeded. 

Figure 7 gives  an ana lys i s  of t h e  wastewater stream a f t e r  s t r ipp ing  
and phenol ex t rac t ion  but  before t r e a t i n g  from an EDS p lan t  feeding 30 kT/D 
of an I l l i n o i s  No. 6 Bituminous coal.  The wastewater t r e a t i n g  scheme 
included i n  t h e  Study Design Update is shown on Figure 8. This flowplan i s  
based on t h e  " B e s t  Available Technology" t o  con t ro l  t h e  water po l lu tan t s  
found i n  t h e  small p i l o t  p lant  water samples. Sour process waters a r e  
s t r ipped  t o  remove H2S and ammonia. Slurry  d r i e r  wastewater i s  then added 
and t h e  mixture fed  t o  phenol ext rac t ion.  The non-process wastewater and 
o i l y  rainwater which have passed through t h e  API separa tor  f o r  o i l  removal 
a r e  then added and t h e  mixture fed  t o  t h e  s t e p s  of dissolved a i r  f l o a t a t i o n ,  

' ac t iva ted  sludge b io log ica l  oxidation,  dual  media f i l t r a t i o n  and ac t iva ted  
carbon treatment. Sludge from t h e  ac t iva ted  sludge u n i t  is processed i n  a 
dissolved a i r  f l o t a t i o n  thickener,  aerobic  d iges te r  and f i l t r a t i o n .  The 
r e s u l t i n g  s o l i d s  a r e  disposed of i n  a land farm. Approximately 60% of t h e  
t r e a t e d  water is reused a s  cooling tower makeup, with t h e  remainder being 
discharged. The treatment scheme proposed is predicted t o  meet ex i s t ing  
I l l i n o i s  e f f l u e n t  s tandards,  based on labora tory  simulat ions of t h e  indivi -  
dual  s teps.  
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FIGURE 6 
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FIGURE 7 
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FIGURE 8 

WASTEWATER TREATING SCHEME FOR AN ILLINOIS COAL 
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Leaching tests have been ca r r i ed  out  on s o l i d  wastes obtained 
from runs on both I l l i n o i s  and Wyoming coal  EDS bottoms i n  our small  FLMI- 
COKING p i l o t  p lant .  Figure 9 shows t h e  r e s u l t s  of the  e x t r a c t i o n  tests 
using the  12/12/78 EPA Toxicant Extrac t ion  Procedure. A l l  of the  analyses 
a r e  below the  l i m i t  shown which is 10 times the  EPA Primary Drinking Water 
Standard. Barium and lead  a r e  t h e  c l o s e s t  va lues  being about 60X'of the  
standard. The " l e s s  than" values  represerit t h e  l i m i t  of de tec t ion  and 
consequently may not be s i g n i f i c a n t .  The FLEXICOKING s o l i d  wastes would 
appear t o  meet the  non-toxic c r i t e r i a  spec i f i ed  i n  t h e  12/18/78 Dra f t  RCRA 
Regulations. 

Turning now t o  t h e  environmental e f f e c t s  of t h e  u t i l i z a t i o n  of 
products from t h e  EDS process, Fipure 10 compares p a r t i c u l a t e  and NOX emis- 
s i o n s  f o r  two f u e l  o i l s  produced from I l l i n o i s  No. 6 coa l  wi th  those from 
low s u l f u r  and regu la r  s u l f u r  petroleum f u e l  o i l s .  The combustion tests 
were ca r r i ed  out  i n  a 50 Horsepower Cleaver-Brooks f i r e t u b e  package bo i l e r .  

5 
. , 
i - 

P a r t i c u l a t e  emissions a r e  very low from e i t h e r  coa l  l i q u i d  fue l .  
The regu la r  s u l f u r  f u e l  o i l  is a c t u a l l y  more t y p i c a l  of a conventional heavy 
fue l .  You can s e e  i t  gives  4-5 t i m e s  a s  much p a r t i c u l a t e  emissions a s  t h e  * 

coa l  l i q u i d s  and i s  c l o s e  t o  t h e  current  New Source Performance Standard 
f o r  power generat ion b o i l e r s  of about 0.05 wtX (0.03 lb/MBTU). NOx emis- 
s i o n s  a r e  higher f o r  t h e  EDS f u e l  o i l  r e f l e c t i n g  t h e  higher f u e l  n i t rogen 
content.  A l l  values shown a r e  above the  Current New Source Performance 
Standard f o r  coal  l iqu ids - f i r ed  u t i l i t y  b o i l e r s  which is about 350 ppm 

,,% 

(0.5 l b  NOX/MBTU). Some NOx con t ro l  may be  required such a s  combustion 
modifications. - *  

6 .  EMISSION CONTROL DEVELOPMENT STRATEGY 

Our l a rge  p i l o t  p lan t  programs a r e  geared t o  ob ta in  the  da ta  
necessary t o  spec i fy  emissions c d n t r a l s  f o r  a commercial EDS p lan t .  
Figure 11 summarizes our s t r a t e g y , f o r  developing the  da ta .  I n  t h e  case  of 
a i r  emissions, the re  a r e  e s s e n t i a l l y  3 sources of p o l l u t a n t s  - . p a r t i c u l a t e s  
from coa l  crushing and handling, furnace and b o i l e r  f l u e  gases,  and fugi t5ve  

,hydrocarbons. We w i l l  be ident i fy ing/quant i fy ing the .emiss ions-  sources 
from the  ECLP coa l  crushing and handling f a c i l i t i e s .  For p a r t i c u l a t e  

, c o n t r o l  technology, we expect t o  adapt techniques used i n  o t h e r  l a r g e  coa l  
crushinglhandling f a c i l i t i e s ,  such a s  coa l  f i r e d  power p l a n t s .  Sul fur  
emissions w i l l  be con t ro l l ed  by scrubbing the  f u e l  gas t o  furnaces and 
by f l u e  gas d e s u l f u r i z a t i o n  on coa l  f i r e d  o f f s i t e  b o i l e r s .  Hydrocarbon 
emissions con t ro l s  w i l l  be adapted from the  r e f i n i n g  indust ry .  

For water w e  w i l l  be analyzing the  water produced i n  t h e  Large 
P i l o t  Plants .  We w i l l  then be t e s t i n g  water samples co l l ec ted  from t h e  
Large P i l o t  P lan t s  i n  labora tory  simulat ions of the  t r e a t i n g  scheme shown 
previously. Solids d i sposa l  t e s t i n g  w i l l  'be based on leaching and o the r  
t e s t s  on products from t h e  FLEXICOKING Prototype operat ion.  Feed t o  t h i s  
u n i t  w i l l  be produced i n  ECLP. Noise sources w i l l  be i d e n t i f i e d / q u a n t i f i e d  
i n  t h e  Large P i l o t  P lan t s  with con t ro l  methods adapted from t h e  e l e c t r i c  
power/petroleum re f in ing  indus t r i e s .  



FIGURE 9 

LEACHING OF EDS FLEXlCOKlNG TERTIARY FINES(1) 
[ , . I  VALUES IN WPPM 

ILLINOIS WYOMING EPA 
LEACHATE, WPPM COAL COAL LI M IT@) 

(1) USING 12/12/78 EPA TOXICANT EXTRACTIO'N PROCEDURE 
(2) 10 TIMES EPA PRIMARY DRINKING WATER STANDARD 
(3) GASIFIER PURGE 

- (4)REACTORCHUNK 



FIGURE 10 

EDS FUEL,OlL COMBUSTION TEST 

a ILLINOIS NO. 6 COAL 

COMBUSTION WITH 10% EXCESS AIR 
EDS COAL LIQUIDS PETROLEUM FUEL OILS 

PARTICULATE EMISSIONS 400 - 1 000°F ' 4OO0F+ LSFO RSFO 
ASH CONTENT OF SAMPLE, WTYo ,0.027 0.03 0.02 0.08 

TOTAL PARTICULATES 
WT% ON FUEL 

NOx EMISSIONS - . . 

NITROGEN, WT% ON SAMPLE 0.55 0.81 0.13 0.44 

FLUE GAS  CONCENTRATION,(^) PPM 490 580 300 440 

(1 ) CORRECTED TO 3% O2 



FIGURE 11 

ENVIRONMENTAL CONTROLS DEVELOPMENT STRATEGY 

AIR 

- QUANTl FY ECLP COAL CRUSHINGIHANDLING EMISSIONS 

- ADAPT CRUSHINGIHANDLING EMISSION CONTROLS FROM ELECTRK: POWER INDUSTRY 

- BURN CLEAN FUELS I N  PROCESS FURNACES . . 

- ADAPT FUGITIVE HYDROCARBON EMISSIONS CONTROLS FROM PETROLEUM REFINING 

WATER 

- CHARACTERIZE UNTREATED WATERS FROM LARGE PILOT PLANTS (ECLP/FLEXICOKING 
PROTOTYPE) 

- SIMULATE TREATING SCHEME USING WATER SAMPLES FROM ECLP/FLEXICOKING PROTOTYPE 

SOLIDS 

- PERFORM LEACHINGIPROPERTIES STUDIES ON SOLIDS FROM FLEXICCKIPJG PROTOTYPE 

- ECLP PREPARES FLEXICOKING FEED 

NOISE 

- IDENTIFYIQUANTIFY SOURCES IN  LARGE PILOT PLANTS 

- ADAPT CONTROLS FROM ELECTRIC POWERIPETROLEUM REFINING 

- MONITOR WORKPLACE I N  LARGE PILOT PLANTS 

i t  - .  - .  
k 

- ASSESS ADEQUACY OF HEALTH PROGRAMS 
2 ,& 
9~~~~ L ANIMAL TOXICOLOGY PROGRAM BEING DEVELOPED 

5 . - .  
: 7 :t -. 



A broad occupat iona l  h e a l t h  program i s  planned f o r  ECLP pa t t e rned  
a f t e r  one u t i l i z e d  f o r  t h e  p a s t  14 years  i n  our Baytown Labora to r i e s  and by 
o t h e r  coa l  l i q u e f a c t i o n  p i l o t  p l a n t  opera tors .  The program i s  a seven p o i n t  
program combining engineering c o n t r o l  of emissions, i n d u s t r i a l  hygiene 
monitoring, medical su rve l l ance ,  personal  hygiene, ope ra t ions  and l abo ra to ry  
work p r a c t i c e s  and h e a l t h  educat ion.  Monitoring of t h i s  program t o  a s s e s s  
i t s  adequacy is  planned. An o v e r a l l  t e s t i n g  program t o  s tudy  t h e  toxicology 
of EDS products ,  by-products, i n t e rmed ia t e s ,  and was tes  is  being developed. 

7. OUTLOOK FOR COMMERCIALIZATION 

Turning now t o  t h e  commercial izat ion of t h e  KDS process ,  a p o s s i b l e  
schedule is shown i n  F igure  12. A f t e r  t h e  ope ra t ion  of t h e  l a r g e r  p i l o t  
p l a n t s  i n  t h e  1980-82 t ime per iod ,  a des ign  b a s i s  f o r  an EDS Pioneer  P l a n t  
could be  a v a i l a b l e  i n  1982. Assuming a 3-year design and engineer ing  
e f f o r t ,  cons t ruc t ion  of a Pioneer  P l a n t  could s t a r t  i n  1985 and t h e  s t a r t - u p  
ope ra t ions  could begin  i n  1988 o r  1989. Current  e s t ima te s  p l a c e  t h e  c o s t  of 
such a Pioneer  P l a n t  capable  of process ing  13,000 tons  of c o a l  p e r  day a t  
around $1.5 b i l l i o n  (1979 d o l l a r s ) .  Such a p l a n t  would be  one t r a i n  of a 
commercial p l a n t  and would produce 25,000 t o  30,000 b a r r e l s  of c o a l - l i q u i d s  
p e r  day. It would be designed f o r  p o s s i b l e  expansion l a t e r ,  t o  twice t h e  
s i z e  by t h e  a d d i t i o n  of a second p roces s  t r a i n ,  i f  and when j u s t i f i e d .  

Design of f u l l  s i z e d  commercial p l a n t s  might s t a r t  a f t e r  t h e  
Pioneer  P l a n t  ope ra t e s  f o r  a year .  I n  t h e  c a s e  of t h e  i l l u s t r a t e d  develop- 
ment schedule f o r  t h e  EDS Coal Liquefac t ion  Process ,  t h i s  could mean 1989, 
and cons t ruc t ion  could begin  i n  1992 wi th  s t a r t -up  i n  ,1997. 

Of course,  a s y n t h e t i c  f u e l s  i ndus t ry  w i l l  no t  develop i n  t h e  
p r i v a t e  s e c t o r  un le s s  t h e r e  is  an  expec ta t ion  of a reasonable  r e t u r n  on 
investment.  Another o b s t a c l e  t o  commercial izat ion of c o a l  l i q u i d s  technology 
a r e  c u r r e n t  environmental and pe rmi t t i ng  d i f f i c u l t i e s  which cause long 
de l ays  i n  p r o j e c t  implementation and c r e a t e  s i g n i f i c a n t  r i s k s .  It is 
hoped t h a t  t h e  formation of t h e  Energy Mobi l iza t ion  Board now be ing  
considered by t h e  Congress w i l l  a i d  i n  reducing delay. I n  a d d i t i o n  one 
purpose of meetings such a s  t h i s  is t o  improve communications on t h i s  
problem. 

Environmental concerns cannot be ignored. However, a d d i t i o n a l  
l e g i s l a t i o n  may.be r equ i r ed  f o r  syn fue l s  development t o  a l low demonstrat ion 
of t h e  technologies  on a commercial s c a l e  t o  o b t a i n  r e a l i s t i c  environmental 
da ta .  In  doing t h i s ,  a g r e a t e r  p u b l i c  understanding of t h e  need f o r ,  and 
impact o f ,  s y n t h e t i c  f u e l s  must be achieved. 

I n  summary, programs f o r  t h e  EDS Large Liquefac t ion  and FLMICOK- 
I N G  p i l o t  P l a n t s  have been def ined  and s t a r t u p  of ECLP is i n  progress .  
These programs should provide  t h e  d a t a  base needed f o r  s c a l e  up t o  commercial 
s i z e ,  and he lp  i n s u r e  t h a t  commercial EDS coa l  l i q u e f a c t i o n  p l a n t s  w i l l  be  
environmental ly  acceptab le .  

February 12, 1980 
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