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The U. S. Department o f  Energy, O f f i c e  o f  Environment, O f f i c e  o f  Environmental 
Assessments, i s  conducting a p ro j ec t  e n t i t l e d  Techno1 ogy Assessment of Solar 
Energy (TASE) Systems, t o  evaluate the range o f  po ten t ia l  environmental , health, 
and socioeconomic consequences o f  rapid,  large-scal e commercial i z a t i o n  o f  so l a r  
technologies. The goal o f  t h i s  proj'ect i s  t o  i d e n t i f y  and analyze both the 
p o s i t i v e  and negative e f f ec t s  o f  so la r  technology deployment. The p ro j ec t  w i l l  
provide a basis .for avoiding po ten t ia l  problems and f o r  grasping oppor tun i t ies  
dur ing the t r a n s i t i o n  t o  so la r  energy i n  the  U. S. 

.Massive so la r  development w i l l  f o rce  major increases i n  the use o f  those raw 
mater ia ls  needed t o  make so la r  system components. Along w i t h  t h i s  increased 
resource consumption and production w i l l  come associated po l lu t ion .  I n  add i t ion,  

. r ap id  so la r  energy development may mean s i g n i f i c a n t  secondary o r  unplanned 
changes i n  i n s t i t u t i o n s  and l i f e s t y l e s  as the nat ion moves toward greater use 
of so la r  energy systems. The TASE p ro jec t  i s  designed t o  provide a quan t i t a t i ve  
analysis o f  the d i r e c t  and i n d i r e c t  e f f e c t s  o f  so la r  energy use. I n  so doing, 
i t  w i  11 help define an environmental l y  acceptable so la r  fu ture .  

This r epo r t  i s  an element o f  the TASE Solar Technology character izat ion Series. 
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INTRODUCTION 

The Technology Assessment of So la r  Energy Systems (TASE) is being 

conducted by t h e  Division of Technology overview (Office o f  Technology 

Impacts) of t h e  Off ice  o f  t h e  Ass is tant  Secre ta ry  f o r  Environment 

(ASEV/OTI/DTO) of  t h e  Department of  Energy (DOE). Analytical  e f f o r t s  

have been undertaken by severa l  of t h e  DOE na t iona l  l abora to r ies  f o r  

Phase I o f  t h e  TASE program. This r epor t  p resen t s  t h e  Phase I assess-  

ment o f  assigned technologies by t h e  Lawrence Berkeley Laboratory (LBL). 

Two renewable resource technologies have been a l l o c a t e d  t o  LBL f o r  

ana lys i s  i n  t h e  TASE program: Municipal S o l i d  Waste (MSW) energy 

conversion and cogeneraton. 

The primary ob jec t ive  o f  t h e  TASE progralrl i s  t o  determine t h e  probable 

consequences t o  t h e  environment and t o  pub l ic  'heal th  and s a f e t y  r e s u l t i n g  

from widespread implementation of major s o l a r  and renewable resource tech- 

nologies.  The s p e c i f i c  p r inc ipa l  Phase I ob jec t ive  i s  t o  determine t h e  

l e v e l s  of r e s idua l s  m o s t ' l i k e l y  t o  r e s u l t  throughout t h e  complete energy 

cycle  from t h e  u t i l i z a t i o n  o f . each  of  t h e  s o l a r  and renewable resource 

technologies.  

A t  a time of r i s i n g  energy p r i c e s  and diminishing domestic suppl ies  

of crude o i l  and n a t u r a l  gas, many munic ipa l i t i e s  a r e  a l s o  faced with 

a s o l i d  waste management c r i s i s .  The cos t  of d i r e c t  l a n d f i l l  d isposal  

i s  r i s i n g  and a v a i l a b l e  l a n d f i l l e d  sites are becoming scarce i n  many areas .  

Recovery o f  energy resources from h S W  presen t s  a p a r t i a l  so lu t ion  t o  

both a reas .  MSW energy recovery can reduce t h e  mass of l a n d f i l l e d  wastes 

by a s  much as, 95 percent  and can t a p  a vas t  liew energy resource. The 

year ly  c o l l e c t i o n  of  MSW is  est imated t o  be 125 mi l l ion  tons  nationwide 

(Lowe, 1974). The t y p i c a l  energy content  of raw M S W  is  4500 Btu/lb. 

Thus,the maximum p o t e n t i a l  energy resource base is  enormous (1.25 x 10 15  

Btu/yr) . 
Three b a s i c  technologies f o r  recovering energy from MSW a r e  considered 

i n  t h i s  s tudy.  These a r e :  (1) d i r e c t  combustion us ing a waterwall inc inera-  

t o r  i n  which t h e  heat  from burning re fuse  i s  converted t o  steam by c i r c u l a t -  

ing water i n  s t e e l  tubes  jacketing t h e  i n t e r i o r  o f  t h e  inc ine ra to r ;  

(2) manufacture of  a r e l a t i v e l y  uniform shredded, pulverized o r  p e l l e t e d  

refuse-derived f u e l  (RDF) for .supplementa1 f i r i n g  i n a u t i l i t y  b o i l e r ;  and 



(3 )  pyro lys i s  o r  d e s t r u c t i v e  d i s t i l l a t i o n  of MSW t o  e x t r a c t  a low-Btu 

f u e l  gas. iVhtle resource  recovery and energy recovery systems can be 
C 

i n s t a l l e d  independently, t h e  processes described here  include both 

energy and resource  recovery systems a s  w e l l  a s  necessary p o l l u t i o n  

con t ro l  equipment f o r  gaseous emissions. While it i s  r e a l i z e d  t h a t  

o t h e r  MSIV resource ' r ecovery  technologies  a r e  being developed 

(e.g.  anaerobic d i g e s t i o n  o r  methane recovery from l a n d f i l l s ) ,  only 

t h e  t h r e e  technologies  mentioned above have been s e l e c t e d  f o r  inc lus ion 

i n  t h i s  s tudy.  

~ n i t i a l ' b ~ ~  energy recovery i n  t h e  United S t a t e s  involved the 

r e t r o f i t  o f  waste hea t  b o i l e r s  onto e x i s t i n g  i n c i n e r a t i o n  u n i t s .  

Addi t ional ly  var ious  i n c i n e r a t o r s  have been r e t r o f i t  with d i r e c t  

- waterwall hea t  recovery systems. Beyond t h e  d i r e c t  combustion techniques,  

MSW energy recovery technology has not  reached a l e v e l  o f  development 

a s soc ia ted  with on- l ine  commercial app l i ca t ion .  Rather, e x i s t i n g  RDF 

and pyro lys i s  p l a n t s  a r e  supported a s  e i t h e r  t e s t  p l a n t s  o r  a s  demon- 

s t r a t i o n  p l a n t s .  The p r i n c i p a l  prob.lems assoc ia ted  with c.ommercializa- 

t i o n  of t h e s e  technologies have been t echn ica l  performance. problems 

with e x i s t i n g  system designs and . f a i l u r e  t o  success fu l ly  market 

f a c i l i t y  energy products  (Schnelle  and Yamamoto, 1974). 

Current "on-1 ine" and planned M S W  energy and/or resource recovery 

p l a n t s  a r e  l i s t e d  i n  Appendix C (Table C-1). Addit ionally,  Appendix C 

conta ins  a l ist  a f p r i v a t e  companies involved i n  MSW r e sea rch  and. 

development (Table C-21, and an inventory of cu r ren t  r e s e a r c h ' a c t i v i t i e s  

(Table C - 3 )  . Table 1 summarizes t h e  cu r ren t  an3 projec ted  on- l ine  

capaci ty  and approximate e l e c t r i c a l  energy genera t ing  p l a n t  equivalent .  

The r e s u l t i n g  t o t a l  1985 MSW energy capac i ty  o f  3135 MWe i s  conservative 

s i n c e  requi red  l ead  time for most MSW energy recovery p l a n t  types i s  

less than four  years ( p l a n t s  could be on- l ine  i n  1985 and no,t a~inounced 

u n t i l  l a t e  1980). 

A t  t h e  o t h e r  (op t imis t i c )  end o f  t h e  poss ib le  fo recas t ing  spectrum, 

S t .  C l a i r  (1975) repor ted  on t h e  r e s u l t s  of a s ~ ~ r v e y  of U.S. c i t i e s  

i n  which 33 percent  o f  a l l  responding c i t i e s  with populations., over 

100,000 and 45,percent  o f  a l l  c i t i e s  responding with populat ions over 

250,000 p lan  t o  adopt capital-intensiveMSW,resource and/or energy , . 



Table 1 ' 

Summary of  Current and Projected MSW Energy Recovery Operational P lan t s  

'includes opera t iona l ,  demonstrst ion arid t e s t  p l a n t s .  

'~11 Planned P lan t s  a r e  scheduled t o .  be o n - l i n e  by 1985'. 
. . 

, 

Tota l  

TPD Mwe 
Capacity Equivalent 

19,620 11 30 

33,063 
3 

1905 

1698 100 

54,381 3135 MWe 

3 ~ l a n t  Capacity (We) a t  60 percent .  capac i ty  load f a c t o r  requi red  
t o  generate t h e  amount of e l e c t r i c a l  energy which could be produced 
from MSW using mean conversion e f f i c i e n c i e s  l i s t e d  i n  Table C-4 o f  
t h i s  r e p o r t .  

Planned P lan t s  
2 

TPD MWe 
Capacity Equivalent 

10,400 600 

26,900 1550 

0 0 

37,340 2150 

- 

Type of 
System 

Direct  
Combustion 

RDF 

~ i r o l ~ s i s  

Tota l  

4 ~ n c l u d e s  325-TPD St. Louis, p l a n t  n o  longer  on- l ine .  

1 
On-Line P lan t s  

TPD MWe 
Capacity Equivalent 

9180 5 30 

6 1 6 3 ~  35 5 

1 6 9 8 ~  100 

17,041 985 

5 ~ n c l u d e s  75-TPD ~ r i e  County, N.Y .  p l a n t  a n d  1000-TPD Baltimore p l a n t ,  
n e i t h e r  o f  w h i c h , i s  c u r r e n t l y  on- l ine .  



recovery facilities by 1980. Extrapolated ac ross  t h e  courrtry, t h i s  

would i n d i c a t e  a near-term MSW energy capac i ty  o f  a s  much a s  40,000 . 

W e .  Actual 1985 on- l ine  MSW energy recovery may be  expected t o  

f a l l  somewhere between t h e s e  two extreme values .  

The p r i n c i p a l  f o r e c a s t i n g  impl ica t ion  o f  Appendix C i s  t h a t  

1" 7 . ... . :. near-term MSW energy recovery a c t i v i t y  w i l l  b e  dominated by d i r e c t  
i 

combuktion arid RDF systems with p y r o l i s i s  ga in ing r e a l  importance 
I 

i n  t h e  long term (1990 o r  l a t e r )  based upon t h e  r e s u l t s  o f  ongoing 

p y r o l y s i s  t e s t i n g  and resea rch .  

Cogeneration has r e c e n t l y  rece ived increased a t t e n t i o n  from 

u t i l i t i e s ,  i n d u s t r i e s ,  and those  involved i n  t h e  p u b l i c  p o l i c y  o f  

energy supply and demand. I n t e r e s t  is based on t h e  ve ry  high energy 

e f f i c i e n c y  and t h e  p o s s i b i l i t y  of reduced emissions from power genera- . 

t i o n .  Cogeneration systems a r e  modified power p l a n t s  which provide 

both e l e c t r i c i t y  and process  hea t  o r  ;steam, such as requ i red  by many i; 
i g i n d u s t r i e s  and some l a r g e  commercial ,and r e s i d e n t i a l  bu i ld ings .  The I 
I C 

systems may use  steam b o i l e r s ,  steam t u r b i n e s ,  e l e c t r i c  genera tors ,  

gas  t u r b i n e s ,  d i e s e l  engines,  and waste heat  b o i l e r s .  T r a d i t i o n a l l y ,  

cogenerat ion has  been a system where high p ressure  steam is used i n  a 

t u r b i n e  t o  genera te  e l e c t r i c  power and low-pressure steam, which i s  

used f o r  i t s  hea t ing  value  i n  an i n d u s t r i a l  process .  There a r e  o t h e r  

equa l ly  v a l i d  processes us ing  t h e  same p r i n c i p l e .  

Three end u s e  a p p l i c a t i o n s  of  cogenerat ion systems a r e  charac- 

t e r i z e d  i n  t h i s  r e p o r t .  The end uses  analyzed inc lude:  (1). f l u i d i z e d  

bed cogenerat ion systems f o r  use  i n  t h e  pulp  and paper indus t ry ;  

(2) d i e s e l  system us ing t h e  d iges ted  sewage gas  o f  a sewage t rea tment  

p l a n t  f o r  e l e c t r i c i t y  genera t ion  a s  well  a s  hea t ing .and  pumping; and 

(3) an enhanced o i l  recovery system. 

No new technology i s  needed f o r  cogenerat ion systems and, i n  f a c t ,  

a f e w  cogenerat ion systems have been opera t ing  f o r  many years .  Though 

common i n  Europe, cogenerat ion has s t e a d i l y  .decl ined i n  t h e  United 

S t a t e s ,  l a r g e l y  because of i n s t i t u t i o n a l  b a r r i e r s  and t r a n s i t i o n  

c o s t s .  Nevertheless,  f u n c t i o n a l l y  cogenerat ion i s  q u i t e  a t t r a c t i v e  

because o f  i t s  very h igh e f f i c i e n c y  o f  f u e l  use,  corresponding decrease  

i n  p o l l u t i o n  and n e g l i g i b l e  consumption o f  water. For t h e s e  reasons,  



. 
people a r e  advocating publ ic  p o l i c i e s  t o  remove i n s t i t u t i o n a l  

b a r r i e r s  and encourage cogenerat ion.  Estimates of t h e  cogeneration 

capaci ty  o f  t h e  uni ted  S t a t e s  i n  1985 range from 20 t o  250 GW. . . 

To meet t h e  Phase I ob jec t ive ,  LBL s t a f f  have charac ter ized  the  

individual  app l i ca t ion  associa ted  with each general  t.echnology;. 

ca lcu la ted  opera t ional  res idua1s .genera ted  by each app l i ca t ion ;  

determined t h e  input  c a p i t a l  requirements and, when possib.le,  annual 

opera t ing  input  requirements; and have i d e n t i f i e d  t h e  t echn ica l  and 

i n s t i t u t i o n a l  c o n s t r a i n t s  f o r  t h e  widespread implementation of each 

a p p l i c a t i o n .  

A descr ip t . ion  is  presented of  t h e  energy and mate r i a l  development . 

c y c l e . r e q u i r e d  f o r  t h e  implementation o f  each technology. In add i t ion ,  

t h e  c a p i t a l  requirements a r e  compiled and presented i n  a SEAS system 

format. These c a p i t a l  c o s t s  w i l l ' b e  used a t  a l a t e r  time t o  compute 

t h e  ma te r i a l  demands and c a p i t a l  r e s i d u a l s .  

Based on t h e  technology c h a r a c t e r i z a t i o n ,  es t imates  of  t h e  opera t ing  

r e s i d u a l s  pe r  1012 Btu of  energy produced a r e  made f o r  each s t age  i n  . 

t h e  energy cyc le .  The r e s u l t s  of  t h i s  a n a l y s i s ,  which represented 

t h e  expected l e v e l  of  p o l l u t a n t s  discharged t o  t h e  environment, w i l l  

be used i n  Phase I1 t o  determine t h e  environmental impact o f  t h e s e  

s e l e c t e d  technologies a s  a func t ion  of t h e  number o f  quads of energy. 

produced and a r e  summari.zed i n  SEAS input  format i n  Appendix A.  



,TECHNOLOGY APPLICATIONS 

Direct Combustion of M S W  

Introduction 

Of the three MSIV energy recovery. techno.logies. considered for this 

study only direct combust ion systems depend entirely upon existing equip- 
. . 

ment and processes. Direct combustion systems generally involve no front 

end systems but rather load h E 1 V  directly into incinerators. They may be 

differentiated from RDF systems by this absence of prc-processing of 

received refuse which is a necessity in the RDF process.. I n  general, 

.MSW i,s delivered directly' into an incinerator and burned with the resulting 
. . .  

heat being partially recaptured through boilers or. ' much less often, 
. . 

through gas turbines. The char is'removed to either a resource recovery - .  , 

process or is land filled, and the'waste gas stream is treated and 

released after energy recovery. Several direct incineration systems, 

however, do employ coarse shredders before incineration. Further pre- 

processing would shift this process to an RDF process. Only two basic 

energy products may be obtained from direct combustion systems: steam 

' and electricity; 

There are two general types of direct combustion'systems currently 

being used.in the U.S.: refractory wall incinerators and waterwall 

incinerators. Steam is a basic energy product of both syst.oms which can 

be converted to electricity in a' steam turbine. ~efractory wall incinera- 

.tors have been used for many years as MSW volumetric reduction incinerators. 

In volume reduction incineration no energy is recovered and all heat 

escapes up the plant stacks. The conversion of such a plant to .a steam- 

producing plant conceptually requires only the insertion of a boiler 

between the incinerator and the stack. 

Wvterwoll incineration tezhnology lias existed in the U.S. for 

25 years and was designed specifically for energy recovery operations. 

In a waterwall incinerator steam boiler tubes are located along an upper 

wall of the incinerator, and steam is generated directly in the incinera- 

tor. A more detailed review of these two systems and of their operating 

characteristics is contained in Appendix F tb this report. 
i 

)I / 
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Technology Description 

Because of its smaller waste gas flow and lower waste gas water 

vapor content, a waterwall incinerator system was selected as the model 

application for direct combustion technology. Figure 1 shows a detailed 

'process flow diagram for a typical waterwall incinerator system. MSW 

is received directly from local collection trucks into a large holding 

pit from which material is transferred by crane into the waterwall 

furnaces. Bulky items are separated and shredded prior to incineration. 

Furnace temperature is maintained at 1700' R to 1800' F to avoid 

slagging. Solid residue is quenched and undergoes a resource recovery - 
process as described in Appendix B. This type of system, exemplified 

by the Wheelabrator-Frye design, can operate with as little as 70% excess 

air instead of the, 250% to. 300% typical of refractory wall incine='ators. 

Output steam is usually in the range of 400-600 psi and 500-700' C. 

Electrostatic precipitators are used to clean the gas stream prior to 

discharge. Major technological characteristics of this system are 

summarized in the Technology Summary Sheet - I. 
The major inputs and outputs from this system are summarized in 

Table 2. As shown, ener$y recovery efficiency is 69.9% and total system 

efficiency (including ancillary energy requirements) is 68%. The system, 

as shown in Table 2, produces 1 x 1012 Btu of steam per year and this 

represents apdrOximately 1.25 x 1012 Btu of fossil fuel equivalent energy. 

This equivalent represents an annual savings of approximately 50,000 tons 

oE coal. Purthcr dctail on'this equivalency calculation is provided in 

Appendix F. Residual concentrations are included in the Environmental 

Data section. 
I 

Refuse- Derived cue1 . 

Introduction 

Municipal solid wastes (MSW) contain substantial quantities of 

combustible material such as paper, plastics, wood and other organic fiber. 

Since MSW varies in composition from area to area, the resulting refuse 
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TECHNOLOGY SUMMARY SHEET - I ' 

TECHNOLOGY: Direct combustion of MSW 

DESCRIPTION: Direct combustion systems involve the aerobic combustioh 

of MSW without any preprocessing of the received MSW prior 

to incineration. Waste heat is captured by either steam 

boiler tubes inserted directly into the furnace (waterwall 

system) or through a separate boiler (refrztory wall). 

Produced steam may be used directly or converted to electrical 

energy. Solid char residual may be directly landfilled or 

subjected to iron, aluminum and glass recovery processes. 

Waterwall systems require less excess air (100%-150%) than 

refractorywall systems (250%-350%), and burn at slightly --  

higher temperatures (1100-2000°~) than refactory wall 

systems (900~-1500~~). Plant capacities for both waterwall 

and refractorywall systems vary from several hundred to 

several thousand TPD with greater economies of scale possible 

at the higher plant capacities. Product steam quality can 

vary up to the range of 750'~ and 600 psi. 

DESIGN SELECTION - - 

- - CRITERIA: Direct combustion has been selected for characterization for ---- 
several major reasons. First, the system uses only existing,',' 

lloff-the-shelf" technology. Second, it is a low-cost 

alternative. Third, it is compatible with many existing 

municipal incinerators used to reduce the volume of landfill 

material. Fourth, it is currently being used in over 50 

cities within the United States. 

The waterwall sxstem was selected for characterization 

because its lower off-gas flow rate increases the efficiency 

of emissions control equipment and decreased residual' flow 

rates, because the system has a higher efficiency, and 

because average costs are slightly lower than refractory wall 

systems. 

END USE: Steam - either for district hearing or fur illdustrial 
process heat. 



TECHNOLOGY SUMMAR'f SHEET - 1 (continued) 

RESIDUALS: The basic system design includes both electrostatic precipi- 

tators and scrubbers. However, significant flows of both 

air and waterborne residuals are generated which result in 

the highest residual generation rate of all MSW energy 

recovery systems. Stack,gas includes NO CO, HCl, Mig, x ' 
particulates and SO2. While the scrubber waste flow is 

acfdfc, high in dissolved solids and hardness, the quench 

waste has a pH'of 9.9, is high in suspended solids and 

is 90'~ at the outlet. 

v 
4 
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Combustion Inputs and Outputs 

Amount per 1012 R t u  outputlyear 

10.8 acres  . . ,  

6 ~ 1 . 4  x 10 Hrs. 

. . ~ $ 4 8  x 10 
6 

5 
1.57 x 10 Tons (1.43 x 10" ~ t u )  

5 1.008 x 10 -Tons 
2.94 x 10" B t u  

6 ~ $ 2 . 5  x 10 

. . .  
.-25,000 Hrs . 

4.72 x lo5 4 Tons'(1 x 10" Btu) 

1.18 x 10 Tons 
8.65 x lo3 Tons 

4 1.73 x 10 Tons 
6 1.63 x 10 Tons 

1. 008 x lo5 Tons . . 
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Summary of Direct 
. . . .  

' Parameter 
. . . .  . . 

INPUTS 

Capital Inputs 
Land 

. . 

Labor 

Dollars ' 
. . 

. . .  . . .  . . .  

operational Inputs 
. . 

MSW 

Process Water 

E l ec t r i c i t y  

. . . . .  Other Material Costs 
. . .  

Labor . . .  

. . . . . . . . . . . . . . .  

OUTPUTS 

. . 
Steam 

Iron . '  ., . . .  

Glas's Aggregate .' . '. ' . 

. . .  .Char. 
. . . . .  Stack Emissions . . '  

. . 
Waste Water Flows ' , 

, . 

? 

. 
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fuel may also have,a different content. Appendix G contains a brief 

discussion of the chemical characterization of RDF., If properly pro- 

cessed, MSW can serve as an energy source offering the advantage of . . 

Ittapping" an otherwise wasted material.' Its use can decrease demand for 

more conventional fossil fuels such as natural gas, oil or coal. . . *.: . , '  
utilization of MSW also greatly reduces the volume-of refuse for disposal, 

thus relieving pressure on landfill operations. 

Several of the methods proposed for the mechanical processing of MSW, , 

-for resource recovery produce a low bulk density fraction suitable 'for 

use a s  a fuil. The list of con~ersion processes includes: 

. 1 wet processing (hydropulping) followed by component Y 

separation and dewatering of the fuel frac.Lioil. This yrucess is , 

demonstrated by Black Clawson at Franklin, Ohio. 

2) dry processing (shredding) followed by chemical processing ' ' 

to produce what is called ECO-Fuel 11. This process is demonstrated ! , , 

by the Combustion Associates plant at East ~rid~ewater, Massachusetts; 

and 

3) dry processing (shredding) followed by air classification. ' 
7 

This process is demonstrated by several projects including Union 

e .  , Electric in St. Louis and the cities of Ames and Milwaukee. 

The technology description w i l i  focus on the finely shredded air- 

classified fuel, since the major part of the experience relates to this 

technology. The product is combustible with a reasonably high heat of 

combustion and is being utilized as a supplementary fuel in the utility 

boilers at several locations [see Appendix C). In Technology-Summary 
Sheet - I1 is a description of the RDF technology selected as the model 
system for the analysis. 

Technology Description 

The co-combustion of RDF with a fossil fuel in a modern power plant 

is a very cost-effective form of incineration (Klumb, 1976). The major 

advantage is its low investment cost, if existing furnaces and boilers 

are used, when compared with other alternatives. Use of RDF as a fuel 



TECHNOLOGY SmblARY SHEET - I1 

TECHNOLOGY: Refuse Derived Fuel 

DESCRIPTION: Municipal solid waste contains many valuable constituents 

which can be extracted by the RDF process and used for fuel. 

Because the composition of the input waste changes with time 

and location, there is no standari figure of merit which 

defines the precise heat value of this.fue1.. Despite this 

non-uniformity, the co-combustion of RDF with coal or oil 

can significantly reduce our Pependence on more conventional 

fuels. . . , . 

In this process solid waste is collected, shredded, 

air classified, transported and burned. Alternativ,e processes 

use hydropulping instead of shredding. Costs are related 

to the degree of MSW preparation and the value of the derive'd 

fuel. 

DESIGN SELECTION 

CRITERIA: The design is based on the Horner and Shifrin RDF system 

used in' the city of ~ k .  Louis. The process assumed .the 

outputs, including residues, related to an input of .lo00 tons 

per day. The system produces.an approximated 725 tons per 

day of refuse-derived fuel which has, an average heat value . 

6 of 11.4 x 10 Btu/Ton. The.Horner and Shifrin system was 

selected because it has been employed~successfully to process 

MSW into a fuel that can be co-fired with coal in a utility 

boiler. Furthermore, there is extensive literature available 

which describes the technical and environmental concerns of 

the 

END USE: RDF combustion results in process steam production which 

has a typical value of 7.19 x lo6 Btu per ton of M S W  input 

at 63.percent efficiency. 

RESIDUALS: Process residuals include heavy metals, ash, water emissions 

and air emissions such as NO C1, SO2, and particulates. x 
Shredders produce noise emissions, odors, and airborne, 

particulates. .. 



. . 
source requ i res  more processing than does d i r e c t  burning. ' Such 

processing r e s u l t s  i n  t h e  expenditure o f  c a p i t a l  monies' a s  well a s  
. . 

t h e  annual cos t  of opera t ion and .maintenance.. Table 3 s u k a r i z e s '  

cos t  .est imates f o r  t h r e e  d i f f e r e n t  s i zed  RDF systems. The cos t  
. . 

o f  processing is '  a complex .function of severa l  . v a r i a b l e s , .  including': . . , . - . . 
. . 

1) ' s i z e  of  RDF processing f a c i l i t y  , ' ' . . 

2) Locat ion of  RDF processing f a c i l i t y  and po in t s .  o f .  RDF .use . . 
. . . . .. . 

3) Operating schedule . . . . 
. . 

. . 
4) Cost of  MSW reeeived 

5) Cost of  energy 
I 

6) Cost of  a l t e r n a t i v e  means o f  municipal , . refuse d isposal  

. . 
metals ,  aluminum and g l a s s .  . . .  

. . 
. . . .. 

, 8) Costs of  o b t a i n i n g r a w  . . garbage. . . .  

In  the  shredded RDF system (see Figuie 2),, t h e  re fuse  i s  del ivered . .  

t o  a prepara t ion a r e a  where bulky items (e.g., mat t resses)  a r e  separated 

o r  sheared t o  a s i z e  t h e  shredders can handle. The re fuse  i s . f e d  i n t o  .! 
. . 

a hammermill t h a t  shreds t h e  re fuse  t o  8-13 cm. (3-5 in..) Ipa r t i c l es .  
I 

The shredded mater ia l  i s  a i r  c l a s s i f i e d  t o  separa te  t h e  l j g h t  f r a c t i o n  , 
I 

(about 80 percent  of  t h e  input  refuse)  which a r e  primari l) /  the'combustib1:s 1 
m a t e r i a l s  and t h e  heavy non-combustible-fraction (20 percent  of  input  MSW). ' , 

The heavy f r a c t i o n  from t h e  a i r  c l a s s i f i e r  goes t o  a magnetic 

separa to r  which removes t h e  fe r rous  m e f a l s ' t h a t  a r e  cleaned and so ld  a s  , 

scrap.  The r e s t  of  t h i s  f r a c t i o n  is  compacted and sen t  t o  a ' l a n d f i l l .  
. . . . . .  

I t  i s  poss ib le  t o  process t h i s  i n e r t  f r a c t i o n  through a ' s e r i e s  of  s t e p s  . . . . ' .  

t o  recover usable mate r i a l s  such a s  g l a s s ,  aluminum and o t h e r  metals. , . .. 

The l i g h t  f r a c t i o n  from t h e  a i r  c l a s s i f i e r  i s  s e n t  t o  a. seco&lary 

shredder ( f i n e  shredder)  whefe f e  is  rediiced"in. 'size t o  2.5 cw.(l-2 in.)' ' ' . 
. . ,  . 

p a r t i c l e s .  This low dens i ty  RDF can be . piped . over shor t  d i s t ances  or 
. . 

temporari ly s to red  and then hauled by t ruck  over long d i s t ances  t o  t h e  

u t i l i t y .  Po l lu tan t  sources a t  t h e  p rocess ing .p lan t  inc lude dust  from' t h e  . 

shredders and a i r  c l a s s i f i c a t i o n  systems, sound from equipment oper 
, . 

odors, water-borne contaminants from wash o f ' s t o r a g e  a reas ,  and res idue  ; 

dest ined f o r  l a n d f i l l .  . . .  



', . 
. . Table 3 

Annual Production of  RDF as a Function of  Facility Size 
* 

. , Plant Size 

I Proccssins Capacity Units 

Actual Rofusc Per 
Xorking 

Rcquired Process aatc2 

Nominal 0ut?ot3 

PDF Produced 

Ferrous :Ictal Salvazc 

Re j cct !.laterials 

llcat Value of RIIF 

tons/yr 

Btu x 1012 ' 

1 Based on ;-clay work week, 260 daysLyr. . 

2 ~ a s c d  on a 14-hr. day processing operation. 

3!3ased on an S0k production factor t o  account for unsckedul ed down -t iae . 



Fig. 2. Shredded Air-Classified RDF System 
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At the power plant RDF is unloaded into a receiving bin and is 

transferred pneumatically into storage bunkers. From the storage bunker 

the RDF is conveyed by pipelines into the boilers and fired in suspension. 

Sufficient velocity is imparted to the particles to carry them into the 

high temperature zones where along with coal, the particles ignite and 

burn. The refuse firing system is designed to provide from 10-20 percent 

of the boiler input heat. Light particles are carried out with the flue 

gas. Ash and heavy unburned particles fall into the boiler ash pit 

and become part of the bottom ash. 

Principal pollutant sources at the power plant are the boiler stack 

particulate emissions, stack gaseous emissions, bottom ash residue, and 

sluice water used to hydraulically convey boiler residue to the ash 

disposal impountment. Various equipment is employed'to control particulate 

and gaseous emission, including electrostatic precipitators, Venturi 

scrubbers, cyclones, and baghouses. 

The technology description given above represents the Horner.and 

Shifrin fuel recovery process, which was operated by the city of St. Louis 

from 1972 to 1977.' Table 4 contains a summary of the input and output 

of the described RDF system. The values used represent the best estimates 

from the St. Louis project ..(~igore, et al., 1976; Klumh, 1976; and 

Sheng and Alter, 1975). A material and energy balance for the Horner 

and S!lifin R 3 F  system are illustrated in Appendix G (Figures ~ - i  and G - 2 ) .  

With the St. Louis approach as a pattern several applications of 

the,basic process have been employed in other locations. For example, 

the city of Milwaukee has its total volume of MSW (1200 tons/day) handled 

by a resources recovery system. Like the St. Louis system, refuse is 

shredded through two shredders and air classified into light and heavy 

fractions. About 7 percent of the refuse (e .g., newspaper and corrugated 

material) is removed before the initial shredding process. After magnetic 

separation, ferrous metals, glass, and aluminum are segregated and 

marketed. Another example is the 200 ,ton/day recovery system which began 

operation in September 1975 in Ames, Iowa. Both of these operations have 

proven capable of consistently processing both commercial and residential 



Table 4 . . 

RDF System Input/Output Summary 

a~s'surncs no cap i t a l  invcstmcnt fo r  bo i l e r s  o r  addi t ional  a i r  pol lu t ion equipment. 
6 b~sstuncs average heat value of 11.4 x 10 Btu/ton. 

v 

IXPUTS - ---- Amount ncr 1012 Gtu Steam Chttptrt per Year 

Land . 9 Acres 

Capital cos tsa  $ 3 3  lo5 
CSW" 1.39~10 S tons  (1 .58~10 12 Btu) 

Water ,169 ~ a l / m i n .  (272 Acre-ft .) 

Elec t r i c i ty  7 . 9 4 ~ 1 0 ~  Clwhr ( 2 . 7 1 ~ 1 0 ~ ~ ~ t u )  

+ !?!Em 

Steam S 3.3&10 tons  (1 x 1012 Btu) 

Ferrous Clctals 3 3.73 x 10 tons 

. Glass 4 
1.11 x 10 tonc 

Sonfcrrous Xct.als 3 1.39 x 10 tons 

Rcsidue 4 4.73 x 10 tons  

Stack Exhaust ' ' 

4 4.17 x 10 tons  

h'ntai Efflucnr, 2.78 x lo4 rens 

. . ... - - 



waste (Holloway, 1978). 
' , 

. . .  There a r e  numerous o t h e r  processes t h a t  t ransform MSW i n t o  a usable  

- . f u e l . ,  The Black Clawson f u e l  recovery process b a s i c a l l y  involves t h e  

. . separa t ion  o f  f u e l  from o the r  c o n s t i t u e n t s  of  municipal r e fuse  by wet 
. . 

pulping and' ' separat ion techniques used i n  the  paper indust ry  (General 

E l e c t r i c  Co., 1975). ' The r e s u l t i n g  pulped f u e l  i s  o f  a  very f i n e  

consistency,  with about a  .50 percent  moisture content .  No experience 

with extens ive  use o f  t h e  f u e l  i n  u t i l i t y  b o i l e r s  e x i s t s ,  however, a l l  
. . . . eleinents. o f  . . t h e  f u e l  prepara t ion  pro.cess have been i n  opera t ion  a t  t h e  

. . 
. .  . ' . . . m a t e r i a l  . . recovery denonst ra t ion  p l a n t  i n  Franklin,  Ohio. 

. .  . E C O - ~ u e l  11, a c e l l u l o s i c  powder: obtained by t h e  hydro ly t i c  

. . chemica l t r ea tmen t  o f  t h e  organic  f r a c t i o n  d f  r e f u s e  can be p e l l e t e d  

(General ~ l e c t r i c  Co., 1975). This f u e l '  i s  a :denser and more s t a b l e  

type  o f  m a t e r i a l  which can be mare e a s i l y  s to red  and t r anspor ted .  

S ince  ECO-Fuel I1 i s  a homogeneous f u e l  s i m i l a r  t o  powdered coa l ,  it 

can probably be used a s  a  l a r g e r  f r a c t i o n  of t h e  t o t a l  f u e l  i n  co-combus- 

t'ion: The ex ten t  t o  which t h i s  type o f  RDF can be employed i n  e x i s t i n g  

o r  new u t i l i t y  b o i l e r s  has no t  been demonstrated. 

The Combustion Power Corporation (PU-400 process (Menlo Park)) 

i s  a package p l a n t  designed t o  consume 400 tons  o f  waste p e r  day 

(Schn,:lle and Yamanoeo, 1 9 7 5 ) .  Steel , .  g l a s s  and aluminum a r e  separated 

ou t ,  and most o f  t h e  balance i s  burned i n  a f l u i d i z i n g  bed combustor 

with head recovery accomplished by us ing a gas tu rb ine  genera tor .  The 

; process is  modular i n  n a t u r e  and can be expanded t o  l a r g e r  s i t e s .  
. . 

I t  i s  recommeided' t h a t  any one. o r  a l l  of these  a l t e r n a t i v e  methods 

f o r  MSW . f o r  use '  a s  RDF be analyzed i n  any f u t u r e  cha rac te r i za -  

t i o n  o f  s o l i d  waste conversion systems. 

Pyro lys i s  . . . . .  

. . 

Pyrolys is  is. a  process '  i n  which organic  ma te r i a l  i s  decomposed a t  

e levated  temperatures i n  e i t h e r .  a  low oxygen o r  an oxygen-free environ- 

ment. un l ike  i n c i n e r a t i o n  with a i r ,  which i s  a h ighly  exothermic reac t ion ,  



pyrolysis  i s  endothermic and requires  t h e  app l ica t ion  of heat, e i t h e r  . . 

through the  addi t ion o f  f u e l s  o r  through p a r t i a l  oxidation of t he  

pryolysis  react ion.  Again, unl ike  incinerat ion,  which produces primarily 

carbon dioxide and water, pyrolysis  produces a complex mixture of 

pr imari ly  combustible gases, l iqu ids  and s o l i d  char res idues  (Weinstein 

and Toro, 1976). 

Pyrolysis  o f f e r s  several  s i gn i f i c an t  advantages over MSW energy 

recovery systems. F i r s t ,  e i t h e r  gas o r  l i qu id  f u e l s  may be d i r e c t l y  

produced by conLrulling t h e  dcsign of  t h e  reac t ion  vessel and t h e  

r e a c t i o n  temperature. Second, pyrolysis  requires  t he  addi t ion of only 

small volumes of a i r  and thus  has a much smaller  gaseous wastestream 

t o  deal  with f o r  emissions control .  I n  t h e  case of gas producing 

systems atmospheric emissions a r e  almost e n t i r e l y  eliminated. 

,The major drawbacks ,of pyrolysis  a r e  t h a t  t h e  technology i s  s t i l l  

i n  a developmental s tage and has not  been demonstrated i n  a la rge  p lan t ,  

and t ha t  both t h e  c a p i t a l  and operating cos t s  c f  a pyrolysis  tend t o  

be higher than RDF systems. 

The chemistry o f  a pyro ly t ic  reac t ion  i s  described i n  Appendix H. 

The product mix of  t h i s  react ion i s  highly  s ens i t i ve  t o  t h e  reac t ion  

temperature. Thus, t he  temperature o f  reac t ion  i s  used t o  d i s t ingu ish  

two general types o f  pyro ly t ic  reactions:  those designed t o  produce 

gaseous energy products and those designed t o  produce o i l s .  The reac t ion  

temperature i s  adjusted t o  maxiknize t h e  production of  t h e  desi red produce 

(gas o r  o i l )  and, s ince  both gas and o i l  a r e  always .produced i n  a 

pyro ly t ic  reac t ion ,  t he  o ther  product i s  consumed a s  an a u x i l i a r y  

fue l  within various elements of t h e  ove ra l l  process. 

Figure 3 shows the  schematic flow f o r  a l l  pyrolysis  processes. 

The f ron t  end systems general ly  include s h r e d d i ~ ~ g  and c lass i fy ing  and 

may include drying and screening p r i o r  t o  t he  pyrolysis  reaction. For 

o i l  producing systems such a s  t h e  Garre t t  Research p lan t  a t  San Diego 

(see Appendix H),  gas products a r e  drawn o f f  following t h e  pyrolysis  

react ion and used primarily as a heat  source f o r  E4SW drying. These 

systems then depend on e i t h e r  p a r t i a l  oxidation o r  t he  use of supplemental 



Solid b liquid Y F ]  
Fine Shredder LC7 

, ~ + ~ a - - ~ ~ o m  + 0 . 
o Pyrolysis - Oil Emissions Control Emissions 

Chor b Ash 

XUL IUlU-11614 

Fig. 3. MSW Pyrolysis Schematic Diagram 



. . . . .  ' .  fuels to drive the pyrolysis process. Gas producing systems'such as 
;. , 

. 
: - '-. .Union Carbide's PUROX plant, on the other hand, generally use the oil 

. . 
. -. produced by pyrolysis as the fuel to drive the pyrolytic reaction and 

. . . . . . . . .  . . .  . .  . thus need no auxiliary, fuel. . . . . 
. . 

9 . .  
. . 

. . ' 
, While the genkral systemdescribed above is most representative 

. . .  
. . . . .  

, . .  of the current !generation, .systems are being tested which bypass . I ' I  t - 
. . . . . . .  : ~ o s t  of t!le fiont end. processes. This t m e  of svstem (,see . 

. . 
Monsanto' s '~and~uard plant in Appkndix H) uses only a coarie shredder 

before feeding the unclassified and unsorted MSW into a rotary kiln. 

The char from such a system contains recyclable glass and metal and 
. . 

is fed into the resource recovery proc.ess. The low grade off-gasses' 

, . are fed into an afterburnerlheat exchanger to generate:'steam for use 

in district heating. .In pyrolytic oil or gas ,systems the basic ene.r:gy 
. . 

product is the gas or oil itself. Conversion processes may then be 

used to convert this product to steam or to electricity for an end use 

product as required. 

Actual pyrolysis systems (Purox, ~orrix, Landguard and the Garrett 

plants) were reviewed for selection as the model application. Criteria 

included minimization of waste .flows, proven~te'chnological feasibility, 
. . 
and proven economic viability. For all rhree calegosies the PUROX 

. . 
system appeared to be the system of choice. This system has therefore 

been selected as the model application for the pyrolysis techdology. I 
. . . . 

The Landguard and Garrett process plm,ts are described in Appc~idix 11, 

hawever capital and environmental data in ~ ~ ~ e n d i x  G are bascd exclusively ' 

' 

' , ' 

on the PUROX system. 
, - 

Technology Doscription 

Union Carbide's PUROX system is a high temperature (3000"~) slagging . 

. . pyrolysis process which produces a low to. medium Btu gas,rated ss 300 to 

320 Btulscf. A small test plant was completed in' Mt. Vernon, New York, 

in 1969 and was operated over a five year test period before dismantling 

. . 
. (MaspJe, 1974). Based on the success of this plant'a 200 TPD prototype 

t 

plant was completed in Charleston, W. '~ir~inia in 1974 at a cost of 

$16 million. Since then the plant has operated continuously except for 

' .planned upgrade and modification periods. 
. . 



As shown on 'the block diagram in Figure 4,- the PUROX process 

front end system includes a coarse shredder (shredding to a maximum 

size of four inches) a magnetic separator for ferrous metal recovery; 

and an aluminum recovery process. Shredded waste is fed into the top 

of a vertical shaft pyrolysis furnace. As the MSW descends it is first 

dried by the rising hot gases and then undergoes pyrolysis at a tempera- 

ture of 3000'~ in the central portion of the furnace. The driving 

force in the pyrolytic reaction is pure oxygen which is injected at the 

bottom of the fuinace to burn the char descending below the pyrolysis 

zone. The inert slag passing from the.bottom of the furnace is 

quenched and sold as a glass aggregate fo'r construction. Composition . 

of this slag aggregate is shown in Appendix ,H. 

The gases rising from the furnace pass through an electrostatic 

precipitator, an acid neutralizer and a condenser prior to collection of 

, the fuel gas. Ash and oil collected during this gas purification 

process are recycled into the' pyrolysis furnace. Typical composition of,. 

the final fuel gas is shown in Appendix H and the application is summari- 

zed on Technology Summary Sheet 111. 

The PUROX'system has several important advantages over the pyrolysis . 

systems. These include: I 

1. There is no air emission stream. A11 gases are either 

aqueously collected or are part of the product fuel gas'. 

2. The solid slag forms a fused grit which can be sold as 

construct.ion or road bed aggregate. 

3. Oxygen is used rather than air to drive the pyrolysis 

reaction. While a certain energy cost is paid to produce the 
oxygen, its use produces a higher heating value gas with NOx 

content. 

4. All oils and sludges are recycled into the furnace so 

that only one waste water flow exists. 

In a comparison of 10 MSW energy recovery systems conducted in ' 

1974-1975, H. W. Schulz (1975) concluded that, from an efficiency, , . 

engineering and environmental standpoint, PUROX was the best available 

system. 
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TECHNOLOGY SUMMARY: SHEET - 111 

TECHNOLOGY: Pyrolysis' of MSW 

DESCRIPTION: The Union Carbide PUROX system is a high temperature ( ~ 3 0 0 0 ~ ~ )  

oxygen enriched pyrolysis process which produces oil and low 

Btu gas simu1.taneously. .By controlling the temperature of 
0 reacti.on at approximately 3000 F gas production.is optimized 

with respect to pyrolytic oil. Oil is fed back into ,the 

furnace to drive the pyrolytic reaction. The low Btu product 

gas ( ~ 3 0 0  Btu/Scf) is cleaned in a two-step process prior 

to collection. Front end systems include shredding, magnetic 

separation of metalic or recoverable ferric matter, and MW 

drying, which occurs as MSW enters the furnace. Several 

200 TPD or smaller plants have been s.uccessfully built and 

operated and it is estimated that a 2000 TPD plant can be 

economically operated. 

DESIGN SELECTION 

CRITERIA: Pyrolysis was selected as a technology for characterization 

because the process offers several significant advantages , 

over the other MSW energy recovery systems. First, it is 

a flexible system and can produce either pyrolytic oil or . 

: gas. Second, air emissio~s are greatly reduced over other 

technologies. Third, the process reduces landfill require- 

ments below those of other systems. 

TIlc PUROX system was selected as the specific application 

because of the following factor: higher heating value and 

reduced NOx content of its process gas, the slag byproduct 

has value as construction or road bed aggregate, the system has 

no air emissions except for t.he releases from the front end 

shredder, t?le residual concentrations in the waste water 

flow are lower t!larl t!losle for several other pyrolysis systens, 

and the system has been successfully demonstrated. 

END USE: Pyrolytic gas may either be collected and sold as a system 

end use product, or, as with this application, converted to 

electricity. . 



TECHNOLOGY SUMMARY SHEET - I11 (continued) 

RESIDUALS: While there are no air emissions other than the minor flows 

from the bSW shredder, waterborne residuals include Hg, Zn, 

Pb, Ni, Cd, waste heat, solubles and sludge. Ammonia or 

Methanol conversion results in additional C O ~ ,  sulfur, NOx, 

Co, CH30H. Also included are iron and fused slag. 
, ' 



. . . . . .  . . . . . . . . . . . . . . . . . .  
. ' :  . : .of  . the. . . .  process, '  plans a r e  being made t o  expand t o  l a rge  s c a l e  p lan t s .  

. . .  . . . . . . . . .  . . 
. . 
. . 

. . ,. . : . . . ~ n i , 6 n .  . Carb ide  now. p r o j e c t s  t h a t  these  p l a n t s  w i l l  be made up of  combina- : 
. . . . .  . . . . . . . . . . . .  : . . .  ' .  .::. . . . . .  :; : :. .-.. ' .  ...! - ti& o f -  modular. u n i t s  o f  between 200 TPD and 300 TPD (Donegan, 1975)'. 

. . . . . . . .  . . .  ... . . . . . . . . . . . .  
. . . .  . . I  . . ' .  . . .:.: I t  is  ane ic ip i t ed  t h a t  such systems can be economically b u i l t  a t  th& . . . . . .  :: . . . . .  . . . . 

. . . . .  - . .  . . . . . .  . '  . . . .  : lo00 T P D  t o  ZOO0 TPD leve l .  . Additional f r o n t  end resdurce recovery 
. . ( ' .  . . . . .  . . . .  . . .  . , . . . .  . . . .  . . . .  . . . . . :- .. s t e p s  f o r  g l a s s  and aluminum recovery may be included i n  t h e s e .  fu tu re  . . .  . . . .  

. . - . . . . . .  . . . . . . 
. . . . . . _ .  :.. . .:: ;..:.:' . . . . .  ...- . mcjddes. ..: . . .  

... , . .  . . .  . . . . . . .  . . . . . . .  : . . . . . . .  , .  . . . . .  ; . : ' T h e  bas ic  inpu t s  t o  .the PUROX process p e r  ton of  MSW a r e  120 Kwhr 
. . .  ., . . . . . .  . . .  ,.. 

% o f  e l e c t r i c i t y  and 400 l b  02. Major outputs  include a 0.265 'ton waste . . . . 

water flow, 0.635 tons of  dry f u e l  gas, and 0.2 tons of s l a g  aggregate. 

. Total  output  f o r  a 200 TPD p l a n t  i s  approximately 4.34 x 1011 Btulyear. 
. . 

. . . . . . . .  . . .Mater ia l  and energy balances f o r  t h e  'PUROX process a r e  shown i n  
. . . .  . . .  .. : . 

. . . . , .  . , . " Appendix k .(Figurks H-2 and H-3)  . 
: _ .  . . .  . .  . . .  . . .  . . . . 

. . .  A'summary of PUROX inputs  and 'outputs  i s  shown i n  Table 5. A s  
. . .  ' .  ., 

. . .  
. . . .  - . . . ' . . , .:. can 'be'  seen, t h e  PUROX system i s  s i g n i f i c a n t l y  simpler both i n  major 

. . .  
' f u n c i t o n a l ~ b l o c k s  and i n  inputs  and outputs  than i s  e i t h e r  t h e  Landguard . . . .  . . . . ' .  

. , . . . .  ? . . 
. . -  system o r  Gar re t t  process; however, it i s  a l s o  s i g n i f i c a n t l y  more . . 

2 .  . ' .  . . 
. . . . .  . . ' c a p i t a l  in tens ive .  . . . . .  

. . : . , . .  , . . . . . .  : .  PUROX res idua l  flows a r e  shown i n  t h e  Environmental Data sec t ion.  . . . . . . .  
. . .. - . . 

. . . : , . . . . . . . .  . . . . . . . .  
. . .  , , , . , .Cogeneration systems 

. . .  
. . , .  . . 
. . . . . .  , In t roduct ion . . 

. . . . .  . . .  . . . . . . 
, . 

. . . . 
The cogeneration systems considered i n  t h i s  r epor t  a t t e n p t  

. . . . . .  
. . . . t o  match rhe tempera1;ure of a hea t  supply t o  t h e  demand hy using . . . . . . . . .  

. . .  . . . . . . 
. . . . . .  . . . . .  . . high temperature energy which r e j e c t s  hea t  a t  t h e  t e m ~ e r a t ~ ~ r e  

. ' .  . . . . 
. . . .  . . .  .needed .for process use .  Thus cogen.eration is  a mennc nf . . 

,. ' . . . . 
. . . .  . . . .  . 

increas ing o u r . u s e  of t h e  thern~odynamic p o t e n t i a l  o f  t h e  fue l s .we  burn. 
. . . . .  . . . .  ..- . .This  i s  important f o r  both f o s s i l  f u e l s  and waste f u e l s  such a s  t h e  . . 

. .. . . . . . . .  . . . . . . .  . . . .  . . . . . . .  . . . .  . . . .  .:wood'waste and d i g e s t e r  gas used i n  t h e  systems described here.  Burning 
. . 
, . . ' .  . . . .  .such f u e l s  . to do work n e c e s s i t a t e s  t h e  use of  a heat  engine. Heat engine . . "  

. . . . 
. . . . . .  e f f i c i e n c y  i n  t u r n  i s  i n t r i n s i c a l l y  t i e d  t o  t h e  input  and output tempera- 

,. . . .  . . 
. . .  

. . . .  . . 
. . . : ' . . . . . .  t u r e s  o f  t h e  .engine. Thus temperature determines t h e  amount of work . . . . 

. . . . . . . . . .  
. . .  , .  . . . . . . . . . . . .  

. . 
. . . . .  

. . .  . . 

. . .  . . 
. . 

. . . .  . . 
. . . . . . . . .  . . . . .  



. . . . . . . . 

Table 5 
. . . . . .  PUROX Inputs and Outputs per  1012 B ~ U  Output 

1nput s' 

Land 

Capital  

M S W  

E l e c t r i c i t y  

Oxygen 

Outputs . . 

+ 

12 ' . 
Quantity per  10 Btu Output per  year 

20.71 acres  

$36.82 x lo6  
5 

1.45 x 10 Tons (1.28 x lo1* Btu) . 

1 . 5 8  r l ,OIO Btu , 

2.9 x 16" Tons (2.83 x 101* Bto) 

. . 

, 
. . 

. . 

. . ' ; ,  

. . 
. .  . 
. . .  

, . 

Iron 

Slag Aggregate . . 

Water Condensate 

Dry Fuel gas 

3 8 . 5 ' ~  10 Tons . 

4 
2.9.6 x 10 . Tons 

4 
4.3 x 10 Tons 

4 12 
9.29 x 10 Tons (1, x 10 . Btu) 

. .  . . 

. , . . 

.. . 



available from a Btu .of heat energy. It is wasteful to lower the tempera- 

ture of heat energy . significantly . without extracting the available work. 

Current . status of cogeneration projects is describ'ed in Appendix D. 

' . There are three engines of primary importance in cogeneration 

systems and'they are all used in the applications considered in this 

. ' report. They are diesel engines, combustion turbines and backpressure 

steam urbines. These engines, in turn, exhaust hot gas or steam at usable 
. . 

.. . , . . .  
,' . . . temperatures. The important features which were considered in the choice 

of systems and application were size, fuel capability, steam pressure 

requirements, and the ratio of power to heat produced. Details of these 

characteristics are presented in Appendix E. 

The benefits of cogeneration are increased efficiency and decreased 

costs in most applications. Also cogenerated electricity at the least 

will reduce industrial electricity demand on utilities and in many cases 

will supply baseload or peaking power to the utility grid on a regular 

basis. This, of course, raises institutional problems with respect to 
' . the local electric utility attempting to protect its interests in the- 

electric power business. 

. . 
 ina ail^, there are environrnent.il issues with respect . . to air emissions 

. . . , and their location. The greater efficiency of cogeneration allows for a 

. . 
decrease in fuel combustion for electricity and heat taken together. 

. , 
. Normally, however., there will be.an increase in emissions at the 

.: cogonerntion. site .which is more likely to be in an urban area than a 

. . 
utility vower plant and for that reason the health imvact mav.be 

greater uveri \vitk lower emissions . 

' . . .  .Fluidized Bed Steam cogeneration for the Pulp and paper Industry 
. .  . 

..Introduction 

. Fluidized bed boilers for use in steam turbine cogeneration systems 

can be used.to good advantage in pulp and paper'mills because of their 
. . .  

. . . size scal.a and fuel flexibility including coal .and wood wastes. The pulp 

and paper industry has already shown its interest and willingness for 

in plant. generation as indicated by existing facilities. These are 
. . . . 

. ' ,  primarily fueled by residual oil and natural gas with only 18% of the 
. ,  . 



. . . . 
' . e l imina te  t h e  co~sumpt ion of o i l  and gas by replacement with. 'coal  and ' -  

. . . . . .  

. . .  . . . . .  waste f u e l s  f o r  a l l  e l e c t r i c  and stcam genera t ion .  I t  i s  expected t h a t ,  :.. . . <  ., . 
. . .  . . . . . .  

. ' . roughly h a l f  of t h e  f u e l  i n p t  would be coal  and h a l f  waste products . . . . . . . . . . . . . . . , . : .  . . . . . .  . . . .  
,> such a s  bark,  .wood chips  and spent  l i q u o r .  Recently, .such. an :example . . ' . . .  . . 

. . . .  . . , , .  , 

. . . . . . . . .  . . 
I . . . .  . .  with t h e  Simpson Paper Company has been researched' (Davis, 197'5) . . . . . . . .  . . . . . . . . .  . . . . .  

I 

. .:.> . . . .  . . 
This  p a r t i c u l a r  example would have a b o i l e r  capaci ty  o f  390,000 lb /h r  . . 

. . . . .  s t e a m . a t  550 psi .  and 900°F. The t u r b i n e  genera tes  19 !llV and includes 

a. condenser. The process stCam will bc  ex t rac ted  a t  75 p s i  and , 1 7 5 ' ~  .. ' . . . . . . .  . . . . 

The p l a n t  has a very  high load f a c t o r  with a year-round average 

e l e c t r i c  dcmand o f  17 ?,nJ ar~d a steam demand averaze n f  225,nnn l h / h r ,  

This  high load f a c t o r  i s  well  matched t o  t h e  opera t ional  a b i l i t i e s  o f  
. . . . . . . .  , . . . . .  . . . .  . . a stean; ' bo i l e r  system which should not be turned on and o f f  f requent ly .  . : . . . . .  . . .  , . . .  . . . . .  . . . . .  . . 

. A advantage of u s i n g . a  f l u i d i z e d  bed i s  t h e  ease o f  burning , , .  . . . . .  . . ..- . ,  . .  . . . . 
. . . .  

' . waste hbg f u e l  which i s  p l e n t i f u l  i n  t h e  a rea .  The Hog f u e l  c o s t s  . .  . . .  ... . - .  
. . .  . . 

only  $ .sO/loG Btu compared t o  $1 .50/106 Btu f o r  coa l .  . . . . . . 

. . . . . .  The primary problem t h a t  w i l l  be encountered i n  t h e  implementation . ' ,  . : ' '.. , 

. . . ,.' . . . .  of t h i s  system i s  s lo~vness  with which f l u i d i z e d  bed b o i l e r s  a r e  being : . . . . 

developed. The p resen t  ArnericG demonstration p r o j e c t s  appear t o  be 
. .  , . . 

. . ' . : 

severa l  years  behind t h e  level  nf technology and exper ience ,being . . 
. . . .  . . 

. . 
, . . I  

. . . . . .  used i n  Europe. This  problem may be r e l a t e d  t o  t?le small s i z e  of . ' . . . . .  . 
. . . .  . . .  

. . 
.' f lu id ized .  bcd b o i l e r s  which make them appropr ia te  ' f o r  cozenerat  inn 

' 

, . ,  . " . . . .  ' . ' : '  . 

. ' but no t  u t i l i t y  c e n t r a l  s t a t i o n s .  A t  present  it. ayr.ears t h a t  5 t o  . . . . . . .  . . 
. . . .  . . .  . . 

; 10 yea r s  w i l l  be necessary before such b o i l e r s  w i l l  be. o f fe red  . . . . 

. '. ., . , .: . 
. . 

.. , . . . . ,  commerci a1 l y  . . . . . . . 
. . , .  . . 

A seco~ld i n s t i t u t i o n a l  problem r e l a t e s  t o  tlle problems of sel1,in; . . '  , .".  . . ,-; 
. . .  . . .  . . .  

. . . .  excess e l e c t r i c  power t o  t h e  l o c a l  u t i l i t y .  A t  p resen t  u t i l i t y  ,payments.' . .:'- ......: 
. . . . . . . . . . . .  . . . . . . .  

. f o r  such power a r e  very low and will b a r e l y ,  cover t h e  fue l  c o s t s  of a :  . . ' .  , . . .  , . . : .  . . 
. . .  . . . -. . . .  

. . .  
. . , 

The c o g t n c r a t l u l ~  sys.tern as described liere i s  e a s l l y  appl icable  t o  . . : , . . , , . . . .  . . . . . . . .  
. . . :  . . .  

. .  . j: any indus t ry  nceding team and having an i n t e r e s t  i n  burning coa l  o r .  . .  . . -? .  .. .  . . 
. .  . . . .  . . 

. . . . . . .  .... 
coal  and waste f u e l s .  Fur ther  work i s  needed only  i n  the  develoim&nt and .. . . 

. . .  

deployment of  f l u i d i z e d  bed b o i l e r s  ensuring proper c r e d i t  f o r . e x c e s s  , . . .  . . 
. . . . . . .  . . 

power . so ld  t o  t h e  u t i l i t y .  . . .  . . .  . . .  . . .  



Technology description 

~ l u i d i z e d  bed combustion is  characterized by the  rapid flow 0.f 

combusticin a i r  upward from a gr idp la te  through the  bed material  'including 

the  coal. This a i r  flow causes great  turbulent; and mixing of 'the bed 

materials a s  i f  they were suspended i n  a turbulent l iquid.  In f ac t ,  it 

is material  f luidized by a i r .  A fortunate sidg e f f ec t  of f lu id iza t ion  

i s  the  excellent mixing which promotes complete -combustion even of waste 

materials o r  coal even when it cons t i tu tes  only 2% of the  bed material. 

The large amount of bed material  can be limestone which i n  turn allows 

f o r  e f f i c i e n t  removai o f S 0 2  a s  a dry so l id  waste. Further, the  heat 

exchange boi le r  pipes can be submerged d i r e c t l y  i n  f luidized bed. This 

allows f o r  very good conductive heat t r ans fe r  a t  moderate temperatures* 

such a s  1 5 0 0 ~  F r a the r  than depending on radiant  heat t r ans fe r  from 

flames a t  3 5 0 0 ~ ' ~ .  This is very important i n  reducing the amount of 

ni'trogen oxides created from nitrogen i n  the  combustion a i r .  Technology 

Summary Sheet - I V  describes the s a l i e n t  features  of  t h i s  process. 

Figure 5" i l l u s t r a t e s  the  major components of  the  f luidized bed 

bo i l e r  cogeneration proposal f o r  a pulp and paper plant .  Table 6 

summarizes the  .' inputs and outputs f o r  the  f lu id ized  ' bed cogeneration 

system. 

, Secondary Water Treatment P 2  

Introduction 

One application of dieseT cogeneration systems using biomass 

involves the  use by sewage treatment p lan ts  of digested sewage gas for 

e l e c t r i c i t y  generation a s  well a s  heating and pumping. An in te res t ing  

example of t h i s  i s  contained i n  t he  p lans .of  the  Sani ta t ion Di s t r i c t  

of Los,Angeies County f o r  a waste gas cogeneration system. 

Currently the  District maintains a system of 24 digestion-tanks 

operating continuously. Each t ank  has a capacity of several  hundred 

gallons and each is fed and drained a l t e r n a t e l y , i n  increments over a 

24 hour period. ' These tanks digest  anerobically t he  primary sewage 
6 

sludge of the  plant ,  producing about 5.3 x 10 cubic f e e t  of. sewage gas 
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Fig. 5. Fluidized Bed Cogeneration for pulp and Paper Plant 
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TECHNOLDGY SUMMARY SHEET - I'V 

TECHNOLOGY: Fluidized Bed Boiler 

DESCRIPTION: This cogeneration system is simply comprised of a fluidized 

bed boiler powering a backpressure steam burbine-generator. 

The exhaust steam is directly usable for processes in the 
/ 

pulp and paper industry. 

DESIGN SELECTION 

CRITERIA: The fluidized bed technology was used in the pulp and paper 

industry application because. of its ability to burn both 

wood wastes and coal. Also the size scaleand steam pressures 

available were well matched. 

END USE: .This application was to provide the pulp and paper industry 

with electricity and steam. It could, however, be applied. 

to any industry needi,ng low and or medium pressure steam 

and which can 'burn coal and/or waste material. 

RESIDUALS: Fluidized bed boilers have low NOxemissions because of 

low temperature combustion. Sulfur dioxide is effectively 

controlled by limestone in the bed and particulates are 

very effectively controlled with the use of fabric filters. 



Table 6 

Summary ofPluidized Bed Cogeneration Inputsand Outputs 

Parameter Amount per 1012 Btu'o~t~ut/~ear 

INPUTS 

Capital Cost 

Land 

Coal 

Watcr 

Labor - Construction 
Operation 

OUTPUTS 
, 

Ash 

Electricity 

Steam Heat 

Steam Flow . 

$11.054 x lo6 

4.2 Acres 

42,000 Tons 

210,000 Tuns 

353,000 ~rs. 
4 -2 x 10 Hrs. 

4750 Tons 

0.45 x 10'' Btu, 

0.55 x 1012 Btu 

210,000 Tons I 



- .  per  day. A t h i r d  of t h i s  is used by t h e  D i s t r i c t  f o r  .heating the  
. .. - 

' digestion tanks and t o  run the  p lan t  l s pumping engines. The remainder 

is  sold  t o  the. Fletcher- O i l  Company i n  Carson, California.  The Btu 

content of the  gas has .been.'estimated f o r  s e l l i n g  purposes and has . . 

been found t o  be between 500-580 Btu per  cubic foot.  

Technology Descrigtion 

. .  . The D i s t r i c t , o f .  Los Angeles County has developed several proposals 
. . 

. . t o  expand i t s  treatment system and t o  implement e l e c t r i c a l  cogeneration. 

The plan considered here uses. a d i e se l  r.eciprocatin,a engine 

waste heat  bo i l e r  topping cycle generating 12.6 MW and s t e p  a t  a r a t e  
6 

'' of 27.4 x 10 Btu/hr. A t  t h i s  s tage of t he  p l an t ' s  operations the  . . 

t o t a l  e l e c t r i c a l  demand would be about 15 MW; t he  remaining demand 

would be purchased under an agreement f o r  p a r a l l e l  generation with 

Southern California Edison Company (SCE). The Di s t r i c t  would i n s t a l l  . 

. . e i g h t  addi t ional  anerobic tanks f o r  digest ing of aerated secondary 

wastewater act ivated sludge. Total  sewage gas avai lable  from both 

primary and secondary sludge 'digestion would be approximately 6.7 mill ion 

standard cubic f e e t  per day. Of t h i s ,  about 35 percent would be a l located 

, ' d i r e c t l y  t o  meet the  p lan t  l s increased heating and pumping . . needs'. The 

remaining 4.4 mil l ion cubic fee t ,  together y i t h  about 2,000 gallons per- .  . .. 

day of #2 d ie se l  p i l o t  o i l  (see Figure 8) would be e n t i r e l y  avai lable  

f o r  cogeneration. Technology Summary Sheet V presents an overview of t h e  

system, 

A d i e se l  engine system has t h e  advantages of -be ing  able  t o  burn low . . . . 

. . , . . :  . . Btu fue l  e f f i c i en t ly ;  sbme 37 percent of t he  waste gas 's  energy c & . u l d b e  ' . . . 

: ' converted t o  e l e c t r i c i t y .  The disadvantages of a diesel  system i s  the  

high leve l  of i t s  NOx emissions. This could cause a s i t i n g  problem i n  
. . 

the  South Coast A i r  Basin, an a r e a , i n  which EPA.requires t h a t  new 
. . 

. . . . .  
.. generation f a c i l i t i e s  have po l lu tan t  o f f s e t s .  Table 7 l is ts  a summary . . 

of the  system inputs  and outputs. 
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Fig. 6 .  Energy Flows for  Sewage Treatment Plant Cogeneration System . 
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TECHNOLOGY SUMMARY SHEET - V 

, 5 .  

TECHNOLOGY: Gas d iese l  Engine . . 

. . 
DESCRIPTION:. In t h i s  cogeneration System byproduct methane gas from . . 

a sewage treatment plant  is used i n  a . rec iproca t ing  engine . . 

t o  generate e l e c t r i c  power. The engine exhaust i s  then 

used t o  .generate steam t o  heat  the  sewage digesters.. 

. DESIGN SELECTION 

CRITERIA: The d i e se l  engine was selected f o r  t h i s  system because 

of  ' i t s  very high e f f ic iency  i n  burning gas t o  generate 
\ 

a large amount of e l e c t r i c i t y .  

END USE: The sewage treatment p lan t  was chosen a s  an end use f o r  

t h i s  cogeneration system because of i t s  supply of waste 

gas and need f o r  low grade heat. 

RESIDUALS: The primary problem with d i e se l  emissions is  NOx because 
, . .  

. o f  high combustion temperature. Sulfur dioxide and . . 

pa r t i cu l a t e  emissions a re  low when burning gas. 
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' ~ n '  ut's :. : ."  p 
' 

. . . . . . . . . . . '  hourif .'per 10. . .Btu 'Energy 'output per  'Year .. .:. - .  .... :. :... . . .  : 

. ;  .. ' 

. 
. . .  . . . . .  , . . . . .  . . - . . . . . .  . . . . . . . . .  . . 

. . .  . . . . . . .  
. . 

. . . . . .  . . . . . .  . .  c;n,d . L : .  . . . . .  
. . .  . . .  . O ' . l A c r e s .  ' . . . . . . .  . . . . . . . . . . .  . . 6 . . . . .  . . . . . . . . . .  . A . .  ''. capi ta l .  :, . . . . ...$ii .54 .x  ; l o  . . . . . .  . . . . . . . . . . .  ..... 

. .  . . .  . . .  . . :. . 
#2 Diesel .Pi lot  .oil . . . . . . . . 1 ,192 ,609 .Ga l lons ,  . . . . . . . . . . .  . . . . . . .  

. . , . .  . . .  
' I  . . 

. . .  . . . . ' , .. 
. . .  . . . .  . . 

. . 6.' ' ~ e w a g e ~ i s  ':'. . . . .  . . .  
, . .  . . 

3963.5 x .  10  Cu. ~t . . (581 ~ tu /cu .$ t  .') ' :,: , ,;: , ,.' 
. . . . .  , . 6 . . . . . . . . . .  ' "  ' 

I .  

. . .  . . .  . . . . . . . . . . . . .  . ' Water . . . . . . .... 300 x 1 0 .  Lbs.. . . . . .  . . . .  . . .  
.C . . . . .  . . . .  . . . . .  . . .  

' 5 . . . ,  . . . , . . . 
. . .  ' , Labor - '~onstruct ian ' .  ; . 1.26 x 10 Hrs . .  . . . . . .  . . . . . . . . . .  . . .  . I  

. . . . . . .  . . .  . . .  . . . . . . .  . . . . .  . . . .  . . . . .  ? 

. . 'operation ,., . . . . :. , '6000 ~rs'.. . . 
. . . . ,  . .  . . .  . . . . . . .  . . . . 

. . ' ': . . 
1 . - . , . .  8 .  . 

. . . . . .  . . 
. . ' . . :  . 

. . .  . . . . . . .  . . : .  . 
. . . . . . .  . . .  . . . . .  . . . . . . . .  . > 

. . ,  . :.. . . . . ,  . . . . . . . ' . .  
. . 

. . . .  . .Outputs '  . .  " . . . . . . .  . . .  
' ,' . . . .  . . . . .  . . . .  , . . .  . . . . . . . . .  . . . .  . . . . .  . . . . .  . . 

. . . . . , . . . .  
. 

. . .  . . . .  . ' E l e c t r i c i t y '  178,091 MWh : . . ... . . .  . . , 

. . . .  : . . . .  
, .. . . . .  : . . . . 
. . 

. . .  : . .  Pumping . , 20,,586 Mkh . . 

. . .  
. . 

. . . .  . . .  
. . 

. . . . .  . . . . .  . >  . .  
. , . :. . . . . . . .  Heated Sludge 502.8 x 1 0 ~ ~ C u .  ~ t .  , , , ' . . . .  . . , . . . . . . .  . . A .  . 

. . . . . . . . . . . . . . .  . .  , . . . . . . . . . . . . .  6 . . .  . . . . . . . .  . . . . . . . .  :Steam / . ... . . , 3 0 0  x 10 Lbs.  ' ' .  , . .: . . . . .  . . . .  . . . .  
. . . . .. : - .  . 

. . . . . . . . . . .  
' 6 . . , . 

. . .  . . . . 
. Boiler.  Stack 1,ossks ' . . ' " ' ' 198,768.2' x 10 . Btu ' . " . ' . . . . . I ' .  . . .  . . . . .  . . . .  ~. . . . .  . . 
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Enhanced O i l  Recovery 

' Introduction 

An important petroleum industry which i s  becoming much more energy- 

intensive i s  o i l  production. o i l  we-11 recovery factors  a re  typical ly  

about one th i rd  of o i l  i n  place o r  l e s s  when it is t i g h t l y  bound' in . the 

rocks o r  the o i l  viscosi ty  is very high. '  The l a t t e r  i s  part icular ly 

t rue  i n  California where the heavy o i l  recovery can be t r ip l ed  t o  about. 

50-60 percent by heat ing.  This i s  presently being done on a large s c a l e .  

with high pressure steam from. boi le rs  burning high sulfur., cheap, f i r s t -  

t i e r  o i l  t o  recover  second-tier o i l  wKich i s  twice as  valuable. This ; 
p o l i t i c a l  economic s i tua t ion  discourages any switch t o  coa l  as a- fuel  i n  

the near future. However, during the period 1980 t o  2000, ' i t ' i s  possible 

that .  both local  crude o i l  and Western coal w i l l  be used e f f i c i en t ly  i n  

cogeneration systems t o  provide e l e c t r i c i t y  t o  u t i l i t i e s  and steam t o  

o i l  f ie lds .  This would include fuel  gasif icat ion f o r  use i n  .combustion 
.- 

turbines. 

Technology . . Description 

A preliminary schematic of a possible . cogenerati'on . system is given 

i n  Figure 7. The main components"are an oil' gas i f i e r  which fue ls  a 

combustion turbine g e ~ e r a t i n g  e l e c t r i c i t y  and hot' exhaust which i n  turn 

generates steam i n  the heat recovery steam generator. The net e l e c t r i c  

power availab1.i t o  t h e  . u t i l i t y  gr id  w i l l  be 260 MW a t  a very  high load 

factor .  Technology Summary Sheet - V I  characterizes the  system. 

There a re  several reasons f o r  t h i s  proposed setup. . F i r s t ,  the f a c t  

t ha t  very high pressure steam is required meant t h a t  a combustion turbine 

would have t o  be the  prime mover because backpressure steam turbines and 

diesel  engines cannot produce high enough pressure steam. Combustion 

turbines', i n  turn,  require gas o r  o i l .  fuel  which f o r  prac t ica l  purposes 

meant o i l .  Then the economic fac tor  of pr ice  controls lead t o  the decis ion 

t o  gasify low value first tke r  o i l  ra ther  than bring i n  refined o i l  a t  a 

much higher price.  This decision obviously i s  a r t i f i c i a l  and may not be 

the best i n  the  long run. The inputs and. outputs .of the system are  . 

summarized i n  Table 8. Operational residuals  for  the  described enhanced o i l  

recovery system a re  shown i n  Appendix 1. Capital requirements for  the system 
are  l i s t e d  i n  .the cap i t a l  residuals section..of t h i s  . report .  . 
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Fig. 7. Thermzlly Enhanced Oil Recovery Cogeneration System Diagram 



TECHNOLOGY SUMMARY SHEET - VI, 

TECHNOLOGY: Combustion Turbine for Enhanced Oil Recovery 

DESCRIPTION: The system in this application will consist of..a Texaco 

crude oil gasification process which fuels three large 

combustion turbine-generators. The turbine exhaust is then 

used to raise high pressure, low quality steam in the heat 

recovery boiler. This steam is driven into the oil reservoir 

to heat and drive the heavy crude oil out. 

DESIGN SELECTION 

CRITERIA: Combustion turbines were the only possible choice because of 

the requirement for high pressure steam. The oil gasifier was 

chosen because of the opportunity to use artificially cheap 

first tier oil before it enters a refinery and requires entitle- 

ment to be p'aid. 

END USE: Enhanced oil recovery was the chosen end use because of its 

requirement for high pressure steam as produced by a 

combustion turbine cogeneration system. 

RESIDUALS: The primary residual will be NOx from the turbine. Sulfur, is 

removed from the gas stream and particulate emissions are low. 



Table 8 

Summary o f  Enhanced O i l  Recovery Inputs and Outputs 

Parameter , . 

INPUTS 

Land 

Crude o i l  

Capital 

Labor Construct ion 
* Operat ion 

OVTPVTS 

Electricity 

St.eam Heat 
Steam Flow 

Amount per lo1' Btu output'iyear 

neglf gible 

210,000 bbl. 

. . $16.37 x lo6 
6 8.38 x 10 Hrs. 
3 2.7 x 10 Hrs. 

12 
. .25 x 10 Btu 

12 .75 x 10 Btu 

288,000 Tons 

I 



. , .  

. . . - " . . . . . . '  ENVIRONMENTAL DATA . .  ' 
. . 

. ,  : .  . . . . .  , . . . . . . . . .  .. ' . . . .  . . . . . .  :; Direct combustion systems produce s i gn i f i c an t  gaseous and water- . . . . . . . :  . . . . . .  . . . . .  
. . ' / . .  , . 

. . .  
. borne wastes. ,Table 9 . g ive s  mean values f o r  stack. emissions from 

. . . . . . .  
,, . municipal incinerators . .  These f igures  assume the  presence of scrubber 

. . .  . . . . . . 
. . . . . .  . . . . .  .syitemb;and . . ' thus a r e  lower than would be t h e  case i f  da ta  were taken 

. . . . . .  : . . . . .  . . .  
. . . .  . . . . 

. ., . . i n  ' f ron t '  of t he  'scrubbers. Efficiency f o r  scrubbers i s  reported t o  be 
. . .  . . .  . . . . : . . .  'as higha a s  95 percent '(walker, 1967; Ongerth and . ~ u c k e r ,  1970). However. . . 

: ' . .  : .  .' ' .  . . 
. . . . 

. . 
: . ' . :  lower values of 8 5  percent t o  90 .percent may be encountered i n  . . 
. . . . . . . .  . . ... 

- . - r=f rac tory  wall systems due t o  high f l u e  gas flow r a t e s .  . , .  
. / '  . . . . . . . . . . . . . .  . .' . . . .  . .  able 10 l is ts  waterborne res idua l s  f o r  major d i r e c t  combustion 

. . 
. . . . 

. . .  
. . . .  .. - :  

. . ,  % .. waste water flows. , I t  should be noted t h a t  several  systems studied . . 
. . . . .  

. . . . . .  . . 
. . :  , have e s sen t i a l l y  no f l o w  from t h e  quench' water s e t t l i n g  tank s ince  

. . ,  
. . . . . .  . . . .  a s u f f i c i e n t  mass o f ,  water is entrained 'with t he  so l i d  char. flow out . . .  . : 

. . . . . . . . . . . .  . . " of  t he  quench tank t o a v o i d  t h e  nec,essity f o r  d i r e c t  quench water . . 
. . . - .  , 

. " 

. . . .  . . . . .  discha'rge.. In a l l  .cases t h e  quench water flow is small and l e s s  . . . . . . .  .- . . 
. . . .  

. . . . .  . $ign i f ican t  than the ,  scrubber flow. 

Land, water, labor and o ther  c a p i t a l  r es idua l s  associated with a 
+ 

d i r e c t  combustion system a r e  l i s t e d  i n  Appendix A a s  a r e  res idual  
. . . . .  . . .  

da t a  i n : t h e  format compatible with SEAS model input.  
. . . . . . 

. . . 8 '  . 
. . .  . . ,  . . . . .  . . . . :. . 

. .  . . - . . .  . : : . .  
: . . . . . .  . . . . . . . ... ~efuse , -Der ived :~ue l .  . . 

. . .  
. . . . . .  .S ince there  is l i t t l e  published da t a  concerning t he  environmental 

. . . . . .  . . 
. . . . 

. . . .  . .  . . .  _ .  . ' : " .  .aspects. . . of  RDF systems, t h i s  repor t  w i l l  r e l y  on information reported . . .. , . . : . .  : . 
. . 

, . e n  t h e  S i t y  of S t .  Louis/Union E lec t r i c  demonstratiin p lan t .  An 
. . . . .  , .: 

. . 
. . . :  , ' evaluation of emissions from t h e  re fuse  processing p lan t  and t h e  Union 

. . .  . . .  . . . . Elec t r ic . . r e fuse  f i r i n g  b o i l e r  . . was reviewed e a r l i e r  (Kilgroe e t  al . ,  
. . . . . .  . . . . . . . . .  - .  ., . .  ' 1976; Hollb"ay., 19.76). For .discuss,ion purposes, t h e  RDF system has 

. . 
3 . .  

. . . .  
. . been divided i n t o  th ree  par t s : .  co l lec t ion  and t ranspor t ,  processing 
. . . . 

. . :  
. . . . .  
. . . . . .  . . . .  ". (.e.g.' .shredding'and a i r . c l a s s i fy ing ) , ,  and energy conversion. The. 

. , . .  
. . . . ' . l a t t e r  components a r e  emphasized below. 

. . . .  . . . .  . . . . .  . . 

. . .  The res idua l s  associated with t h e  co l lec t ion  and t ranspor t  of  
. . .  . . .  

, munic ipa l  i e fu=e  have been described.  previously (Aerospace Corporation, 
. . .  . . 
. . . .  1976).. .. In t h a t  repor t ,  s o l i d  waste disposal  was characterized a s  one ., . . 

. . . . .  . . . .  , 



. . 

Table 9 ,  1 Direct Combustion Average Sta=k ~ f f l u ' e n t  characteris t ics  . . .  . . :  . 

poi>: Kaiser, 196f ;  t!&.codam; 1976; ~ a r o t t i  and' Smith. 1974 : 
'.klkcr, 1967; ,and :.loore, 1967. 

'Assume 9.6 t i n s  excess a i r  f o r  cornb~st ion.  

> 

Com~onent , , . 

p r t i c u ' l a t c s  - '  

N2 
11 0 vi20r e . . . 2 
so, .. 
XOx 

O2 
CO . . 

C02.  

11c1 

t o t a l  ac ids  

?I1 l3 

lb/Ton 

30 . ' 

2 14,557 

' 144s2 

1.3 

3 

29302 

lo2 

17387 

1 .0  

1 . 4  

0 .3  

!'I"'' 

.06 grains/scf  
- -- 
- - - 
23 , 

95 
- -- 
- -- 

- --- 
5 5 

35 

18 

12 Ton/lO Btu. output 

3 2 .3  x 10 
6 . : .  

1,.1 x 10: 
5 1 .1  x 10 , . . . 

136 . . . 

227 . .  . 

2.26 x 10' 

758 

22.. 7 



. . . . Table 10 , . . . 

, . . . From: Ongerth and Tucker, 1970; ~ann, 1970. 
. . . . 

. . . . , . 
. . . . 
. .  . .  . . .  . . . .  
. .. . '. .: . . . ,. 

.. . . .  . . . .  
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. .  . . , .  
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. . . . 

. . 

. . 

. . 

. . -  

. . . . 

,. . 

. ;. . . . 
. . . .  . 
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Direct  Combust ion Waterborne Residuals : ' 
~ o n s / l  012 R t l i  

4 

Residu:~l ?lean Concentrat ion . . 
1 

. 1. Scrubber- Ir'rtste Flow 

P" 3.9 . . - f  - 
suspended s o l i d s  1350 n2/l  . . : 22.8 

. . . . 
~ i s s o l v c d  s o l i d s  6200 ne/l  ' 104.6 

a l k a l i n i t y  1.0 mg/l . 1 1 . 6 9 ~  . lo-*' . 

chlor ides  2540 mg/l 42.8'. . . 

.hardness 3430 mg/l , . . 57.3 . 

s u l f a t e s  1250 mg/l . --- 
' ,  phosphates 30 mg/l - -- 

I 
C 

-- 

" .  
2. 21ench d s t e  Flow I -- 

pH 9.9 - -- 
. . suspended s o l i d s  , 1260 mg/l . ' 31.4 

J issolvcd s o l i d s  2330 mg/l 3 9 . 3 . '  ' .  
. . 

. ' alka1,inity 300 mg/l 5.06 . 

chlor ides  820 mg/l . . ' 13 .,S 

hardness 510 mg/l. ' .  ' . .  8.6 . . 

s u l f a t c s  . SO5 hg/l . . ' .8.5 

phosphates 3i-I n g l l  0.51 . 

. , t emperature -- - , . 

I 

a 

. . .  

), . . . 

. 

. 



. , . . .  
" .i . o f  the  most hazardous occupations i n  t h e  count ry .  ~ t a t i ~ t i c a l .  ,' , ' . . . .  . . . 

. . . . . . . . .  . . .  r e s u l t s  show a higher than normal incidence of coronary hear t  d isease  . . . . . . .  . . . . .  .. ;. . , . .  
. . . . .  . . .  . . .  . . . . . .  . . . . . . . .  ',. f o r  san i ta t ion  workers, compared t o  other  male population. groups. . . .  

~. . . . 
. . . . : . . . . .  . . . . I. . . . . . . . . . . . . . . . . . . . . .  

. r 
Carbon ionoxide exposure was suggested a s  a poss ible  -cause. I n  t h i s  . . .  . . 

. . . .  . . .  . . ; . . .  . . .  
' repor t  we have not ca1,culated t h e  res idua l s  ' generated during. . refuse: .  . . ' . .  . . . . 

. . .  . . . . . . . .  . . . .  .. . . . .  ,: -, ;. . . . .  . . . .  . . . . . . .  co l lec t ion  and del ivery.  . . . . . _ . . . . .  .: .% ; .: . . .... ,$. . . . . . . .  
. . 

Municipal waste i s  received, sor ted,  shredded and a i r  c l a s s i f i e d  : . . . ' . . . . . .  . .  . . . . . .,.. 
. . .  . . .  

-., . . . . . .  -., . . 
. . . .  . . ' i n  an e f fo r t  t o  separate  recoverable mater ia ls  a s .  t h e  organic ' fr i ict ion . ;:: . . .  . . . . . . . . . .  . . . . . .  ,- 

. . . . . . .  . . . . .  
i s  upgraded t o  a usable fue l .  A l l  conversibn p r o c 6 ~ ~ e ~  essentijal l,y have . 1, . . " . . .  : , . 

..... : t h e  same f ron t  end operations.  The major res idua l s  during f ron t  end . .  : ,  . . . .  . . 
. . . .  . . . . .  . . 

. . . .  : operations a re :  pa r t i cu l a t e s  from the  hammermill'. (shredder) and, air . . ... . . 
. . . .  . . . . .  . . 

. . c l a s s i f i c a t i o n  systems, noise  f rom' the  processing equipment,'water- '. , .. . . .  
. . . . .  . . .  . . 

. . . . . . . .  . . .  borne contaminants from washdown of t he  waste handling area,  res idue . .  . . . . .  . ,  . . 
. . 

. . .  . . . -. . . .  ...... f o r  l a n d f i l l  and odors. In addi t ion,  bac t e r i a l  and v i rus  a c t i v i t i e s  . - .  . . . .  .... 
. . A  . . . .  

. . . .  
' . :  ..... " 'have been found i n  t h e  processing plant  dust  (Kilgroe, 1976). . . 

The typ ica l  p a r t i c l e  emissions from the  hammermill and air c l a s s i -  - - 

. . .  . . .  
f i e r  were reported t o  be..032 kg/ton and .346 kgyton, respect ively  . . . . .  . . . . 

. . 
(Kilgroe, 1976) . The majori ty df these  (more than 90 percent) . 'i'. . . . .  

. ., . 
. . ....... were grea te r  than 7 um i n  diameter, which i s  la rger  than those normally . . . . . . 

. . . . 
. . . . .  . . .  respired by humans. The pa r t i cu l a t e s  can be contro1,led by 'dust  . . . . . .  . . .  . . .  . . . . .  

. . 
. . . . .  . . . .  

. . 
. . .  . . .. ,. 

co l lec tors .  . . .  . . . . . . .  

During, t h e  energy conversion process a t  t h e  power plant  the re  are " . . . "  . ,  
. , . . . . . . . . .  expected t o  be po l lu t ion  problems r e l a t ed  t o  t h e  content of  ash, . . . . 

.. 2. . . . .  nitrogen,  s u l f u r  and ch lo r ine  i n  t he  refuse  f u e l .  'The chemical compo- '. , ' . ' ... ' 

. . .  , . .  . . 
. . . . .  

s i t i o n  of RDF determines i t s  emission character is t ics . ,  . . . .  . ... . 
. . . .  . . . . .  . . .  . : .  ,, 

. . . . .  The b o i l e r  stack p a r t i c u l a t e  emissions have been s tudied by various. . . . . .  '.: .: 
. . 

. . . . 
. . .  :. .. groups i ~ c l u d i n g  t he  Midwest Research ~ n s t i t u t e .  ?he . : . . . .  . % .  

. . . . . . .  

. can be e f f ec t i ve ly  col lected by e l e c t r o s t a t i c  '(ESP). . . . . .. . 
. . 

. . .  I t  has been reported,  however, that ESP col.lection efficiei lcy i s  
. . . . . . . .  . . .  . . 

. . reduced when RDF i s  co-f i red with coal ,  which i s  dependent o n . t h e  fue l  . . . .  . . . .  . . . . . .  ... 
mix (Holloway, 1976). This reduction primarily occurs a t  loads abovs . '  - . : . '  . . . . 

100 MWe because of t h e  higher gas flow voluines (see Figure.,  8 ) .  The . ' ,. 
. . 

. . . . . . .  . . .  l eve l  of p a r t i c u l a t e  emission a f t e r  ESP co l l ec t i on .  (assuming 99 percent .; .. : ,  . .  ,I.' 
. . .  . . .  , efficiency) was estimated t o  be 160 tonsl10l2 Btu (~eknekron,  1975) .' 

e . . .  . . 
. . . . .  . . 



Source: Kilgroe, J.D. 
et a1.,1975 
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Fig: 8. Effect of Volumetric Gas Flow Rate on Particulate Emissions 
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The gaseous s tack emissions have been analyzed a t  t he  S t .  Louis/ 

Union E lec t r i c  Demonstration p lan t  (Kilgroe, 1976; Klumb, 1976). 

Table 11 compares t he  data  f o r  coal  only and coal/RDF f i r i n g .  There 

i s  no d i scern ib le  e f f ec t  on SO2, SO3 o r  NOx, s i nce . t he  higher SO2 

values i n  the  coal/RDF system were t he  r e su l t  o f  an increased su l fu r  

con ten t -o f  t h e  coal .  The chlorine emissions i n  t he  s tack gasses, 

however, a r e  about 20 percent higher i n  t h e  coal/RDF t e s t s .  The 

increase  i n  chlor ide  emissions is  due t o  a mixture of  polyvinyl 
a 

chlor ide  and ce l lu lose  products found i n  t he  processed refuse .  There 

appears t o  be  no da ta  ava i lab le  on t he  re lease  o f .  heavy metals from t he  

s tack gas.* The f l u e  gas res idua ls .  r e su i t i ng  kom a typ ica l  RDF system 

a r e  presented i n  Table 13. 

The leve l  of res idual  bottom ash was found t o  be s ign i f i can t ly  

g rea t e r  i n  t h e  co-f i red system than i n  one burning on1y:coal a t  comparable 

b o i l e r  loads. An average b o i l e r  residue of 4350 kg/hr was reported f o r  
' 

t h e  RDF system compared t o  790 kg/hr f o r  t he  coal-f i red system (Kilgroe, 

1976). This increased leve l  o f  bottoin ash, which subsequently must be 

l and f i l l ed ,  cons i s t s  of i n e r t  s o l i d  p a r t i c l e s  (glass ,  metals, e tc . )  

and unburned so l id  p a r t i c l e s  (wood, p l a s t i c ,  l ea ther ,  e t c . ) ,  i n  addi t ion 

t o  coal  ash. The bottom ash represents  about 20 ~ e r c e w t  of t h e  boiler, ; - 
res idue . 

Since t h e  residue from a co-f i red b o i l e r  i s  4-7 times higher, a 

po ten t ia l  e x i s t s  f o r  water po l lu t ion  from t h e  b o i l e r  ash ponds tha t  

receive ash removed by water from t h e  bottom of t h e  furnace"(~erospace,  

1976). Tests by Union E lec t r i c  Compqny ind ica te  t h a t  th ree  parameters 

i n  t h e  coal-RDF ash pond e f f l uen t  dd not meet s t a t e  guidelines.  . Table 12 

compares these  th ree  parameters i n  a coal  pond and a coal-RDF pond. 

Other water qua l i ty  parameters a r e  higher i n  t he  coal-RDF ash pond 

e f f lucn t  illan t h e  coal ash eff luent  ( ~ i 1 ~ r o . e  - e t : a l . ,  ,-.. .. 1976). these  

include ammonia, boron, calcium, chemical oxygen demand, iron,  manganese, 

o i l  ' and grease, and t o t a l  -organic so l ids .  Sulfa tes ,  however, were 

s i p i f i c a n t l y  lower i n  coal-RDF ash e f f luen t .  Table' 13 presents  

t h e  concentration of several  ash pond e f f luen ts  i n  tons p i r  3012 Btu. 

The res idual  emission r a t e s  f o r  t h e  RDF system i n  t h e  format required 

f o r  input t o  t h e  SEAS model a r e  found i n  Appendix A. 
* 
Mercury w i l l  probably appear i n  t h e  s tack emissions (Holloway, 1976). 
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Stack Gas ~ m i s s i o n s ~  

a ~ o u r c e :  Kilgroe, J . D . ,  e t  a l . ,  197b. -- 
b13 percent  i i ~ c r e a s e  i n  SO en i s s ions  during coal-WF t e s t s  r e s u l t e d  from a 

2 24 percent  inc rease  i n  c o a l - s u l f u r  content .  

* 

Table 12 

Comparison o f  Ash Pond e f f l u e n t s a  

Coal/RllF 
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3 
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94 3 

3 

295 

335 

3 
Source: Kilgroe, J . D . ,  -- e t  a l . ,  1976.. 
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Table 13 

Residuals from Typical RDF System . 
PROCESSIN(; - 

Ha~mermi 11 

Air Clsss i f  i c r  

Energy Conversion - .~ -,- 
I 

s tack  Emissions. 
i 

Ash Pond Effluents 

Bote~m Ash 

P ~ f t  er ESP, assuming 99 

' . POLLUTANT -- RES1D:JALS PER 1012 Btu SYSTE" OUTPIIT 
.. . 

\ 

Par t icu la tes  ' 1.15 '  ' t o n s  

Par t icu la tes  53 tons  
. 2 

, . 

I 

I I 
I 
1 i l a  . '  

Par t icu la tes  160 tons  

S02 192 tons  

YOR 150 tons  

chlor ide  (c l - )  so tons  

(BOD) Bioc5omical Oxyken 
Demand .039 tons 

(00) Dissoivod Oxygen .0373 tans, 

(TSS) Total  .Suspended Solids ,P ,08 tons 

Ac'id 

Phosphates 

Cllromat e s 

Boron 

Organics 

Chloride (C12) 

Residue 

1.34 ., tons 

. .678 tons  

,039 tons  

5.38 tons  

1.08 tons  

.428 tons  

4 0 tons  

percent ef f ic icnc y 
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. . .  Cogeneration Systems . . 

T h e  genera t ion  o f  steam and e l e c t r i c  power i s  a s i g n i f i c a n t  u s e  . . . . . . 
. . 

o'f f o s s i l  f u e l s  and causes a l a r g e  f r a c t i o n  o f  present  day a i r  pollu- '  
. . 

. . . .  t i o n  emissions. '  ~ o g e n c & t i o n  i n  n e a r l y  a l l  cases i s  based upon t h e  
. . . . 

" combustion of  f o s s i l  f u e l s  and so  a i r  p o l l u t i o n  problems must be 
. . .  . . . . 

. . .' . . . - .  addressed. ' .  . With. respect  t o  water bodies,  cogenerat ion can s i g n i f i c a n t l y  
. . .  . . . . . . 

. . : reduce t h e  impact of t h e  e l e c t r i c a l  genera tor  bec&se normally t h e r e  w i l l  
. . ." be n e g l i g i b l e  water consumption and thermal discharge beyond t h a t  

I I 

. . , . normally associa ted;  with- t h e  process hea t .  The emission values  f o r  . . .  
. . :. " t h e s e  a r b  given i n  Table 15 and Appendix A. ' . . 

. . 



Table 14 . , 

, . 
. . 

. . '  

. . 

. . 

Residual Cullcentration f o r  PUROX System 

A i r  Residuals Concen t r a t  ion . Mass p e r ,  1012 Btu cutput 

1.17 Tons 

. 
408.9 Tons 

4.2  r Tons 

1.33 Tons 

9.46 x 10-I Tons 

4.3 x 19-I Tons 

3.8 x i 0-I ~ o n s  

1310 Toas 

. 1.06 x 10" I3tu 
4 4.3 x 10 Tons .  

3 
1.06 x 10 Tons 

pa r t i cu l a t e  (fron 
- , shredders) ; 

.combined waterborne 
res idua l s  

kIC L 

I Ig 
Zn 

Pb 
. . 

? I i  . 

CC~ 

Other solub les 

Iieat' 

, ii'aste water flow 

Other .,Residuals 

Sludge . 

b. 

7.5 x l!I-' Kp/Ton. 
some bac te r ia  and vi ruses  

5 .8 lb/Ton MSlV 
, 

.01 ypx . ' 

3.1 ppm 

2 . 2 p p m .  , 

1.0 ?pm 

0.01 ppm 

18 .6 1 b/Ton F.ISiV 

- -- . 

66 gpm 

--- 



Table 15 

.Summary of Cogeneration Residual Generation 

Residual Product ion per 1012 Btu Output (tons) 

* .  

Fluidized Bed 

S02 
94 

Nox 68 

Particulates 250 

Ash to Landfill 3500 

Solid Waste to Landfill 

Diesel 

Particulates 

Ash to Landfill 

S02 

Nox 
Hydrocarbons 

Sludges to Landfill 

4.2 acre-ft 

Enhanced Oil Recovery 

Nox 
70 

Hydrocarbons 7.1 

CO 19 

Particulates . 0.12 

S02 
Ash to Landfill 



Fluidized Bed Boi ler  

The primary pol lu t .ants  from the '  f l u i d i z e d  bed b o i l e r  f o r  t h e  paper 
. . 

p l a n t  w i l l  b e  NO SO ', p a r t i c u l a t e s ,  and s o l i d  waste. 
x' 2 

.. ' NO ' emissions a r e  e . f fec t ive ly  con t ro l l ed  i n  t h e ,  f l u i d i z e d  bed by. 
X 

, l i m i t i n g  t h e  combustion t e m p e r a t u r e t o  1 6 0 0 ~ ~ .  . t his i s  poss ib le  

. . 
. . 

becauie t h e  '.heat t r a n s f e r  surface  i s  immersed i n  t h e  bed. 

. . SO2 emissions a r e  a b l e  t o  be con t ro l l ed  with 90 percent  e f f e c t i v e -  

, 
'ness by absorption i n  t h e  limestone- bed. The spend ..limestone and 

ash mixture i s  then withdrawn as. a dry s o l ' i d  waste. +'This i n  i t s e l f  
. . 
. can be a problem b e c a u s e o f  t h e  voluhes' in io lved.  I t  c& be mi t igated  . . 

. .  . . . . by us ing lower s u l f u r  . fue l  o r  -regenerat ion.  . 
. . 

p a r t i c u l a t e  emissions from f lu id ized  bed b o i l e r s  'would be high i f  

they were not  con t ro l l ed .  Fortunately t h e  con t ro l s  such a s  a cyclone and 
. . .  

f a b r i c  f i l t e r  baghouse, in s e r i e s  a r e  t e c h n i c a l l y  simple, very r e l i a b l e  
, . .  

and f l e i i b l e .  . . 

.Diesel Engine 

The primary p o l l u t a n t  from t h e  combustion tu rb ine  burning gas ir NOx. 

Emissions of SO a r e  avoided by removing t h e  s u l f u r  from t h e  f u e l  gas 2 
stream which i s  r e l a t i v e l y  easy compared t o  removing s u l f u r  from l i q u i d  

f u e l s  o r  f l u e  gasses.  Particu1at.e emissions n r o  very low fu r  urly engine 

burning gas as a f u e l . .  The NOx prob,lem can be reduced iby inject in 'g steam , 
o r  water i n t o  t h e  combustion chamber of t h e  engine, although a t  some 

e f f i c i e n c y  c o s t .  Note t h a t  i n  any case  an engine burning low-Btu gas 

w i l l  produce l e s s  NO than when burning o i l .  
X 

From an environmental s tandpoint  it is unfor tunate  t h a t  cogeneration 

tends t o  be s i t e - s p e c i f i c  t o  i n d u s t r i a l  a reas  which are l i k e l y  t o  have 

e x i s t i n g  a i r  p o l l u t i o n  problcms. I:in$ing ' su lu t ions  ' t o  t h i s  problem may 

become more d i f f i c u l t  than overcoming t h e  economic and i n s t i t u t i o n a l  

b a r r i e r s .  



A major pol icy question ra i sed  by cogeneration and environmental 

control  i s  t h e  p r i o r i t y  f o r  clean,  high qua l i ty  fue l .  Industr ies  

can be expected t o  des i r e  high qua l i t y  fue l  f o r  cogeneration systems 

t o  decrease t h e i r  c ap i t a l  investrd'ent i n  fue l .  handling, engine cost  and 

pol lut ion controls .  Po l ic ies  which can make clean l i g h t  d i s t i l l a t e  

o i l  o r  natural  gas ava i lab le  on a r e l i a b l e  bas i s  w i l l  go f a r  towards 

improving the  economics and thus  implementation of cogeneration. 

~ e c a u s e ' o f  i ts  high energy eff ic iency,  cogeneration can afford higher 

p r ices  f o r  fue l  and economic eff ic iency i s  served by i t s  use. 

Furthermore, environmental effi.ciency may be served.by using b e t t e r  

fue l s  i n  cogeneration systems. Par t icu la r ly  with gas turbines  and 
" 

diese l .  engines an i ndus t r i a l  s i t e  may c rea te  l e s s  pol lut ion with a 
I 

clean fue l  cogeneration system producing e l e c t r i c i t y  and steam.than 

would have. been produced by a normal i ndus t r i a l  bo i l e r  burning lower 

qua l i ty  fue l .  Thus environmental e f f ic iency  suggests using t he  best  

f ue l s  i n  t he  most environmentally e f f i c i e n t  processes such a s  cogenera- 

t ion .  

This fue l  i s sue  i s  very-important f o r  two df t he  systems considered i n  

t h i s  repoTt which require  o i l  and gas. The enhanced o i l  recovery 

cogenerationsystem must use o i l  o r  gas i n  t he  combustion turbine which 

is required f o r  t h e  high 'steam needs. :.The sewage treatment 

plant  burns methane i n  a d i e se l  engine which d i r e c t l y  removes t h a t  fue l  

from na tura l  gas users  because t he  gas i s . p r e s e n t l y  sold t o  t he  loca l  . 

gas u t i l i t y  f o r . r e s i d e n t i a 1  use. 

Anoth6r environmental i s sue  concerns ,pol lutant  mismatches which may 

prevent o f f s e t .  A l a rge  cogeneration po ten t ia l  e x i s t s  with gas' , 

turbines ,  which may requi re  a NOx o f f s e t .  However, t he  old  bo i l e r s  

replaced may have emitted la rge  amounts of SO2 and par t icu la tes  but 

l i t t l e  NO,. It may be d i f f i c u l t  t o  control  a l a rge  amount of NOx 

emissions because of economic and t ransact ion cos t s  plus  cons t ra in t s  

on allowable o f f s e t s .  A pol icy allowing o f f s e t , c r e d i t  a t  some r a t i o  

f o r  o ther  po l lu tan ts  exceeding a i r  qua l i t y  standards would encourage 

cogeneration and lead t o . a  g rea te r  reduction i n  t o t a l  emissions. 

A t  present EPA pol icy does not allow' in te r -po l lu tan t  t radeof fs  although 

the re  a r e  s i t ua t i ons  where such t radeoffs  would a i d  achievement of a 
, ... . . 

heal thy a i r  environment. The Cal i forn ia  A i r  Resources ICARB] . but not t h e  
.. . 

EPA .. recomizes ,  t h i s  and i s  w i l  l i n ~  t o  consider i.ntc?r-no1 l i l tant  



t radeoffs  i f  t h e  ne t  r e s u l t  is a decrease i n  heal th  threatening pollu- 

t i on .  . This s t r a t egy  has already been accepted by CARB and Congress 
with respect t o  automotive d i e se l  engines which a r e  allowed t o  exceed 

t h e  new c a r  emission standards f o r  NOx because t h e i r  other  pol lutant  

emissions a re  so low and meeting the  or ig ina l  NOx standard would be. very 
d i f f i c u l t  if not impossible t o  a t t a i n .  Diesel engines used f o r  

cogeneration.are not faced with an absolute standard but the  need f o r  

o f f s e t  f o r    NO^ e f f ec t ive ly  makes, s i t t i n g  t h i s  engine a problem o r  other 

pol lut ion sources f o r  o f f s e t .  Thus cogeneration opportynit ies requiring 

d i e se l  engines may be blocked. 



FACTORS INFLUENCING UTILIZATION OF SOLID WASTE CONVERSION AND COGENERATION 
I7 

Several  f a c t o r s  inf luence  t h e  app l i ca t ion  of any s o l i d  waste conver- 

s ion  p ro jec t  o r  cogeneration process.  In add i t ion  t o  technical  f e a s i b i l i t y ,  

r e l i a b i l i t y  and economic success,  t h e r e  a r e  ,quest ions of  environmental 

q u a l i t y .  W i l l  a  conversion t o  these  untes ted~. technologies  merely be a 

t r a d e  of one type of  po l lu t ion  f o r  another? In order  t o  analyze t h e  

feas ib i l i t ' y  f o r  s o l i d  waste conversion and cogeneration s y s t e m s , , i t  is 
' 

necessary t o  i d e n t i f y  t h e i r  c h a r a c t e r i s t i c s  and evaluate  t h e  c o n s t r a i n t s  

they w i l l  p lace  on using t h e  f u e l  products .  This sec t ion  o f  t h e  r e p o r t  

. w i l l  b r i e f l y  o u t l i n e  a few o f  t h e  major f a c t o r s ,  influen'cing implemen- 

t a t  ion. 

So l id  Waste Conversion 

The implemcntation o f  s o l i d  waste conversion systems depends on 

severa l  f a c t o r s  including t h e  supply and quan t i ty  of  wastes, t echn ica l  

and economic f e a s i b i l i t y  and p o t e n t i a l  environmental impacts. 

The r e s i d e n t i a l  and commercial waste stream can be' subj  e c t  t o  

considerable modificat ion i n  composition over a . p e r i o d  of time. This 

can be  an impediment t o  t h e ' p r a c t i c a l i t y  of  us ing these  resources.  

The c e n t r a l  problem o f  MSW conversion p l a n t s  i s  t h a t  they  r e q u i r e  a 

guaranteed supply o f  garbage f o r  t h e  20-year l i f e  o f  t h e  p l a n t ,  in  

orher  t o  produce revenues t o  meet t h e i r  high f ixed  c a p i t a l  cos t s .  

~ e c h n o l o ~ i c s  f o r  recovering energy from waste a r e  developing 

rap id ly .  However, under any cur ren t  technology, t h e  major b a r r i e r  t o  

wider adoption of MSW energy recovery i s  g r e a t e r  than t h e  value  of t h e  

energy i n  t h e  marketplace. ' The MSW energy p r o j e c t s  opera t ing under 

const ruct ion o r  i n  various s t ages  of  planning a r e  f e a s i b l e  only where 

revenues from t h e  recovery o f  secondary mate r i a l s  (e.g. f e r rous  metals ,  

g lass  and aluminum) and high waste d isposal  f e e s  ($7-$15/ton) a r e  added 

t o  t h e  energy s a l e s ,  thus  enabling t h e  p r o j e c t s  t o  break even o r  show 

a p r o f i t  (Gordian Associatcs,  1977) . 
The value o f  MSW energy products i n  t h e  marketplace is  c l o s e l y  

r e l a t e d  t o t h e  p r i c e  o f  f o s s i l  f u e l s  they  d i sp lace  and t h e  cos t  of  

s u b s t i t u t i n g  t h e  p a r t i c u l a r  MSW product .  To a l a rge  u t i l i t y ,  buying 

MSW e l e c t r i c i t y  i s  analogous t o  buying power from mwlicipal power 

companies. I t s  production i s  viewed a s  i n e f f i c i e n t ,  unre l iable '  and 

a small p a r t  of t h e  t o t a l  capaci ty .  



Solid  waste has a composition t h a t  can read i ly  be upgraded t o  a 

valuable fue l .  On i t s  "as received" form, it has some undesirable 

cha rac t e r i s t i c s  i f  used a s  a .fuel, but preparation and separation over- 

come most of these.  The heating value of  t he  processed product must 

be high enough t o  minimize t he  e f fec t  of t h e  fue l  on t he  bo i l e r  o r  

furnace eff ic iency.  Costs of transporting,  s to r ing  and handling 

increase a s  t he  heat value decreases, s ince a g rea te r  amount of fue l  ; 

has t o  be processed i n  order t o  obtain t h e  same amount of energy. 

Enough of t he .  f i n a l  product. must be avai lable  t o  j u s t i f y  any expenses 

t h a t  t h e  user w i l l  incur i n  modifying t h e  f a c i l i t y  t o  accept t h i s  

new fuel  source. , 
3oli.d ref1.1.se can be used as a substitlrte for conventional f o s s i l  

f ue l s  i n  ex i s t i ng  or  newly designed combustion units. The major 

markets a r e  u t i l i t y  steam e l e c t r i c ' b o i l e r s ,  i ndus t r i a l  steam and 

steam e l e c t r i c  bo i l e r s ,  and downtown steam and ch i l l ed  water d i s t r ibu-  

t i o n  u t i l i t i e s .  Since resource recovery systems a r e  capi ta l - intensive,  

t he re  w i l l  continue t o  be a lack o f  confidence i n . t h e i r  'economic feasi- 

b i l i t y  u n t i l  t he  systems a r e  f u l l y  demonstrated and developed. 

Technologies t h a t  work on a small s ca l e  (35 tons/day) may develop 

unexpected problems when applied on a l a rge  s ca l e  (1000 tons/day). 

'Another po ten t ia l  economic constra int  on the  use of a s o l i d  waste 
conversion system r e l a t e s  t o  i t s  acceptance a t  the  loca l  level .  Many 

loca l  governmental u n i t s  when faced with t h e  problem of disposing of 

s o l i d  wastes tend t o  use t h e  t r ad i t i ona l  methods o f  l and f i l l i ng  

r a t h e r  than inves t iga t ing  t h e  new p o s s i b i l i t i e s  o f  resource recovery. 

For example, Union ~ l e c t r i c  Company of S t .  Louis, which was one of 

t h e  first u t i l i t i e s  t o  burn processed refuse fue l  i n  a demonstration 

pro jec t ,  abandoned i ts  operation i n  April 1977. The problems were 

cconomic and p o l i t i c a l .  The voters  of Missouri had adopted a pro- 

posi t ion t h a t  prevented t h e  u t i l i t y  companies from including the  

carrying cos t s  f o r  construction funds i n  t h e i r  e l e c t r i c  r a t e s .  That 

r e s t r i c t i o n ,  p lus  r i s i n g  cos t s ,  made the  ecoilomics of ehe project  

questionable (EPRI, 1977) . 



A c r i t i c a l  aspect of t h e  f e a s i b i l i t y  of any resource recovery 

system i s  t h e  qua l i t y  of t h e  products. This i s  t r u e  f o r  both t h e  

secondary mater ia ls  ( ferrous  metals, aluminum, glass)  and t h e  processed 

' f u e l .  claims t o  recovery mater ia ls  from mixed waste have not been . .' 

borne out .  Only ferrous  metals separat ion,  wliich i s  a long-established 

technology, has proven i t s e l f  i n  p rac t ice .  The high degree of pu r i t y .  . . . . 

required by markets f o r  use of secondary mater ia ls  has ' been d i f f i c u l t  

t o .  achieve once mater ia ls  a r e  contaminated with mixed garbage. . . 
. . . . .  

. ' . varying composition and moisture content of t he  processed f u e l  . . 
. . 

r e s u l t s  i n  emissions of g rea t  inconsistency and e r r a t i c  functioning , . . . 
. . 

of the. emission control  devices ( e l e c t r o s t a t i c  p r ec ip i t a to r s ) .  Even 
. . though t h e  Su l fur  content . of . MSW is  r e l a t i v e l y  low i n  comparison t o  coal ,  : .. , 

. . 

t he r e  a r e  po ten t ia l  problems with pa r t i cu l a t e s  and heavy metals. Fuel 

.de r ived  from refuse ,  'for.example, contains higher l eve l s  of  cadmium, 

lead, .copper ,  chlor ine  and zinc than coal  (Wentworth, 1970). 

Ash residues from p lan t s ,  which burn s o l i d  wastes o r  raw garbage, 

may be hazardous wastes whichmust be trucked t o  spec ia l  l a r id f i l l s  

t h a t  c o n t r o l  leachates.  Water po l lu t ion  problems a r e  of concern i n  

some pyrolysis  ,methods as well because of  t he  high'organic content of 

t h e  e f f luen t .  

C r i t i c s  of, s o l i d  waste conversion systems argue t h a t  s o l i d  po l lu t ion  

'problems a r e  being t raced f o r  a i r  and water po l lu t ion  problems.. The 

top ic  of-concern i s  t h e  ac tua l  cos t  needed, to  meet t he  applicable 

Federal and s t a t e  po l lu t ion  control  standards.  These Federal and s t a t e  

emissions l imi ta t ions  w i l l  determine t he  technological and economic- 

f e a s i b i l i t y  of compliance. Furthermore, s t a t e  and loca l  review of 

ac t ions  regarding new pro jec t s  w i l l  determine whether a new source of 

emission, i n  f a c t ,  w i l l  be permitted t o  loca te  i n  a given area.  

The principal  reason f o r  t h e  lack o f  a c t i v i t y  i n  resource recovery 

is  t h a t  t h e  a c t i v i t y  i s  r i sky .  For most communities, t h e  key to ' adopt ion  

of  recovery i s  .costs t h a t  are competitive with l a r id f i l l .  For t he ' na t i qn  

a s  a whole, t h i s  general ly  means t h a t  t he  publ ic  sec tor  must.be. the  

main r i s k  taker .  Furthermore, t h e  unique f inanc ia l  and revenue s t ruc tu r e  

of t h e  heavily regulated u t i l i t y  industry  contr ibutes  t o  why t h e  f inanc ia l .  

and operating r i s k s  of MSW energy recuvery arc  una t t rac t ive  ( ~ o r d i a n  

Associates, 1977) . 



. . 
Contributing' causes include inflation, high interest rates, lack 

of sufficient investment capital, and the likelihood that MSW invest- 

ment costs will not be allowed in a utility rate base (e.g. St. Louis 

experience) . 
In order to overcome some of the barriers to the utilization of 

municipal refuse, there are certain emerging patterns. The future 

development calls for not involving the ut'ilities directly in waste 

disposal problems. A n  intermediary is suggested instead to opera$e 

the recovery facility, collect a disposal fee, convert MSW to cncrgy, 

and sell the secondary materials recovered (Gordian Associates, 1977). 

~o~enerat ion 

In reality cogeneration implementation depends on' technical and 

institutional feasibility plus economic feasibility3which reflects , 

I 

energy.efficiency. All of these variables are indirectly affected by 

another figure which is the ratio of power output to heat output. 
' . 

This, determines how much, if any, electricity will be sold to the 

grid. For .example, a steam' boiler/turbine system may produce 50 kWh/ - 
G 

10 Btu of steam heat.  A gar turbino/wostc heat boiler, however, 
6 produces 200 kWh/lO Btu of steam heat. This is a ratio rather'than 

an efficiency so that while a gas turbine produces more electricity, 

it also produces less steam heat. The important use for this power/, 
heat .ratio is matching energy maximizing electrical generation if 

institutional arrangements allow an economic advantage from selling 
. . 

power. The problem at present is that utilities offer very low 

prices for excess power generation. All of the variables affecting 

cogeneration interact in a complex way to determine the best system 

choice as illustrated in Figure 9. 

The generatiul~ of steam arid electric power is a significant use 

of fossil' fuels and causes a large fraction of present day air pollution 

emissions,. Cogeneration in nearly all cases is based upon the combus- 

tion of fossil-fuels and so air pollution problems must be addressed. , + 
With respect to water bodies, cogeneration can significant.ly.reduce 

the impact of electrical generation because normally there will be 

negligible water consumpt'ion and thermal discharge beyond that normally 

associated with the process heat. 
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Fig. 9 ,  Cogeneration System Alternative Analysis 



. . 
With respec t  t o  a i r  po l lu t ion ,  guidel ines  a r e ' g i v e n  i n  t h e  . . 

standards and regukations es tab l i shed  under t h e  Clean A i r  Act. Of . .. ' ' 

. . 

first concern a r e  t h e  Ambient A i r  Qual i ty  Standards s e t  by.'.'Ep~ f o r  ' . . . . . 

, . . .  
SO2, NO and p a r t i c u l a t e s .  The primary standards f o r  t h e s e  p o l l u t a n t s  .: 

X 
. . . . . 

a r e  s e t  t o  p r o t e c t  human h e a l t h .  Unfortunately a  l a r g e  f r a c t i o n  of  
. . . . .  .. 

i n d u s t r i a l i z e d  A i r  Quali ty Control Regions do not  meet t h e  standard, . . .  

f o r  one o r  more p o l l u t a n t s .  In these  non-attainment a reas  new poilu-. : . '  . '  : , . 

. . . . 

t i o n  sources , a r e  no t  allowed t o  i n t e r f e r e  wi thmee t ing  t h e  :standard. ' .  . ."" . '. 
. . . .  . .  

One compromise t o  prevent economic s t agna t ion  i s  po l lu t ion  o f f s e t  . . . . 

whereby a  new s t a t i o n a r y  source can be  b u i l t  i f  a  g r e a t e r  amount .qf . . ... . . 
. . , . 

. . 
t h e  same p o l l u t a n t s  a r e  removed from t h e  same l o c a l i t y .  The importance.'. ' .. :: . .  . 

. . .  
. . .  

o f  o f f s e t  t o  cogeneration systems is  t h a t  it pu t s  a  on low 
. . 

emissions inc luding con t ro l s  s t r i c t e r  than New Source performance 
. . ' . 

Standards which normally apply t o  e l e c t r i c a l  generat ion.  Under 'of fse t '  . . '  , , -  

regu la t ions  each p o l l u t a n t  must be more than offset.<'be decreasing o r  . ' . . . 
't . . 

ceas ing emissions elsewhere. Thus t h e  type  o f  emiss?ons a v a i l a b l e  

f o r  o f f se t 'may  be important i n  deciding system choice. . . 

From an environmental s tandpoint  it i s  unfor tunate  t h a t  cogenera- 
, : . , 

t i o n  t.ends t o  be s i t e - s p e c i f i c  t o  i n d u s t r i a l  a reas  which a.re l i k e l y '  . 

t o  have e x i s t i n g  a i r  p o l l u t i o n  problems. Finding so lu t ions  t.0 t h i s  

problem may become more d i f f i c u l t  than overcoming t h e  economic and 
, . i n s t i t u t i o n a l  barriers ' .  

, .  . . 
. . . . . .  . 

. A major po l i cy  quest ion r a i s e d . b y  cogeneration and environmental . . .  
. . 

con t ro l  i s  t h e  p r i o r i t y  f o r  c lean,  h i g h ' q u a l i t y  f u e l .  Indus t r i e s  can 
. . .  . .  . 

be expected t o  d e s i r e  high q u a l i t y  fue l  f o r  cogeneration systems t o  

decrease t h e i r  c a p i t a l  investment i n  f u e l  handling, engine cos t  and . .  . 

p o l l u t i o n  con t ro l s .  P o l i c i e s  which can make c lean l i g h t  d i s t i l l a t e  
. . 

o i l  o r  n a t u r a l  gas a v a i l a b l e  on a  r e l i a b l e  b a s i s  o r  n a t u r a l  gas w i l l  
' 

go f a r  towards improving t he  economics and thus  imp1ementation.uf.cogen- . . 
. . . . 

e r a t i o n .  Because o f  i t s  high energy e f f i c iency ,  cogeneration can a f f o r d  ' ' .  
. . . , . .  

higher p r i c e s  f o r  f u e l  and ecorivmic e f f i c iency  is  served by i ts use.  

. . ~ u r t h e r m o r e ,  environmental e f f i c i ency  may be  served by using b e t t e r  
. . . . . . 

f u e l s  i n  cogeneration systems. . P a r t i c u l a r l y  with gas tu rb ines  a n d ,  . . . 
.. . 

d i e s e l  engines an i n d u s t r i a l  s i t e  may c r e a t e  l e s s  p o l l u t i o n  with a  

c lean fuel  cogeneration system producing e l e c t r i c i t y  and steam than.  . . . . .  
. . .  

would have been produced by a normal i n d u s t r i a l  b o i l e r . b u r n i n g  lower . 



quality fuel. Thus environmental efficiency suggest using the best 

fuels in the most environmentally efficient process such as cogenera- 

t ion. 



CONCLUSIONS 

The primary environmental problems of converting municipal refuse  

t o  energy o r  u t i l i z i n g  cogeneration systems vary with t he  type of 

process employed. Several spec i f i c  appl icat ions  associated with M S W  

conversion and cogeneration have been characterized i n  t he  previous 

sect ions  of t h i s  repor t .  This sect ion w i l l  b r i e f l y  compare the  various 

technologies according t o  several  key parameters including system 

inputs,  outputs,  s tack e f f l uen t s  and waterborne.residua1s. 
1.2 Table 1 G  contailis a cun~parison of sysrem inputs per. 10 Btu 

steam output. Land requirements a r e  minimal f o r  a l l  systems. The 

RDF system i s  by f a r  t h e  cheapest t o  bu i ld  and is  a l s o  t he  most 

e f f i c i e n t  i n  terms of  energy recovery pe r  ton of MSW. The f luidized 

bed system has t h e  highest  overa l l  system eff ic iency.  However, t he  

PUROX system uses t h e  l e a s t  anc i l l a ry  energy and is  the  only system 

not requir ing an input water flow. Thus t h e  RDF is  t h e  most favorable 

f o r  cap i t a l  inputs  and the  PUROX is  t h e  most favorable f o r  operational 

inputs . 
In Table 17 i s  found a s imi l a r  comparison of  system outputs. 

System energy products have becn l e f t  as t h e  primary system product 
r a the r  than converting each fue l  t o  a common end use product such as 

c l ~ c t r i c i t y .  

The available da ta  on ataek emissions are compared i n  Table 18, 

The major a i r  po l lu tan ts  o f  concern a re :  SO2,NOx,HC1, hydrocarbons, 

and par t icu la tes .  The RDF system which was characterized i n  t h i s  study 

involved co-combustion with coal and there fore  it i s  not surpr is ing t h a t  

t he  resu l tan t  SO2 leve ls  a r e  r e l a t i v e l y  high. The su l fu r  emissions, 

however, would be expected t o  be  lower than those from a 100 percent 

coal- f i red bo i l e r .  Nitrogen oxides seem t o  be only a problem i n  t h e  

d i r ec t  combustion system and the  cogeneration appl icat ions .  The d i e se l  

system associated with primary and secondary sewage treatment p lan ts  

has t he  highest  l eve l  of NOx emissions of the  pracesses under study. 

Chlorides, i l l  Ll~e form of HC1,  a r e  cha rac t e r i s t i c  of s o l 3  waste 

conversiona processes because of t h e  presence of -polyvinyl chlorides i n  

t h e  waste stream. Chlorides re leased t o  t h e  a i r  would be an e f f luen t  

of some concern, since there  a r e  no emission standards a s  ve t .  Part icu- 

l a t e s  a r e  a majo-r component of a l l  t he  systems studied.  Direct Combustion 



Tnble 16 

Systemg21nputs Comparison 
(amount/lO Btu s t e m  per year) 

Systems 
No. Paraheter 

LC GP PX DC RDF FP D I EO 

l> . Land (acres) ' 5.9 35 20.7 10.8 9 4.2 C.1 0.1 

2 Capital (dollars) 1 1 . 2 ~ 1 0 ~  7 . 4 2 ~ 1 0 ~  36.82~10 48x10~ 3.76~10' 11 ;05x106 11 .54x107 l6.4x!o7 

3 MSW (tons) 1 .ax10 ' 2 . 3 8 ~ 1 0 ~  1.45x105 1 . 5 7 ~ 1 0 ~  1.39~10 4.2~10 
4 + + .. - 

4 A i r  [tons) I. 78,xloS - - 0 - - - - - - -- - - 
0 

4 
5 O2 (tons) 0 . 2.82~10 0 0 .  -- -- -- 

- 

6 Fucl O i l  I. 28x10~ 567 . - - -- - - -- 1.19~10‘ 2.1~10 S 

7 Electr ic i ty  (Btu's) 4 . 0 ~ ~ 1 0 ~ ~  1.14x1011 1 .6~10  lo 2.94x101° 2 . 7 1 ~ 1 0 ~ ~  - - -- - - 
4 1.o08x1oS 1x10 3 2.lxl0S 1.5.10 S 8 H20 (tons) 1 . 1 5 ~ 1 0 ~  9.2~10 0 -- 

LC = Landguard pyrolysis 

8 - Garrett f lash pyrolysis 

PX = Union Carbide Purox procesa 

DC = Direct combustion 

RDF = Refuse-derived fuel 

FB = ~luidi thd-bed cogen&atim 

01 = Diesel cogeneration 

EO = Enhanced o i l  recovery (cogeneration) 

*Coal replaces M S W  
6 **Sewage replaces b S W  (3.96 x 10 cf) . 



Table 17 

Systems Output Comparison a 
{ t o n ~ / d a ~ ~ l 0 ~ ~  Etu steam per  year) 

Systems 
No. Palameter 

LG GP PX DC RDF FB DI EO 

5 L Steam (tons) 4 . 3 2 ~ 1 0 ~  5 .97~10 0 4.7?xio5 3.34xio5 2 ,:xlb5 2 .1~10 144 

2 E l e c t r i c i t y  (kW-hr) 1. 51x108 1. 76x108 2.20~10 
8 

S Fuel O i l  . O  4 .03~10 0 0 0 - - -- - -. 4 

4 
4 Fuel Gas 0 1 . 9 7 ~ 1 0 ~  J .65~10  . 0 0 - - - - - - 
5 Ferrous Metal l.26xlo3 l.61xlo3 3 .45~10 l.18xlo4 9 . 7 3 ~ 1 0 ~  - - -- - - 
6 Non-Ferrous Metal - - 1 .53x104 1 . 0 5 ~ 1 0 ~  - - 1.39~10 -- -- - - 3 

7 Glass . .3.06x104 I. 0 6 ~ 1 0 ~  2.96~10 4 '  8 . 6 ~ ~ 1 0 ~  1 . 1 1 ~ 1 0 ~  -- - - - - 
8 Waste HZG 4 . 6 8 ~ 1 0 ~  1 .?1?x10 4 .3~10  1.08xlO 5 - - - - - - -- 
9 : Char l.44xlo3 35.05 0 1. 73x10~ 4.75x104 3. 5x10~.  9 50 2.28 

5 
10 Stack Ef3uen t  585 d.OE.xl0 1.17 1.63x106 4 . 1 7 ~ 1 0 ~  412 3.15x103 101 

11 Water ~ f f l u e i l t  4 ..68klo9 5 . 6 ~ 1 0  335.17. ' 2.78x104 - - - - - - 

LG = Languard pyrolysis  FB = ~luidized-bed:  cogeneration 

GP .I Garret t  f l a sh  pyrolys is '  ' D I  = Diesel Sogeneration . ' 

PX = Union Carbide Purox process . - . EO .= Enhanced o i l  recovery (cogeneration) 

DC = ~ i k c t  combustion 

RDF m Refuse-derived f a e l s  
'blank indicates no avai lab le  data 



Table 18 

Stack Eff luents  Comparison 
(tons/l012 Btu steam per  year) 

Systems 

No. P a r m e t e r  
PX DC RDF FB DI EO LG GP 

1 . 1 ~ 1 0  6 - - -- - - - - ' *2 
- - - - 0 

1 . 1 ~ 1 0  
5 - - - - - - - - 2 H2C Vapor - - - - 0 

3 SO2 22.9 0 136 192 94 0.014 4.8 127 

6 8 1 . 6 ~ 1 0  3 
4 NOx 72.2 0 227 150 70 8.2 

2 .26~10 5 - - - - - - - - 
O2 

- - - - 0 

758 - - - - - - - - 0 19 6 CO - - 
1 . 3 2 ~ 1 0  

5 - - - - - - - - 7 C% - - - - 0 

8 HC1 306 75.8 - - - - - - - - 3.3 0 

- 9 Hydrocarbons 0.65 0 - - - - - - 545 7.1 12 

10 Chlorides - - 5 0 - - - - - - 55.2 -- 0 

11 Pa r t i cu l a t e s  1.17 2 . 3 ~ 1 0  
3 

112.4 160 250 50 7.6 0.12 
3 

12 Char/Ash t o  Landfi l l  1.44x103 1 .33r104 2 . 3 4 ~ 1 0 ~  1 . 7 3 ~ 1 0 ~  4 . 1 7 ~ 1 0 ~  3 . 5 ~ 1 0  950 2.28 

LC = Landguard pyro lys i s  FB = Fluidized-bed cogeneration 

GP 3 Garre t t  f l a s h  pyro lys i s  D I  = Diesel cogeneration 

PX = Union Carbide Purox process EO = Enhanced o i l  recovery (cogeneration) 

DC = D i r e 3  combustion 

RDP P Refuse-derived fue l  



systems contr ibute  t he  highest  l eve l  per  1012 Btu output, wl .  , ch may 

l i m i t  t he  use of t h i s  technology i n  areas  with s t r i c t  pa r t i cu l a t e  

standards. There a re ,  however, ava i lab le  control  technologies t o  

control  t h i s  environmental concern. From the  point  of view of s tack 
' ef f luen ts ,  t h e  PUROX pyrolysis system s e e k  t o  contr ibute  the  1ow.est 

quan t i t i e s  of a i r  pollutants- ,  while d i r e c t  combustion operations 

produce ' the  highest .  Tliere are  more avai lable .  data i n  the 
.case of d i r e c t  combustion un i t s  which rn-ay contr ibute  t o  t h l s  s i t ua t i on .  

Table 19 summarizes t h e  data  on waterborne res idua ls .  rhe major 

po l lu tan ts  a r e : ,  suspended so l id s ,  ash quench water, t race 'metals ,  

organics and acids .  Because of t he  paucity of information i n  the  

l i t e r a t u r e  on water e f f luen ts  from waste conversion and cogeneration 

processes, it is d i f f i c u l t  t o  compare t he  various technologies. ' I t  is 

reported elsewhere t h a t  both t h e  oxygen pyrolysis  (gas u t i l i t y )  and f l a sh  

pyrolysis  ( o i l  u t i l i t y )  systems produce large quan t i t i e s  of waste water 
I 

t h a t  must be  cleaned and.disposed (Aerospace, 1976). The major environ- 

mental concern Ts t h e  effectiveness of water pol lut ion contro'ls on t he  

spread of hazardous mater ia ls .  

 able-20 presents a summary of t h e  major 'environmental. problems 

f o r  each of t he  systems selected f o r  analysis .  Future e f f o r t  within 

t h e  project  w i l l  be di rected toward expanding and r e f in ing  t h e  i n t e r -  

system comparison'as 'da~ta on t h e  various e f f l uen t s  become avai lable .  

\ 



Table 19 

IVaterborne Residuals Comparison 
(tons/lo12 Btu steam pe r  year)a 

Systems 
Parameter No. 

LC GP PX DC RDF 

1 HC1 - - - - 408.9 - - -- 
. . 

2 Hg - - - - 4. Z X ~ O - ~  - - - - 
- - - - 1 :33 - - -- 3 Zn 

. 4  Pb - - - - 9.46?10-l - - - - 
-- - - 4 . 3 ~ 1 0 - I  - - -- 5 Ni 

6 Cd -- c - - 3 .8~10 - I  - - -- 
7 Other Solubles - - . -- - - - - - - 
8 Suspended So l i d s  -- - - - - - - a.  08 

9 Su l f a t e s  - - - - - - 8.5 -- 
- - 10 Chorides -- - - 56.6 .428 

11 Phosphates - - -- - - 0.51 . .6785 

12 ~ a r d n e s s  - - - - - - 66.4 . - - . . - - - - 1 . 0 6 ~ 1 0  
11 

13  Waste Heat . - - - - 
' 4  

14 Waste i120 4.68x104 1.o6x1o5 4 . 3 ~ 1 0  1 . 0 0 8 ~ 1 0 ~  2 .78~10  

15 BOD - - - - - - - - .039 

16  COD 1 . 4 4 ~ 1 0  
3 - - -- - - - - 

- - 17 Sludge - - - - - - 40 

LG Landguard pyro lys i s  

GP = Garre t t  flaslr pyro lys i s  

PX = Union Carbidc Purox process 

DC = Direct  combustion 

RDF = Refuse-derived fue l  

%o ava i l ab l e  d a t a  on cogenerat ion Systems 



Table 20 

Summzry of  Major Environmental Problems 

System Emissions t o  A i r  Discharges 
t o  Water ' 

Problems 

~ i r e c t  Combust ion S ign i f i can t  mounts  of SO2, NOx, E m i  s s i a k  Po ten t i a l  d i f f i c u l -  
HC1 and espec ia l ly  p a r t i c u l a t e s  - from,scr-~bber t y  meeting loca l  

. . water a i r  q u a l i t y  stand- 
ards  

RDF SO (depending on S content of  2 Greater  BOD S ign i f i can t  l e v e l s  
coal)  , p a r t i c u l a t e s ,  HC1 and COD l e v e l s  of  bottom ash f o r  

than cca: combus- disposal  
t ion 

Purox' P a r t i c u l a t e s  (from shredder) Signif icant  
amounts of H C l  

-. . 
and t race .  metals 

. . 
Data not availsbl 'e  * 

~ l u i d i z e d  , Bed S ign i f i can t  amounts of SO2, ' . . 

(cogeneration) NOx and p a r t i c u l a t e s  

Diesel 
. . 

- . , ' s i g n i f i c a n t  .mounts 'of NO and .x.  . D a t a n o t  ava i l ab le  * 
(cogeneration) . : hydrocarbons . ' . .  . - .  

. . 
Enhanced ' O i l .  S ign i f i can t .  amounts o f  NO . . 

x .  :. 
Data no-t avai 1 s b l e  . * . 

Recovery' . . . 
, . 

* 
Cogeneration tends t o  be. s i t e - s p e c i f i c  t o .  i n d u s t r i a l  a reas  which .&re l i k e l y  t o  have e x i s t i n g '  

. . pol lu t ion  probiems . 



&. APPENDIX A 

CAPITAL AND OPERATIONAL RESIDUAL INPUT SHEETS 
FOR SEAS MODEL APPLICATION 

This appendix contains t he  formatted input ' sheets  f o r  cap i ta l  

and operational system residuals .  For each ~ e c l m o l o ~ ~ .  Application, 

shee t s . a r e  included i n  t h e  following order:  Capita1:Expenditures 

and Material' Requirements Summary "Reporting Form, Technology Capital 

Costs: Works Sheets, Technology Capital Costs: Work Sheets-Annual 

Operating Costs, and Residual Data Sheets. 

SO2 scrubbers and e i t h e r  baghouses o r  e l e c t r o s t a t i c  precipi ta tors .  

a r e  included a s  a basic  element of each system 'and a r e  re f lec ted  i n  

cap i t a l  costs  and i n  t h e  res idual  generation r a t e s .  An ext ra  column 

has been added onto a l l  Capital  Material Requirements Sheets. This 

column i s  used t d  indicate  whether o r  not  t he  corresponding material  ', 

. . 

is  recycled upon e i t h e r  replacement o r  decommissioning o r  i s  described 

a s  a land residual\.  1t should be noted t h a t  , a l l  waste water flows * 
described i n  t h i s  appendix can be dischargea d i r e c t l y  i n to  municipal, 
, . 

sewer systems without pretreatment. 

Side Equations 

. . The three  MSW energy recovery processes described i n  t h i s  report  

'a lso produce secondary products which a r e  not sold i n  proportion with 

o r  t o  t h e  same cus tom~rs  a s  t h e  basic  enirgyproducts .  ,The sale of 

these secondary products i s  handled i n  t he  SEAS model system' through 

the  use of "side equations." The s ide  equations f o r  t he  MSW technologies 

a r e  shown i n  Table A-1.  Included ' i n  t h i s ,  t a b l e  a r e  both production k t e s  

f o r  secondary equations and iden t i f i ca t ion  of general-sectors  t o  which ' 

these products a r e  sold.  



Table A-1  

MSX Technology Side Equations 

System Product Product ion Rate 
(tons/l~l* ~ t u  of output) Sectors Sold To 

Direct Combustion Iron 

RDF 

Pyrolysis 

. Iron 

Aluminum 

Glass 

1.8~10 
4 

Recycled to metal fabrica- 
tion industries 

Iron . 8.45~10 3 

Aluminum 1.41~10 3 

Glass Aggregate 2.34~10 
4 

Recycled to stone, glass, 
clay industries 

Recyc.led to metal fabrica- 
tion industries 

Recycled'to Non-Ferrous 
Metal Industries 

Recycled to stone, glass, 
clay industries 

Recycled to metal fabrica- 
tion industries 

Recycled to non-ferrous 
metal industries .& 
~ol'd for construction and 
road 3ed aggregate 



CAPITAL EXPEF!DITUP,ES A!lO MATEFII ALS REQU I REllEt!TS 

SUlVIARY REPORT I KG FORf.1 

TECHNOLOGY Municzuitl Sold Waste R G I O N A L  A P P L I C A B I L I T Y  OF DATA: 

APPLI  CAT I ON ,-!EL NATIONAL: X 

DATE SUBMITTED 8 August 1978 FEDERAL REGION NOS, a l l  

SUBMITTED BY . LBL STATES,: a l l  

A. CAPITAL COSTS . $197 7 $1977 

1. MATERIALS % 71,952.800 1 - 4 3  50.116.h00 

2. TRANSPORTAT I ON 6.150.000 1 . 4 3  4.300.700 

3,  CONSTRUCT1 ON LABOR 39.629*600 1 .43  27 ,7 t3 .000  - 
' 1 ,  PROFIT 8 OVERHEAD 29 . i36 .900  1 . 4 3  % 20,375,460 - 

A.1 TOTAL $146,869,300 1 . 4 3  102,705,800 

B. ~ R U A L  SYSTEM 10" BTU OUTPUT 6 .45  r l a l 2 ~ =  

C. A I ~ ~ U A L  SYSTEM F O S S ~  L FUEL EQUI VALEWT/lgl* BTLI OUTPUT + 19 .3s  (1 i128N)  

D. TOTAL CAPI?A&  COST/^^^^ ANNUAL STC ["B'I I 

$ 15.923.400 
. . 

E. ~!UI.:BER OF YEARS TO CONSTRUCT FAC:ILITY 5- 
F, PH~SI NG OF CONSTRUCTION COSTS ($ .EACH YEAR) : 

i YEAR - - 2 3 - - 4 - 5 - 6 -  7 - 8 - 9 - i 3 
9 '  
a - 20 2 0  - 20 2 0  - 2 0  - - - - 

' 9 . 5  a c r e s  



1 = yes, 2 = no. Those itens not 'recycled become land residuals, quantities of iecycled materials per 
lo1* annual Btu output are contained in the list of side equations. 



. . . . 
. . . . . . 

. . 
. . . . ~C~~:OLOGY~U,PITAL COSTS: I+QRK S I I E T  .'. . .. . 2 out of 3 . . 

1 1 ;2yos, 2 = no. ~ h b s e  items not recycled become land residuals, quantities of-recycled materials pcr 
10 annual Btu output are contained in the.list of side equations. 

..... , 



'TIXI!XOMGY CAPITAL COSTS: OlORK SllEET 3 out of 3 

.(a) For construction c a t ~ ' ~ o r y ,  indicate. t h e  number of man-hours of labor required. (b) Prices  s h w l d  be f o r '  
!972, tf. other pr ices  a:e.used, indicate  year. . [c] ' 1967 SIC code. (d) h'umbers may not add t o  t o t a l s  due t o  
round& 

1:. yes,'. 2 = nd'. ~hosi' it- mot recyrled becone land rcsid"alS, quanti t ies of  cycled npter ia ls  per 
. 1012. annual Btu outprd are .contained i n  the  .list of r ide  equations. 

. 

. . 

nClfibU)OI: Municipsl Solid Waste 

~ r p e a d i t u r c s  (" Total 
cost  

AGLIC,\TYON: Refuse Derived Fuel 

f i i c c b  197 s 

10.7(1 

38,553.6 

>1,566.1 

3,855.4 

13,715.4 

146,869.3 

1,420.5 

Servic 

Labor 

OH La 

OH 

Profi 

'  and 

DATE: 
(8) 

Fraction. 
of Totnl 
costd 

0.73 

26.25 

7.88 

2.63 

9.34 

99.'97 

s 6 Managem1:nt 

2.9657~1~~h:.$13.!hr 

lor 

Otller 

. 

Total 

10 acres 

. .  . 
' I  

Designation . . 
(7) 

SEAS I . 

- - 
. 
19 

19 

19 

, . . 

(5) 
 SIC^' 

- 
- 
- 
- 
- 

8August 1978 
(9) - 

Scalc Factors 
And Year 
Applicnblc 

. . 

I n t e r m  Sector  

(61 
SU.S SECTOR 

- .  

- 
New Construction 

Mew Construction 
- 

l o  

Footnotcs 

(11) 

~ e c ~ c l e '  

0 

0 

0 

0 

0 



. , TECIR'CLCGY CAPITtIL COSTS: kDRK SIEET . 1 of 2 

(a) -For construction cntcgoty; i n d i c a ~ e  the number of ran-hours of labor rcquircd.. .. (b) Pr tccs  shou ldbe  f o r  
1972'. If other prices a r e  used; indica te  year. (c)- 1967 SIC'code. ..(dl Er'unbcrs may .not add ' to  t o t a l s  due t o  . . . 

. .  . .  rounding. 

' 1 = yes, 2 = n o .  Those L i e u  not recycled become land residunls, quanti t ies of r c c p l c d  material. per 
lo1' annual Btu ,output are contained in  the list of s ide  equations. . . . 



TECtL'iOL3GY: Municipal So l id  'Waste APPLIC,\TION:RDF - Annual Operation PATE: 8 August, 1978 

E ~ c n d i t u r c s  
('1 

' P r icc  

(4) 
Tota l  
Cost 
197 7% 

8 0 

20 

. . 

1972. I f  o t h c r  p r i c e s  are used,  i n d i c a t e  year. Ic) .. 1967 SIC codc. : (d) .h'wnbcrs may not  odd t o  t o t a l s  duo to  . . 

. . rounding. 
, . :  . . .  . . ' . .  . . . . . . . . 

. . 
. . . . 

= yes, 2 = n o .  P q s e  i t e n s  not  recycled becone land r e s i d u a l s ,  q u a n t i t i e s  o f  recycled y t e r i p l s  :per 
! ,  . .  

1012 annual Btu output  a r e  contained i n  t h e  . . Lis t  o f  s i d e  equations-. . . . . 
. :  . . . . . . . . . .  . . .  . . . . . . . .  . . . . .  

. . 
. . .  . . .  . . . . . . . . . . , . 

4 . 9 9 ,  

: 13.44 

: 0.76 
. . 
. 3.65 

. 22.63' 

, 6.80 

- 2 . 2 5  
. . 

. . 
99.99. 

. . 

. . . .  . . 

. . 

requ i red .  . @) 

T 
(11) 

Recycle 1 

1 

0 

(9)  
S c a l e  Fac tors  
And Yciu 
Xpplicnble . 

(8) 
Frac t ion  
o E T o t a l  
c o s t d  

1.96 

0.48 

. . 

(10) 

Footno tcs  

, . 

. . ' -  

. . . 

' , . , 

. . 

. . .  

. . . . 
. . . . . . . .  

. 
. . .  
. . 

. P t i c c s  should 

. . 
, . 

. , 

. , 

. . 

. . . .  
5 

. . 

b e  f o r  .: 

(7) 
SEAS f 

. . 
131 

r57 

Equipment; 1934.5' 
. 203 494 E l e c t r i c i t y  

550 4 94 Water & Sewer 

30 494 Heating Fuel 

150.9 - I Trucking 
I 

928 - Labor 

New ~ o n s t r u c t i o l  

New Const ruct ior  
I .  

I r f o r u ~  S c c t o r  Dcsignntion 

0 

0 

: 0 

0 

0 

0 

0 

- 

180 

179 

178 . . 
169 

2 0 

I 20: 

20 

(5) . 
SIC#' 

3621 

371 , 

I - 
01' 
I 

. . 

. . .  

. . . . .  

. . 
. . 

Tota l  

~ r a n s ~  

Labor 

OIi Wag 

OH 0th:r 

. . . .  
. . 

. . 

. . 

. . 

. . .  

o f  l a b o r  

( 6 )  
SEAS SECMR 

Motor &..Sen 

Motor Vehicles 

. . .  

, . 

. la ter ial  & 
. 

~ r t a t i o n  

? 

(a) For cofis t ruct ion category, indicarte t h e  n m b c r  of mnn-houis 

! ' . . 

I 

i . Total  

. . .  

. . . - 











. .. : 

. . 
. .  . 

' . . CAPITAL EXPE!.!D I TUFES A!!!) MATERIALS REOU I RE?IE!!TS 
. . ... . . . -  . . .  .. . 

. S.U!WEY REPORTING F C ~ I I  . . 
. . 

. . . . 

. . 
. . 

TECHI~OLOGY blunicipal-.solid lvaste' : , REGIONAL APPLl CAB1 LlTY OF DATA: ' .  . . . . .  . 

. APPLICATION " PyrO'ySiS .'. ' . ' ' . , ,  NATIONAL: ' . . . .. . . . .  . 
. :. 

" . DATE SUBMITTED lg78 . : .FEDERAL REGION NOS. 
. . . . . . . . . . 

. . SUBMITTED . BY' ' LBi . .  . .  STATES :- 

. . 3,. CONSTRUCTION LABOR s0.70R.000 1.18 . 42.972.900 . . .  

l ! ,  ' PROFIT 8 OVERHEAD 39,971,000 1.18 33,873,700 

A.1. TOTAL 217,920,000 1.18 184,678.000 

B ,  ANNUAL SYSTEM lo1* BTU OUTPUT 15 z 110~~R~Ill - 

YEAR 1 2 3 - - 13 - I - I -  4 - 6 5 - - 7 - 8 - 9 

GI EXPECTED LIFE OF FACILITY (YEARS) 30 

H. I!AN YEARS TO CONSTRUCT FACILITY 2100 

1 .  ~.'J\N Y E A R S / ~ O ~ *  BTU ANNUAL OUTPUT [ff] 137 

J, ESTIMATED LAND USE 10 acres 



. 1 i2yes, 2 = no. those item not r e~ys l cd  becaae l u d  reridurls, quantities of recyiled materials per 
10 annual Btu output arc contained in the lir. of side equations. 



2 0s 3 
TECtISOLOGY CAPITAL COSTS: \CORK SlIEET 

1 = yes, 2 = no. Those items not rccycled become land residuals, quantities of recycled materials per 
lo1* annual Btu output are contained .in the list of sidc equations. . 



ECIISCLOGY CIJ'ITAL COSTS: WORK SllEET 3 of 3 

1 = yes, 2 = no. Those itcns not recycled become Land residuals, quantities of recycled matcrials per 
. lo1* annual Dtu output are contained in thc list of side equations. 

1972. If other prices are used, indicate year. (c) 1967 SIC code. (d) Nu~bcrs may not add ta totals due to 
rounding. 

~ E C ~ K O M C Y :  hlunicipal Solid Waste 
(4 1 

Total 
Cost 
1974$ 

19688 

216,570 

370 

indicate 

D A ~ :  2 August 1978 

(10) 

Footnotcs 

be for 

(8) 1 
Frac:ion 
of Tot21 
costd 

9.135 

99.043 

required. @) 

('Ib 
Prlcc 

category, 

Expcnditurcs (9) 
Scalc Factors 
And Year 
Applicnblc 

Priccs should 

APPLICATION: Pyrolysis 

( I  
Category3 

Profit 

Total C 

Land 

(a) For 

(11 )  

D I ) F ~ C ! P '  

0 

0 

J 

I @ldfltr 
& Units 

)st 

10 acres 

construction 

. 

1 
03 
m 
I 

('1 
SEAS 

LQ 

of labor 

InFxun Scctor Dcsi~nntion 

(S) 
SIC#' 

( 6 )  
SEAS SECTOR 

Profit 

I 

thc numbzr of man-hours 



~ C I C J O L O C Y  <CAPITAL COSTS: hDRK SIXET 1 of 2 

rounding. 

! 1 = yes, 2 = no. Those items not recyclcd bccome.land residuals', quantities of recyclcd materials per 
1012 annual Btu output arc contained in the list of side equations. . 



ECIRQtOGY CAPITAL COSTS: AQRK SHEET 

, 

1972. I f  o ther  p r i ces  a r e  used, indicate year. (=I 1967 SIC code. (d) Nmbers may not add t o  t o t a l s  due t o  
rounding. 

1 = yes, 2 = no. Those items not recycled become land r e s i b a l s ,  quanti t ies of recyclcd materials per 
1012 annual Btu output arb  contained in the  l i s t  of s i d e  equations. 

TECtKOUJt7f: Municipal Scllid Waste APPLICATION: Pyrolysis-Annual Operation DATE: 8 August.. 1978 
(4) 

Total 
Cost 
19745 

10 

30 

698 

( 3 ) b  
Pxlce 

6 
i a l s  

ion 

47,090 
$11.85 

Total 

ca'cgory, 

, Expendi lures  

' ( 1  l ~ n l t l t y  
$stegory3. 

O.H. 

O.H. 

(a) For 

& U n i t s  

Total Bqui~ment 
Mate: 

Transportat 

Labor (direct) 

l y e s  

Cther 

construction 

( 8 )  
Fraction 
of Total  
costJ 

0.64 

1.92 

Designation 
a 

(7) 
SEAS 

145 

157 

(5) 
SIC#' 

371 

382 

! 

1.14 

0.32 

3.59 

35.70 

10.72 

3.49 

100.094 

required. (b) 

179 

178 

169 

20 

20 

20 

of labor 

Inforun Sector 

(6) 
SCr\S SECTOR 
bbtm Vcliiclcs 

bkch. blcasure. 

$1 
S:alc Factors 
h-d Year 
A?plScable 

flfatea 6 Sewer 

b a t i n g  Fuel 

Trucking 

k b o r  

N?w Z o n s t ~ c t  ion 

New Construct Lon 

number af man-horns 

18.5 

5 

56 

x 
558 

167 

56 

1558.5 

Pr ices  should 

494 

494 
- 

- 
- 
- 

(10) 

Footnotes 

indicate the  

(11) 
Recycle 1 

0 

1 

be fo r  

0 

0 , 

0 

0 

0 

0 

d 





CAPITAL EXPEI.!D I TUEES A I ~  ~ T E R  I ALS REQU I RUIEI~TS 
SU!VARY REPORTIRG FOR1.1 

TEC.HNOLOGY 
Cogenerat.ion REGIONAL APPLICABILITY OF DATA:. 

AppLI C,jT I ON Fluidized Bed NATIONAL: . * 
DATE SUBMIf TED 8 August 1978 . - FEDERAL REGION NOS ' 

SUBMITTED BY LBL . STATES: . 

1, MATERIALS s.616.400 1.43 " , 3,927,550 

, 
i.43 I ! ,  PROFIT 8 OVERHEAD ' 828*s00 

,579,370 

B. A N N U A L  SYSTEM 1012 BTU .OUTPUT 0.726(1012 ~tu/yr)' 

C. A I ~ N V A L  SYSTEM FOSSIL FUEL EQUIVALENT/~[I~* DTU OUTPUT 1-43 

["R'I " ; 
D. TOTAL CAP I TAL C O S T / ~ O ~ ~  ANNUAL QTU 11,054,540 

. . 
E. ~!UI{BER OF YEARS TO CONSTRUCT FACILITY 2 

F ,  PHRS I KG OF 'COMSTRUCTI ON COSTS (B EACH YEAR) : 

YEAR - 1 2 - 3 - 4 - - - - 6 ,5 - 7 '  . : g  9 10 ' - .  - 

.See Appendix I or Application Section for details on product mix and fossil 'fuel 
equivaience .. -, 



. . .  
. . .  lEC;C:OLOCY CAPITAL CCSTS: " WRK SIEET . . 

. . rounding.' . . . . . . 

1 = yes, 2 = no. Those item not recycled become land residuals, quantities of recycled materials per 
1012 annual Btu output are contained in the list of sidc cqustions. 

(I) 1 yes, 2 = no Those items not -recycled become land residuals, qumtitics of recyclcd materials per lo1* 
annual B E  output are contained in thc list of side cquntions. 



TECtISCLCCY G\PII;\L CCSTS: . RURK SllEET ' 

. . 

l. 1 - yes, 2 no. m o s e  item not. recycled becorns land residuals, quantities of recycled materials per 
. '  lo1* annual Btu output are contained in the: I k t  et side equations. 

. . 



TECIR'OLOGY CAPITtIL COSTS: hQRK SIICET / ANNUAL COSTS 1 of 1 



- - 
.3. Reigel, S.A., Bundy; "Why'thc Swing tq Bagbbousesw P o ~ e r ,  121,(1):68,Jan.1977. 
4. Noll, K. e t  a l .  Air Pollution Control and Industrial ~ n e r g y ~ r o d u c t i o n ,  Ann Arboz;Ann'Arbor Science, 1975. 
5.  Output i s  55% steam and 45% e l e c t r i c  power. 



U\PITP.L EXPE!!DITURES AllD NATERI ALS REQU I RPEHTS 
SU! VlAW REPORT1 KG FORJI 

TECHI.(OLOGY Co~eneration REGIONAL APPLICABILITY OF DATA: 

APPLI CATI'ON ~iesel NATIONAL : x 

DATE SUBMI T TED 8 * U ~ U S ~  1978 FEDERAL REGION NOS, all . . 
LBL . SUBMITTED BY STATES : all 

A. CAP;?AL COSTS . $3977 -DEFLATOR $1972 

1. MATERIALS 5,359,100 1.28 4,186,800 

2, TRANSPORTATION 418,000 1.28 326,560 - 
1,656,500. 3, CONSTRUCTION LABOR . . . . .  . .- 1.28 

--7 

1,294,140 ---- - --- 
1!, PROF IT .8  OVERHEAD 600,ooo 1.28' .468,i50 - 

A.1 TOTAL 8,033,600 1.28 6,276,250 

B. ANNUAL SYSTEH lo1* BTU OUTPUT 12 
0.544 (10 - BTll/vrL 

? 1 

C. ANNUAL SYSTEM Fossli FUEL E P U I V A L E N T I ~ ~ ~ ~ '  OTU OUTPUT 1.207 ( ~ o ~ ~ B T u / ~ ~ )  % 

D, TOTAL CAPITAL c0ST/13l2 ANNUAL BTU [%!I 11,537,225 

E. EUHBER OF YEARS TO CONSTRUCT FACILITY '1 

F.. PHASING OF CONSTRUCTION COSTS ( t  EACH YEAR) : 

YEAR 1 8 . 9  7 - 6 -  4 5 ,- 3 - 2 .- - 13 - - - 

H. . VAN YEARS TO. CONSTRUCT FACILY TY 60.5 

I . YEARS/~O~* BTU ANNUAL OUTPUT 111.21 

3 , .  ESTIMATED LAND USE. 0 

Appendix I for d e t a i l s  on pr~duc? mix and fossil fuel eguivating calculations 
. , 



1 = yes. 2 = no. lhore,items not recycled becane laid residuals. guantitios of .ecycled materials per 
10'' annual Btu outpus are contained in the List of side equations. 



1.' From EPA, Air Pollution Emisdon Factors, AP-42. 
t 

2. Thornson, S.J. and' Crow, I1Eneqy Costs of NOX Control1' Hydrocarbon Prorrssin~, May 1976 , 



CAP1TP.L EXPEf.!D I T E E S  A!!9 MATERIALS REQU I RUlLtt!TS 
SU!UIAPY REPORT1 NG FOMI 

TECHI4OLOGY Coveneration REGIONAL APPLICABILITY OF DATA: 

APPL I CAT I ON Enhanced Oil Recovery - NATIONAL: X 

DATE SUGMI.'TTED 8 Aufsst 1978 FEDERAL REGION NOS a . 

SUBMITTED BY LBL . STATES : .ail 

1. MATERIALS 188.. Oos,OOo 1.43 131,472,000 

2, TRANSPOaTATI 014 '14,600,000 1.43 10,209,800 

. 3 CONSTRUCTION LABOR , 1069910*000 I. 43 ~96,161,000 

I ! ,  PROFIT '8 OVERHEAD 39*540*000 1.43 27,650,000 

YEAR - 1 . - 2 . 3  .4 - .  - 5 
; -. 

6 .  7 - - - 8 .  - 9 .- 13 
z - 25 . 2 5  - 2.5 , 2 2 '  - - - . -  - - 

Ha KAN YEARS TO CONSTRUCT FACILITY 
12 . 1. RAN Y E A R S / ~ ~  ETU ANNUAL O U ~ P U T  [ft] 

J m EST] MATED LAND' USE 

3730 vears 

;- 24.8.5. years 

8 acres 



' 1 = yes, 2 = no. m o r e  items not recycled become land residuals, quantities of recycled materials per 
1012 annual Btn output are contained in the list of side equations. 



(a) For construction cotcgory, indica te  t h e  nwzbez of man-hours of labor- rcquircd.  (b) Prices should be f o r  
,1972. I f  o thcr  prices a r e  'used, indica te  year. (c) 1967 SIC. code. (dl Numbers may not add t o  t o t a l s  due to  
rounding. 

' 1 ;?yes, 2 - no. n o s r  i tens  not rtkycled becorn,? land residuals, g"anti t ies of  recycled m t e r l a l s  per 
10 annual Btu output a r e  contained ,in the  l ist .  of s ide  equations. 
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rounding. 

1 = s ,  2 = n o  Those items not recycled bccone land residuals, quantities of recycled materials per 
1012 annual Btu butput are contained in the list of side cquations. 
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8.  Balzhiser ,  Richard, "RED Sta tus  Report: NO. Control Tcclmology" 
EPRI Journa-l,Z(XJ)': 43, April 1977. .< 



APPENDIX B 

CHARACTERIZATION OF MUNICIPAL SOLID WASTE (MSW) 
AND M S W  CONVERSION TE'CHNOLOGIES 

The concept o f  M S W  energy and resource  recovery was presented 

i n  t h e  In t roduct ion  sec t ion  o f  t h i s  r e p o r t .  This  appendix w i l l  charac- 

t e r i z e  t h e  input  municipal s o l i d  waste, w i l l  b r i e f l y  c o n t r a s t  energy 

and resource recovery with l a n d f i l l  systems, and w i i l  expand on t h e  

desc r ip t ion  of  general  MSW recovery systems provided i n  t h e  In t roduct ion  

sec t ion .  

Conceptual Comparison o f  Landf i l l  and Recovery 
I 

Approximately 600,000 ' tons o f  s o l i d  wastes a r e  generated d a i l y  wi th in  

commercial, r e s i d e n t i a l  and i n d u s t r i a l  s e c t o r s  i n  t h e  United S t a t e s .  By 

t h e  most common cur ren t  p r a c t i c e s ,  t h e s e  wastes a r e  co l l ec ted  a t  t h e  s i t e  

o f  generat ion by, two- and four-ton t rucks ,  hauled t o  a c e n t r a l  t r a n s f e r  

s t a t i o n ,  compacted, loaded on t o  l a r g e  (10-ton) t r a n s f e r  t r u c k s  and 

hauled t o  a l a n d f i l l  s i t e .  National average c o s t s  f o r  t h i s  type of  

opera t ion  range froin $ 4 . t o  $8 p e r  ton  and may be approximated by t h e  follow- 

ing  reg ress ion  equation (Nuss -- e t  a l . ,  1975) : 

'LF 
= 2.35 + Q96(L) 

where 

CLF 
= c o s t  of  c o l l e c t i n g  and l a n d f i l l i n g  one ton  o f  MSW 

2.35 = n a t i o n a l  average haul c o s t  ( inc ludes  c o l l e c t i o n ,  
t r a n s f e r <  and haul )  

L = l a n d f i l l  land costs [$1000/acre) 

In add i t ion  t o  v a r i a t i o n s  i n  land c o s t s ,  CLF v a r i e s  s i g n i f i c a n t l y  

a s  a function of  t h e  dev ia t ion  of  haul  c o s t s  from t h e  n a t i o n a l  norm. 

For example, i n  San Francisco,  Ca l i fo rn ia ,  where both  land c o s t s  a r e  

high and haul d i s t ances  a r e  long (approximately 30 mSles), t h e  a c t u a l  

hall1 cos t  i s  approximately $10 p e r  t o n  and t h e  t o t a l  cos t  i s  approximately 

$16 pe r  ton  (Ca l i fo rn ia  So l id  Waste Management Board, 1977). In many 



locat ions  waste incinerat ion i s  added t o  t h i s  process before t he  haul 

t o  a l a n d f i l l  a s  a weight and volume reduction measure. 

A s  a a l t e rna t ive  t o  d i r e c t  l a n d f i l l  d isposal ,  a var ie ty  of 

resource recovery schemes a r e  cur ren t ly  being investigated . In general 

these  schemes convert a ce r t a in  por t ion of t h e  so l i d  waste stream com- 

bined with varying amounts of addi t ional  input energy i n t o  usable energy 

o r  energy fuel ,  basic  recoverable' resources, an a i r  pol lut ion stream, a 

water pol lut ion stream, and a subs t an t i a l l y  reduced so l id  waste stream. 

While resottme recovery processes can recover energy resources and 

valuable recyclable resources (iron, alruninum, gla39 and paper) and do 

subs tan t ia l ly  reduce l a n d f i l l  requirements, they a l so  generate these '  

pol lutant  flows re leased i n t o  t h e  atmosphere and i n t o  municipal water 

systems. General'schematic d i a g r ~ s  f o r  a l a n d f i l l  system and f o r  an 

energy and resource recovery system a r e  shown i n  Figure B - 1 .  This 

f igure  shows t h e  bas ic  categories  of inputs and outputs associated with 

each system and q u i l i t a t i v e l y  compares them. A pos i t ive  r a t i ng  (+) 

ind ica tes  t h a t  t h e  use of o r  generation of t h a t  category on t h a t  system 

is preferable  (provides a ne t  benef i t )  re la t ive .  t o  t h e ' o t h e r  system. 

A s  is evident. energy and resource recovery systan~s provide s ign i f ican t  

benef i t s  by producing energy and recyclable mater ia ls  and by reducing 

l a n d f i l l  operations and land requirements f o r  l a n d f i l l .  However, 

several  s i gn i f i can t  addi t ional  costs ore a l so  incurred. Aquatic and 

atmospheric po l lu tan ts  a r e  generated and large i n i t i a l  c ap i t a l  investments 

a r e  required. '  

In addi t ion t o  t h e  q u a l i t a t i v e  systemic comparison shown i n  Figure 

B-1, a determination t o  s h i f t  from l a n d f i l l  t o - a  resource recovery system 

involves a wide spectrum of  technical ,  engineering, soc'ial and i n s t i t u -  

t i ona l  i s sues  not depicted i n  Figure B-1 .  A s  examples,.these include 

t h e  stakw-of-tho-art of t h e  various technologies (wi l l  it work?), the  

question of  public o r  p r iva t e  ownership and operation, the  financing 

and marketing o f  the  f a c i l i t y  and i t s  products, and the  municipal 

organization required t o  adequately supyor.t and pyomote t h e  f a c i l i t y . '  

To emphasize t h e  l a s t  issue,  Bar to la t ta  (1975) s t a t ed  t h a t  the '  p r inc i -  

pal  difference between resource recovery f a c i l i t i e s  and other  munici- 

pal  f a c i l i t i e s  and operations is t h e  unique organization required t o  

finance and operate  t h e  f a c i l i t y  and competitively market t he  products. 
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Thus t h e  s h i f t  toward energy and resource recovery systems involves 

complex, long-term economic ana lys i s ,  environmental t r adeof f  analyses,  

i n s t i t u t i o n a l  adjustments, and r i s k  analyses  bot'h f o r  t h e  new emerging 

technologies,  f o r  f u t u r e  MSW supply and composition, and f o r  f u t u r e  

product market condi t ions .  While t h e  l o c a l  importance of one f a c t o r  

i n  t h i s  ' ana lys i s  (such a s  str , ingent  atmospheric..discharge standards o r  

a lack o f  a v a i l a b l e  land f o r  l a n d f i l l s )  may dominate t h e  decis ion making 

considera t ions  between these  two general  types  of s o l i d  waste d isposal  

systems i n  some communities, f o r  many o the rs  t h e  many individual  c o s t s  . . 
and b e n e f i t s  a s soc ia ted  with resource recovery systems must each be 

addressed and analyzed. 

Character iza t ion df  Municipal Sb l id  Waste 

Municipal s o l i d  Waste is  t h a t  waste c o l l e c t e d  on a r o u t i n e  b a s i s  

from t h e  r e s i d e n t i a l  and commercial s e c t o r s  within a populated area.  

I n  genera.l MSW does not  include e i t h e r  i n d u s t r i a l  s o l i d  wastes o r  

a g r i c u l t u r a l  s o l i d  wastes a s  these  a r e  t y p i c a l l y  segregated from resi- 

dent  i a l  and commercial' wastes thk6ugh a separa te  c o l l  ect  ion and proces - 
s ing  system (Kaiser ,  1967; West Vi rg in ia  Universi ty,  1976). It should 

a l s o  be noted t h a t  at  t h e  r a t e s  of production considered for  energy 

recovery, MSW i s  a product o f  urban r a t h e r  than r u r a l  areas .  

A l a r g e  number o f  s t u d i e s  have analyzed t h e  r a t e  o.f production and 

composition o f  urban r e s i d e n t i a l  and commercial wastes f o r  individual  

communities. The r a t e  of production of  MSW, a s  character ized by t h e s e  

s tud ies ,  v a r i e s  from a low of 2.75 t o  3 pounds p e r  day p e r  person 

(Stephens, 1925; Golueke and McGaukey, 1976) t o  a high o f  4.5 t o  5 pounds 

p e r  day p e r  person (Wilson, 1971; Mathematical Sciences Northwest, 1974; 

Levy, 1975) . To aypro~iaals  t h e  mean of a l l  s t u d i e s ,  a value of four 

pounds p e r  person p e r  day, i s  used which can a c t  as a good llballparkfl 

rate o f  production f o r  planning purposes. Several  s t u d i e s  (e.n. Quimby, 

1975 or Golueke end McGanhev. 1976) hnvc sugpested MSW r~roduction rates 

have increased over time on a per  c a p i t a  bas i s .  However, t h i s  increase  

is  s l i g h t  and i s  not  included here.  



The composition o f  MSW has a l s o  been well s tud ied  and is o f  g r e a t e r  

importance than t h e  r a t e  9f product ion f o r  energy and resource recovery. 

Table B - 1  shows t h e  composition of MSW by major l a t e r i a l  components ps 

, repor ted  by t h e  ind ica ted  se lec ted  s t u d i e s .  Several  o f  t h e  annual 

average percentage values shown i n  Table B - 1  (e .g.  yard wastes) a r e ,  

. in  f a c t ,  highly'  Car iable  over a one-year per iod .  The high var iance  i n  

percent  composition of  paper goods r e s u l t s ,  i n  p a r t ,  from source 

separa t ion  of paper goods p rac t i ced  i n  some bu t  not  a l l  communities. 

Table B-2 shows t h e  b a s i c  chemical composition of  MSW repor ted  f o r  t h e  

same general  group o f  s t u d i e s .  O f  p a r t i c u l a r  i n t e r e s t  t o  t h i s  s tudy 

i s  t h e  energy content  of  MSW. The mean energy content  of  MSW i n  t h e  

repor ted  s t u d i e s  i s  9.08 x lo6  Btu/ton. The var iance  between any 

s p e c i f i c  sample and t h i s  mean value can  be  s i g n i f i c a n t l y  higher than 

t h a t  shown i n  .Table B - 2  a s  Table B - 2  d a t a  a r e  on time-averaged values 

and thus  do not  r e f l e c t  e i t h e r  v a r i a t i o n s  over t h e  year  o r .  s p a t i a l  

v a r i a t i o n s  (e.g.  c e n t r a l  c i t y  and suburban c o l l e c t i o n s ) .  I t  should be 

noted t h a t ,  while s i g n i f i c a n t  betwe.en samples were found over time of  " / 

year and s i z e  o f  community, s i g n i f i c a n t  regional  v a r i a t i o n s  were.not  

found . 9 

The a n a l y s i s  by Wilson (1971) suggests  t h a t  t h e  methods used t o  

c a l c u l a t e  hea t  content  tend t o  s i g n i f i c a n t l y  underest imate a c t u a l  heat  
7 7 content  and t h a t  va lues  of  1.4 x i O  B t u ' t o  1 .8  x 10 Btu p e r  t o n ' a r e  

6 
more accura te .  The use  o f  approximately 9 x 10 Btu/ton a s  a mean MSW 

heat  content  would then represent  a somewhat conservat ive  es t imate  o f  

hea t  input  and t h u s  an overest imate of  o v e r a l l  system e f f i c i ency .  

However, t h e  preponderance of  a v a i l a b l e  information suggests  t h a t  
6 6 

9 x 10 Btu/ton t o  9 .1  x 10 Btu/ton i s  a s  reasonable an es t imate  a s  

can be made. 
. . 

The nomographs shown i n  Figure B-2'provide a simple means of asses-  

ing t h e  impact o f  t h e  use  o f  average r a t e s  o f  production and MSW energy 

content  ( o r  of  a c t u a l  1 o c a l . v a r i a t i o n s  from t h e s e  means) on t h e  t o t a l  

energy supplied t o  t h e  MSW energy recovery process.  S t a r t i n g  with t h e  

lef thand s c a l e  o f  Figure B - 2  f o r  t h e  example shown, a ge*er,ation r a t e  of 

4 lb/person/day and a l o c a l  populat ion of 200,000 a r e  connected with a 

s t r a i g h t  l i n e  which i s  extended t o  t h e  c e n t e r  s c a l e  t o  determine t o t a l  

l o c a l  MSW generat ion r a t e .  This po in t  is  then connected,with the.assumed 



Table 8-1 
bLSIV bln:crinl Com]~onc~lt's from Various S t u d i e s  

Source Year bletsl (Ferrous ' Rubber 
Analyzed Paper Class  

Cletal) (Alumilum) (Other) P l a s t i c  and T e x t i l e s  Wood Food Wastes Misc. Total  
Leather 

US EI'A, 1976 1972 31.E 10.1 9.5 ( 8.5: (0.7) (0.3) 3.5 2!G 1.5 3.6 17.0 18.9 . 1.5 100 
US EPA, 1977 1975 30.6 10.5 9.6 ( 8.5: (0.8) (0.3). . 4 ; 1  . 2.7 1.5. 3.7 16.7 19.1 1 .5  100 
W. Virgina Univ. 

I 

1975 48.0 14.0 8.0 1.1 ' . 0.9 1.0 ,. 2.0 16.0 9 . 0 -  100 
CA s t a t e  So l id  Average 46.0 9 .6  7.5 ( 6.0: (1.0) - (0.5) 2.1 
Waste Boar'd, 1976 

CA S t a t e  S o l i d  
Ilaste,  blgmt. 
,Board. ,1977 

Preston,  1975 

Levy, 1975 

Sussman, 1974 

Kaiser,  1967 

Cho ,  1975 

Livingston,  1976 

US EPA, l276a 

Lawler, 1975 

S c h ~ e l l e  and 
Yamamoto, 1975 

Average 

1974-75 

Average 

Average 

Average 

1972-71 

Average 

Average 

Average 

Average 

ioo 

. . . . .  . . . . . .  . . 
. . . . . . .  . . . . . . . . . . .  . . .  . . .  . . . . . . . . . . .  . . . . 

Mean 39.41 10.02- 9.55 ( 8.16) (0.88: .(0.53) ,2.96: . " :2.25 . . ~  1.31: ; . :3.14 ' 14.05.  . 1.5.43.. 1.29 ' ' .. ". 
. . . . . . , .. 
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Table B-2 

MSW Chemical Composition from Various Studies 
- - 

Btu 
.Per Source Ton Organics Moisture Ash Glass A 1  Fe -' .S N 0 C H 

(lo6) 

W. Virginia, 9.2 
19 76 

Sess ler  & Cuha, 9.1 
1975' 

Preston, 1975 9.5 52.0 25.0 . 

Levy, 1975 9.2 52.0 25.0 I 

C1 
w 

Sussman, 1974 ' 53.0 21.0 9.0 8.0 7.0 . 0.3 0.7 24.0 25.0 3.0 . I -  I 

Kaiser, 1967 8.2 33.0 12.6 1.0 8.4 0.~08 -0.5 18.0 22.0 2.9 

Cho, 1975 8.8 

Livingston, 9.5 
1976 

Schenelle G .9.4 
Yamamoto, 
1975 

Mean 9.08 52.5 24.57 9.22 9.28 0.72 7.06 0.17, 0.56 21.40 24.38 3.08 
. . - , .  

Standzrd 0.59 . . 0.58 4.00 2.40 1.94 0.27 0.11 1.13-. .3.06 1.26 1.26 0.16 
Deviah ion 

Variance 0.22 0.25 .13.74 4.59 2.83 0.06' 0.78 0.61 0.01. 7.47 4.28 0.02 
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Fig. B-2. Nomograph f o r  Calculatioil  o f  To ta l  Energy Value of  MSW (from 
C a l i f o r n i a  S t a t e  So l id  Waste Managcment Board, 1976) 
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6 
hea t  content  (5 x l o 3  Btu/lb o r  10 x 10 Btulton a s  used i n  t h i s  example) 

and extended t o  t h e  f a r  r i g h t  s c a l e  t o  f i n d  t o t a l  heat  content  of  t h e  

MSW i n  Btu/day. 

General Character iza t ion  o f  MSlV Energy 'Recovery .Systems 

A l l  o f  t h e  MSW energy recovery systems which a r e  addressed i n  t h i s  

s tudy follow t h e  genera l  schematic shown i n  Figure B-3.  A s  used here ,  

f r o n t  end systems a r e  those  involved wifh t h e  prepara t ion  of  MSW f o r  an 

a c t u a l  recovery process (energy recovery o r  resource  recovery),  while 

r e a r  end systems perform t h e  t ransformat ion  of  MSW i n t o  an energy 

product .  Conversion systems a r e  used t o  convert a b a s i c  energy product 

. i n t o  some o t h e r  energy end use  form. I t  i s  genera l ly  t r u e  t h a t  t h e  

s e l e c t i o n  of  a given process o r  s e t  of  processes wi th in  one box on 

Figure B-3 does not  r e s t r i c t  t h e  choice o f  processes i n  subsequent boxes. 

Thus, a wide v a r i e t y  of  s p e c i f i c  f a c i l i t y  des igns  a r e  poss ib le  with each 
. . 

being t a i l o r e d  t o  l o c a l  c h a r a c t e r i s t i c s  and requirements. 

Figure B-4 shows t h e  general  Resource Recovery Module i n  g r e a t e r  

d e t a i l .  The processes and products  l i s t e d  on Figure B-4 a r e  t y p i c a l  of 

most MSW resource recovery systems and a r e  used i n  t h i s  s tudy a s  a s t andard '  

design f o r  a l l  energy recovery systems. The s e l e c t i o n  o f  s p e c i f i ?  com- 

. poaents f o r  t h i s  module does no t  a f f e c t  t h e  outcome of t h e  energy recovery 

systems except by varying f a c i l i t y  t o t a l  c a p i t a l  requirements arid opera- 

t i n n a l  a u x i l l i a r y  energy requirements. This  resource  recovery system does 

not  include paper recovery nor  i s  it based on a a n a l y s i s  t o  maximize , 

p r o f i t a b i l i t y  o r  t o  ensure n e t  energy e f f i c i e n c y  of  the recovered mate r i a l .  

Ra the r , th i s  por t ion  of  t h e  t o t a l  MSW recovery system i s  based on t h e  most 

common on- l ine  technology i n  U.S. p l a n t s .  

Table B - 3  l i s ts  t h e  mnjor ca tegor ies  o f  r e s i d u a l s  a s soc ia ted  with t h e  

opera t ion  o f  one o r  more o f  t h e  MSW energy recovery systems. Not a l i  

p o l l u t a n t  flows l i s t e d  on Table 0-3  o r e  produced, by each MSW energy 

recovery technology. However, t h e  p o t e n t i a l  f o r  t h i s  s p e c t r a  of r e s i d u a l s  

should be sys temat ica l ly  assessed f o r  each s t e p  wi th in  an MSW recovery 

process.  
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Fig. B-4. Resource Recovery ~odule 



Table B-3 

.).;aj.or Res i Jua l s  Generated by a 3iunici:>al So l id  ?laste Processing F a c i l i t y  1 
i 

(o rgan ic  colxpoGents (?llenols, h a l i d e s ,  alde!lydcs, a11J ~ u ~ k n o \ m  o rgan ic s )  I 

1 From Aerospace Corp., 1375 and 1976. 



The Aerospace Corporation, Energy Systems ~nv i ronmenta l  Control Technology 
Planning Survey, ATR-76(7518-l), 1975. 

The Aerospace Corporation, Energy Recovery from Municipal Sol id  Wastes- 
An Environmental and Safe ty  Mini-Overview Survey, AT12-76 (7518-7), 
1976. 

'Bar to lo t t a ,  R . J . ,  llResource Recovery: P o s s i b i l i t i e s  and P i t f a l l s , "  S o l i d  
Wastes Management, November 1975. 

4 .  I I 
3 .  

tho, 8. and' F.H. ~anneman; ~ u p ~ l e i i e n t  ing  Fuel Processing Plaht  f o r  Chicago, 
, ~ l l l i n o i s ,  U.S. Federal Energy Adminis t ra t ion , ' l975.  ! 

I 

I 
~ a l i f b r n i ' a  Sta ' te  S o l i d  Waste ~ a n h ~ e m e n t  Board, Resource Recovery Program: 

Volume I1 Unaliridged Report: 1976. , 
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Kaiser,  E . R . ,  "Composition and Combustion o f  Refuse," i n  (R. Fox, e d i t o r )  
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APPENDIX C '  7 .  ,. . . . 

CURRENT STATUS OF MSW ACTIVITY 

This appendix contains t h r e e  t a b l e s  which depic t  various aspects  

o f  t h e  present  l eve l  o f  na t iona l  a c t i v i t y  i n  municipal s o l i d  waste 

energy recovery. ' Table C-1  l i s ts  ex i s t i ng  MSW energy recovery p lan t s ,  , 

those  which have operated but  a r e  not  now operat ional ,  and fu tu r e  

, plan t s  f o r  which f irm commitments have made. Table C-2 l is ts  

U.S. p r iva t e  companies and pub l ic  s e c t o r '  agencies involved i n  t h e  . 

design, research const ruct  ion o r  operat  ion of ISW energy recovery 

f a c i l i t i e s ;  Table C-3 l ists  ex i s t i ng  funded research  a c t i v i t y  i n  MSW 

energy recovery by source of funding. Final ly ,  Table C-4 lists 

system conversion e f f i c ienc ies  f o r  e x i s t  iqg M S W  energy recovery 

systems. 
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' 'Table 'CZl .. . 
1 Current Operational Activi ty in  .'IS!J Energy and ~ c s o u r c c  Rccovcry 

. . .. . - . - 
1. Uircct Coabustioi: 

Locat ion/Devclopcr Typc Capacity Products S t a r t  Ilp Ililtc. Caj)it:tl Corn!:~crlt 
Cost 

. . (10.3. $1 .. . .. ,. 
. .  . . -  

Nasilv i 1 l e ,  TII . /TVA \ t tater~tal l  : 760 Tm) s t e m  Arig. 1976 a f t e r  27,033 Engineering 9 Emissior~ 
systcm mo1:tif ica t ion prohlcns forced cxtcn- 

s ivc  systcln aoJ i f  i ca t  ioi! 

Sau!p.~s, bfA/ rn terwal l  1200 TPII. s t e m  Nov. 1975 35,000 - 

Chicago (Nli) , I1 1. / r~aterhtal l  1600 TPD s t e m  1972 30,01)0 markct di .Fficult  i e s  . ~ ~ i t l i  
< steam, excessive stack 

cmission 

Narr isburg,  Pa. / waterwall 72b TIT s t e m  Oct. 1373 3300"- marketing st&m as  o f  . 
mid 1976 

Norfolk, Va./ watcrwall 360 TM) sterol1 1976 2135 cost  does not i nc l~ ide  
retrofitted ESP 

Braintrce,  ;.la ./ watcrwall 240 TM) s t e m  1977 a f t c r  2.709 
I 

ESP recpircd t o  meet EPA. 
niod i f  i c a t  ion ernissio!~ gui J c l  ines: 

Blytl:eville, Ark./ moCnlar corn- 50 TPD s t e m  Nov. 1975 
bust ion &it . .. 

. . . - 

Chicago (SW) , I11 ./ re f rac to ry  wall 1200 TPD s t e m  
. . 196.3 

. . . . 

Croveton, N'.II. rnoa~lar  corn- -30 TPD. steam 1975 
bustion un i t  

. . 
?.lerrick, N.Y.  r e f ~ a c t o ~ y  wall 600 TPD e l ec t r i c i t y .  1952 



Location/Developcr Type Capacity Protlr~ct s S t a r t  Up Datc Capi ta l  Co~nmcnt 
Cost 

(103 $1 

i4iaaiJ ? la . /  refractory wall 900 TPB stcam 1956 

I Oceanside, N .J ./ r e f r a c t o r y  wall /  750 TPD steam R1VI - 1965 
watcrwall I:rl?C - 1974 I 

Sloan Springs, Ark./ modular com- 
bust  ion  u n i t  ' 

20 TPT, s t can  Scpt.  1975 

I Portsmouth, Va. / . waterwall 160 TPD stcam Dec. ,1976 
combustion 

waterwa 11 1000 TPD steam l a t e  1978 planned 
comblrst ion 

I t.laverhi.11, -.Mass. /.. . - waterwall 
2 

3000.TPD . e l e c t r i c i t y  NA.,. - . 
co~nb~tst ion 

I Jacksonvi l le ,  F la . /  modular com- 50 TPD steam, i ron  NA 
bustion u n i t  

I 1'050TPD steam,, i ron  NA Lexington, Ky./ waterwall 
combustion 

hiayporz , Fla.  / . r e f r a c t o r y  wall 40 TPD steam N A 
i nc ine ra to r  

US Navy p lan t  

blinneapolis, Il-Iinn.1 waterwall 1200 TPD steam 1980 steam t o  sup?ort 
combust ion papermi 11 oncrat  ion 

New Iiaven, Conn . / waterwall 1800 TPD steam, i ron  NA 
conlbust ion 

North L i t t l e  Rock, modular com- 100,TPD steam e a r l y  1978 
Ark. / bust ion u n i t  

- . .  

1JS Navy p lan t  I 



~ c b l e  C-1 (continued) 

1. 

Locat ion/Developer T:q)e Capacity Products S t a r t  Up Date . Cari ta l  Cost Comment 
($103) 

Onondaga County, 
b * Y * /  

ienlo Park, Ca./  
Combustion Power 
Co. (CPU 400) I 
US Recycle Corp. 
(Consumat) / 

Los Angeles, Ca./ 
Watson Energy 
Systcms 

I IVebek , UtaklClean 
A i r ,  Tnc. 

I St .  Louis, %lo./ 
Union Elec. 

Ames, Io./ 

1 .  I.Ic~nps t ead , N . Y . / 

- waterwall 1000 TPD ' stcan, iron N4 
c onbu s t ion . 

d i r ec t  combus- 90 TPC e l e c t r i c i t y ,  1976-1977 
ticm g lass ,  ferrous System t e s t i ng  

and non-f errous conducted 
met a1 s 

d i r ec t  12-25 TFYI s t e m  --- 
~ ~ ~ ~ b u s t  ion mod~ 1 es 

r ~ a t  erval 1 1000 TPD steam N A 
con5ustion 

waterwall 300 TFD stean 1966 
combust ion 

w a t c n ~ a l l  1200 Wll s t e m ,  metal 1979 33,000 
incinerat  i ~ n  

N)F 325 TPD RDF, ferrous Nay 72 t o  
mctals, g lass  1977 

. . 

RDF 200 TPD e l ec t r i c i t y , '  Fal l  1975 5600 
. . ferrous  metal, 

aluminl~m 

RDF f i r e d  750 TPD stenn, ferrous Jcw. 1974 6000 
t ~ a t  e r r ~ a l  1 metal, g lass ,  

aluminum 

Emission control and 
operat iona 1 problems 
when. oyerat ing w i t 1 1  :.IS1 

many now i n  comacrcial/ 
indus t r ia l  use 

stcam t o  be used i n  
ref inery operations. A 
Await ing atmosghcr ic 
emissions pcrmit s 

closed duc t o  economic 
and ins t i tugional  
constra ints  



. . 

- .  . . 
Table C-1 (continued) . 

- 
Locatio~l/Developer ~ , T e  Capacity Products S t a r t  Ilp Date Capi ta l  Cost 'comment ' 

(103 $1 

Chicago (Crawford], RDF 1000 TPD RnF,  fer rous  ~ " ? e  la76 17,500 RDF. f o r  use by l o c a l  
I l l . .  metals,  g l a s s  :. . u t i l i t y  . . . 

Briclgepnrt, Conn./ RDF 
Occidental Rcsearch 

~ c r l i n ,  C t  . / C R M  RDF 

V i l n i n ~ t o n ,  Dcl ./ I' RDF 

Baltimore County, RDF 
Md. / 

1000 TPD RDF, f c r rous  Nov. 1976 
metal ,  g l a s s  
al~~rninurn 

1800 TPD RnP,  f c r r a l s  . under constnlc-  
metal ,  g l a s s  t ion 
aI~lmin~.~nr 

1400 TPD R W ,  Fcrro i~s  under constl?ic- 
metal., 2,:tss t ion 
a 11. ~lninuni 

500 TPD ROP, fcr rous  NA 
mct n l  , :!lass 

Monroe County, N.Y.1 RDF 

Bridgewater, Mass. / RDF 

550 TPD steam, fer rous  1975 
metal,  g l a s s  

Dade County, Fla. /  w e t  pulp RDF 3000 TPD steam, fer rous  NA 
f i e l d  waterwall metal, g l a s s  
inc ine ra to r  aluminum 

IN. Washington, D. C. / RDF 

2000 TPD RDF, fer rous  NA 
metal, g l a s s  
aluminum 

160 TPD RDF, fe r rous  ,1974 
metal,  g l a s s  
aluminum 

80TPD RDF, fer rous  1974 
metal,  g l a s s  
aluminum 

steam f o r  use  i n  cement 
p lan t  

steam f o r  use by l o c a l  
u t i l i t y  

RDF'for use  by l o c a l  
u t i l i t y  , 



' . 

i 
i 

I 

Table C-1 (continued) 
# 

~ o c a t  i o n / ~ e v e  loper T P ~  Capacity Products . Sta r t  Up Date cap i t  1 cost  Co,mmen t 3 
, - ' (10 $1 . 

Albany, N.Y./ RDF 1200 TPD RDF, ferrous NA -. - 
metal, g lass  

Central Contra RDF , 1000 TPD RDF, ferrous 1979 - RDF fo r  use i n  sludge 
Costa County, Ca./ metal, g lass  incinerator  

aluminum -. - - 

Chemung County, RDF 300 TPD ' RDF, ferrous NA - - 
N.Y./  metal, .g lass  

Detroit ,  Mich./ RDF f i r e d  3000 TPD steam, ferrous NA - 
- -- - - - 

waterwall metal, g lass ,  -. 

incf nerator  aluminum ' 

Hackensack, N . J . 1  RDF 2500 TFD steam, ferrous .NA 
metal, g lass  
aluminum 

. .- 
e 

Lane County, Ore./ RDF 750 TPD elec .  , ferrous NA -. . 

metal, g lass  
aluminum ' 

- 

Memphis, Tenn.1 RDF f i r e d  2000 TPD e l e c t r i c i t y ,  Fe, NA 
watecwal 1 . A l ,  g lass  
inc inera tor  

Montgomery County, RDF 1600 TPD RDF, Fe, A1 ,' M/A 
Ohio/ ' , glass  

Palmer Township, RDF 150 TPD RDF, ferrous NA f o r  use  i n  cement k i l n  
Pa. / metal, g lass  

Portland, Ore./ RDF 200 TPD RDF, Fe, glass.NA 

RDF Tacoma, Wash. / undecided steam, Fe, a l ,  NA 
glass.  

5 

I 
w 
w 
.& 
I 



Tab1 e C- 1 (continued) 

Locat ion/Developer m e  Capacity Products S t a r t  Up Date Capitf l  Cost Comment 
(10 $1 

New Brit ton,  Conn. / RDF undecided e l e c t r i c i t y ,  N A 
Eco-Fuel I1 Fe, A l ,  g lass  

Los Gatos, Ca./ RDF 100 TPD fue l  pe l l e t s ,  1976 p i l o t  p lant  undergoing 
S i r a  Corp. g lass ,  ferrous ac t ive  t e s t i ng  

and non-ferrous 
metals 

Akron, Ohio/ RDF l D O O  TPD steam, ferrous s t a r t  date  25,400 
and nonferrous de 1 ayed 
metal, g lass  

Brockton, Mass./ RDF 400 TPD RDF, ferrous and 1973 12,000 expanded t o  400 TPD i n  
Em-Fuel I1 nonferrous metals, 1977 

glass  

Madison, Wisc. / RDF SO0 TPD RDF, g lass ,  paper, 1979 RDF f o r  use i n  u t i l i t y  
ferrous and non- bo i le r s  
ferrous metals 

< 
Montgomery County, RDF 1200 TPD RDF, glass,  1979-1980 
Md. / ferrous and non- 

ferrous metals 

New York, N.Y./ RDF 1500 TPD RDF, g lass ,  ferrous 1980 
and non-ferrous metals 

Scranton, Pa./ RDF 600 TPD steam, aluminum, 1980 16,000 
ferrous metals 

I 
Toledo, Ohio/ RDF 1000 TPD ferrous metals, NA 

RDF, g lass  I 



Table C - l  (continued) 

Location/Developer TY?e Capacit:; Products S t a r t  Up Date Capi ta l  Cost, Comment 1 
( lo3  $1: I 

13. Pyrolys is  

Baltimore, Md./ gas pyrolys is  1000 TPE steam, fer rous  l a t e  1975 26,000 
Monsanto (Landguard metal,  g l a s s  (shakedown) 
System) 
\ 

South Charleston, gas ~ l y r o l y s l s  200 TPD fuel  gas 1974 ( p i l o t  13,000 
W. V. /Union Carbide p lan t )  
(Purox System) 

San Diego, Ca./ f l a s h  pyrolys is  
Occidental Research 

I sea t t  l e ,  Wash. / pyro lys  is 

Riverside, Ca./ pyrolys is  
Pyrotek X-SO 
Pyrolys is  System 

I rv ine ,  'Ca. /Deco pyrolys is '  

Erie County, N.Y./ pyro lys i s  
C a r b o r n d m  (Torrax 
System) . . 

East Grandby, Corn./ gas pyrolysis ,  
Urban Research & 
Development 

200 TPD pryo ly t i c  o i l ,  l a t e  1976 with 14,000 
g lass ,  fer rous  4 month shake- 

down & nonferrous metal 

numerous system technica 
problems have delayed 
star t . -up 

1500 TPD f a c i l i t y  s t i l l  i n  
planning phase 

approx. low B t u  gas 1977 begim t e s t i n g  
50 TPD 

gas, o i l ,  . . 
charcoal . 

t e s t  p lan t  only 

. . 
75 TPD steam or low 1969-1973 . . 

. Btu gas 

. . . . 

120 TPD' ' f u e l  gas. 1978' ' p lan t  used pr imar i ly  

. . 
: f o r  technology t e s t i n g  

. . . . . . 
. . 

Richland, Wash. / gas pyrolys is  3-5 TPD' pyro ly t i c  gas . . . 19.75 t e s t  p lan t  only 
' B a t t e l l e  Northwest . . .  . . .  . . .  . . . . . . .  . . . . 

Lab ... . . . . 

. . 
I' 

. . . . .  
. . .  . . . . . . 



Table C-1 Footnotes 

1 .  Sources: Weinstein and ,Toro, 1976; ~,evy ,  1975; !'ientworth, 
1970; USEPA, 1976 and 1977; California State Sol id  Waste Yanagement 
Board, 1976 and 1977; Council on Environmental Quality, 1976 and 
1977; McEwan and Levy, 1977. 

2 .  Not ~ v a i l a b l e .  



Table C-2 . . 

U.S. CompaniesCurrently Active in MSW Energy Recovery System 
Operation, Manufacturing, or ~esignl 

~oMPANY RESOURCE RECOVERY 

X All-American Engr. Co. 

Allis-Chalmers Corp. X 

American Can Co. 
(Americology Div.) X 

X Automated Disposal Sys. 

Battelle Pac. Northwestern 
Lab X 

Blach-Dawson Co. X 

Browning-Ferris X 

Carborundum Env. System 

Clear Air, Inc. X 

Combustion Equip. Assodiates X 

Combustion Power Co. X 

Conservat ibn International X 

Continental Can X 

Devco b g t .  X 

Ecologenics, Inc. X 

~n~fneered Waste Control X 

Environomotrix, Inc. X 

ENERGY RECOVERY 

3irect Incineration RDF Pyrolysi 

' X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 
X Gruneman Ecosystems Corp. X 

enningson, Durham and 
Richardson . X ' X  

X Los Angeles ~~-~roducts 

onsanto (Environ-Chem) . X X 

X Corp. 

vitron Corp. X 
. .  . 

, .. . . . .  



Table C-2 (continued) 

I From: Wentworth, 1970; California State Solid Waste Management Board, 
1975 and 1976; USEPA, 1977; Weinstein and Toro, 1976; Sheridan, 1976'; 
U.S. Council on Environmental Quality, 1977 and 1978. 

I 

COMPANY RESOURCE RECOVERY 

Pollution Control, LTD . X 

Process Systems X 

Pyrotek (X-50 Pyrolysis 
X Systems) 

R and M Associates . . . X 

Raytheon Corp. X ' 

Research-Cottrell X 

SCA Services, Inc. X 

Sira Corporation X 

Simplex Industries X 

X Systems Associates 

Titan Environmental Systems X 

~orrax Sys terns, Inc . X 

Union Carbide Corp. X 

Union Electric Co., St. 
Louis, Mo. X 

Universal Oil Producers X 

Urban Research.& Development X 

University of California, 
Berke 1 ey X 

U.S. Navy X 

U.S. Recycle Corp., 
(Consumat) X 

Vista Chemical & Fiber 
X Products 

Waste Management, Inc. X 
X Wheelabrator-Frye 

Williams  roth hers A X 

ENERGY RECOVERY 

Direct Incineration RDF Pyrolysis 

, X 

X 

,, . X 

X 6 X 

, .  X 

1 X 
a X 

X 

X 

X 

X X X 

X 

X * .  

X 

X X 

X 
< 

X . . 

X 

X . .  

. X 



, Table C-3 

Current ~ e s e a r c h  Projects i n  MSW Energy Recovery 1 

Projects  Funded by Department of Energy 

Project  T i t l e  Contact/Performing Organization 

Study of '  Technical Problems R.B. Engdahl ( r e t . )  
o f  Nashville Incinerator  Ba t te l le  Columbus Laboratories 

Environmental Control. Requirements Ames Lahnrat ory 
i n  Solid Waste Processing and Iowa S ta t e  University 
Energy Recovery Facj 1 i t. i es 

Support of Equipment Test and D r .  Harvey Alter 
Evaluation Fac i l i t y  (and Energy National Center f o r  Resource Recovery 
Conservation through Resource 
Recovery) 

European Assessment H.C. Bai l le  
Resource Plansing Associates 

Co-firing i n  Cement Kiln 

Tests of Gases from 200 TPD 
Pyrolysis Reactor 

Pompano Beach: Advanced System 
Experimental Fac i l i t y  

Digester Mixing Tests . . 

High ,Hate Anaerobic Digestion 

Ut i l i za t ion  of Waste Carbon 
Monoxide a s  a'chemical Feedstock 

Ron Jones 
Environmental Equipment Corp. 

W. Plant 
Union Carbi-e, Linde Division 

Peter Vardy 
Waste Management, IRC. 

J . Schwartbaugh 
Systems Technology Corporation 

C.D.  Finney 
Natural Dynamics 

N.G. Wittenbrock 
Bat te l le  Pacific N.W. Laboratories 

Regional Study - Characterization H.C. Bs i l l c  
and Waste Quantif ication 

', 
Resource Planning Associates 

Amonin from Urban Wastes M s .  C. Shreve 
City of Sea t t l e  ' 

P a r t i a l  .Home Heating and Cooling ' R. Murray 
from Household Wastes General E l ec t r i c  Company 

' f ro , :  HIunt , Franklin and Franklin, 1978. 



. . 
Table C-3 (cont inued)  

I 'rojcct T i t l c  - .- . ---- - Co~~tac t /Pc rFor~ , l i nz  Or7nni z: i t ic~! -- 
-3133110 Lco .?* 

U ;S . ,2r~1y Labor.atorj e s  
Pol l u t  iori' Abatement 9 i v i s ~ n 1 i  

,YL>i>licati 011 o f  SGF'.I Technolozy i)r. Y.J. !lufrn~nn 
Texas Tech Un ive r s i t y  

Plug Flow \:s. Com;,lex 'lis D r .  .John T .  P fc f f e r  
Reactors  f o r  !.!ethane Fornat  ion Un ive r s i t y  of 11 l i n o i s  

l j iological  Conversion of Organic 3r. John T .  Pfef fc r  
Refqse t o  :-letllanc Un ive r s i t y  of I l l i n o i s  

Feedlot  Energy Reclamat ion 
Dc~nonstrat ion 

Warren Coe 
!!mi I t  on St and art1 

Recover)- of Fucl CRS f r o z  'i'nste D r .  Uon Kist 
Dynat cch 

!?cnch Sca le  Research i n  t ' i ~  

'i'hern~oche!nical Conversion of 
Biomass 

Construct ion of !!'ood ':'aste-to-Oil 
Faci l i t \ ;  

Technical Evaluat ion 0.7 
Waste-to-Oil P l an t  

Heat Trea tment 'o f  Organics f o r  
Increas ing  E i o d c ~ r a d a b i l i t  y 

Conversion of  Biomass i n t o  Gaseous 
Product s 

Pau'l 1'Jall;u!> 
Batt e l l e  P a c i f i c  X.T. Labmato r i  c s  

R . . J .  Lull  
' : ~ ~ c o I I ,  Inc . 
C.nile 1 1 .  1:oulc 
Bcchtcl Corporation 

n r .  Perry ' W a r t y  
S tanford  Un ive r s i t y  

D r .  Donald E .  G a r r e t t  
C a r r e t t  Energy Research m d  Enyincerj.no, 

Ex,?erimental Proyam f o r  t h e  D r .  Sab r i  Er211n 
Albnny, Oregon i faste- to-Oil  Bechtel Corporation 
P i l o t  P l an t  



Table C-3 (continued) . . 

Project Title Contact/Performing Organization 

Concepts for Improving the Fuel Dr. N. Norman Hecht 
Quality of RDF . University of Dayton Research Institute 

Preparation, Use and Cost of 
Densified RDF 

Waste as a Supplementary Fuel 

Firing Densified UDF in 8 

Stoker Boiler 

Utilization of Solid Waste as 
Fue 1 

St. Louis/Union Electric 
Supplementary Fuels Studies 

Technical/Economic Assessments 
of Waste-as-Fuel Processes 

Coincineration of MSW with 
Agricultural Wastes (Hawaii] 

Preliminary Environmental 
Assessment of the Production 
and Use of Mcehanol frulrt 
Nnn-Coal Sources 

Ethanol Fuel Via Enzymatic 
Hydrolysis 

~Maferials Recovery, RDF, 
Aluminum, Glass and Air 
Classification Research and 
Deve lopment 

Preprncessing Systems 
Evaluation 

Acid Hydrolysis for Biological 
Conversion 

Environmental Effects of Utilizing 
Solid Waste as a Supplementary 
Power Plant Fuel,' 

Dr. Harvey .Alter 
National Center for Resource Recovery, Inc. 

Arnold Chantland 
Public Wo~ks Director, City of knes (Iowa) 

Dr .  Gregor Kigo 
Systems Technology ~orporat ion 

Dale A. Vaughn 
Battelle-Columbus Laboratories 

Paul Golman 
Midwest Reserach Institute. 

E.M. Wilson 
Ralph M. Parson Co. 

W.H. Hirai 
County of Hawaii 

W. Ballmtync . 

Battelle Columbus L;aLuratories 

Leo G. Spano 
U.S. Army Natick Laboratories 

Dr. Harvey Alter 
National Centcr for Resource Recovery 

David Bendersky 
Midwest Research Institute 

Dr. W. Brenner 
New York University 

Dale A. Vaughan 
Battell Columbus Laboratqries 



Table C-3 (continued) 

Project Title Contact/Performing Organization 

Technical Assessment of Air Tony E. Eggleston 
Pollution Control at the Baltimore TRW Systems Group, TRW, Inc. 
Demonstration Gas Pyrolysis Facility 

Pilot Pyrolysis of Mixed Waste Dr. Richard Stephens 
to Fuel Energy Resource Co., Inc. 

Preliminary Environmental Assess- S.T. DiNovo 
ment of Biomass Conversion to Battel le Columbus ~aborat'ories 
Synthetic Fuels 

Fine Grinding Technology 
Assessment 

Environmental Assessment of 
Waste-to-Energy 

Disposal of Sludge from Fluidized 
Bed Combustion Processes 

Combustion and Emission Tests on 
Portable Pyrolysis Char and Oil , 

Glass Recovery Technology 

~echnical and Economic ,Analysis 
of Materials Recovery System - 
New Orleans Recovery I 

Technical Assessment Support 

Construction and Demolition 
Wastes Survey 

M. Schrag 
Midwest Research Institute 

M. Schrag 
Midwest Research Institute 

Ralph Stone Company 

~ ~ ~ ~ - ~ i t t s b u r ~ h  Energy Research Center 

Rayt heon Company 

J.F. Bernhejsel 
National Center for Resource Recovery 

Systems Technology Corporation 

J: Commins 
JACA Associates 



Table C-3 (continued) 

P ro jec t s  Funded by Other Governmental Agencies 

Projec t  T i t l e  Contact/Performing Organization 

Anaerobic Conversion of Organic J . G .  Zeikus 
Wastes i n t o  Methane by Thermo- Universi ty o f .  Wisconsin 
p h i l i c  Bacter ia l  Associat ions (USDA) 

Heat Treatment of Refuse f o r  P. L. McCarty 
Increasing Anaerobic Bio- Stanford Univers i ty  
degradab i l i ty  .(NSF) 

Biological  Conversion o f  D r .  J .T.  P f e f f e r  
Organic Refuse t o  Methane (NSF) Universi ty Of Illinois 

liyngaq frnm Cna.1 Fr M11nicj.pal Dr. M.W. Schulz 
Sol id  Waste (NSF) Columbia Universi ty 

Preparat ion f o r  Conversion T.L; Rei l ing  
of  c e l l u l o s e  t o  Glucose (DaD) Rei l ing  I n d u s t r i e s ,  1n< 

Secondary Resource Recovery ' P.M. Sul l ivan 
Programs (Including P i l o t )  U.S. Department o f  I n t e r i o r  
P lan t s  (BoM) 

Environmental Impact Evaluation Bureau o f '  Mines 
of  Municipal Refuse a s  an Energy College Park Metallurgy Research Center 
Resource (BoM) . . 

Inves t iga t ion  on t h e  U t i l i z a t i o n  D. Burdick 
of  Peanut Hulls i n  Feed and Non- Department o f  Agr icul ture  
Feed Products (USDA) 

Technological Problems Inh ib i t ing  D r .  Harvey Al te r  
t h e  Increased Use of Recovered National Center f o r  Resource 'Recovery 
Mater ia ls  (NSF) 

Methane Fermentation o f  Feedlot R.A. ~ h o d e s  ' 
Wastes (USDA) U.S.D.A. 

Al te rna te  Sources of  Heat Energy N. Smith 
f o r  Rural Maine (USDA) Univers i ty  of Maine 

Pyro ly t i c  Conversion o f  F. Shaf izadeh 
Ce l lu los ic  Mater ia ls  (NSF) Universi ty o f  Montana 

Pretreatment of C e l l u l o s i c  H.E.  Grethlein 
Mater ia ls  t o  Increase t h e  Rate Dartmouth Col lege  
of Enzymatic Hydrolysis by 
P a r t i a l  Acid Hydrolysis (NSF) 



Table @-3 (continued) ' 

Projec t  T i t l e  Contact/Performing Organization 

Al te rna t ives  t o  t h e  conventional J . M .  Slaminski . 

Use o f  Petroleum (DoD) U.S.Navy 

* . 
Uses of  By-product 'Polymeric W.V. Wyatt 
Wastes Generated i n  Arkansas (DOT) Arkansas S t a t e ,  Un ive r s i ty .  

*The l e t t e r s  i n  pa ren thes i s  i n d i c a t e  t h e  funding agency. USDA = U.S. Department 
of Agriculture;  NSF = National Science Foundation; DoD = Department of  Defense; 
DOT = Department of  Transportat ion;  BOM = U.S.. Bureau of Mines 



. Table C-3 (continued) 

Projects' Funded by Non-Federal Public Organizations 

Project Title Contact/Performing Organization 

Energy Recovered from Processed J.E. Bigger 
Municipal Solid Waste Los Angeles City Department of -Water 
(City of Los Angeles) ' 

Fuel Gas Production from Municipal E.E. Lindsey 
Solid Waste University of Massachusetts 
(University of Massachusetts) 

Studies in Methanogenesis R .  R o s s  
(Production of Methane, Sludge) University of Hawaii 
Fertilizer and High Protein Feed 
for Agricultural Wastes 
(University of Hawaii) 

*Funding agency is listed in parenthesis. 



Table C-3 (continued) 

Projec ts  Funded by Pr iva te  Industry 

Project  T i t l e  Contact/Performing Organization 

p i l o t  Plant  f o r  Resource Recovery A r t  Tschannen 
from MSW Adolph Coors Co. 

REF-Fuel (RDF) 

Storage and Retr ieval  Bins 

Disc Screens 

Bruce Hendrickson 
Browning-Ferris Indus t r i e s ,  Inc. 

T.A. Johnstone 
American Sheet Metal, Inc. 

Frank G. Hamilton 
Rader Systems, Inc. 

Lyndhurst, N . J .  Process Robert M. Beningson 
Municipal Waste In to  Briquette  Combustion Equipment Associates 
Fuel (Eco-Fuel)(Eco-FuellJ) 

Sol id  Waste U t i l i z a t i o n  H . L .  Koenig 
~ommonwealth Edison Company 

Upgrading of  Low Grade Fuels T.E. Ban 
Through Pretreatment Processes McDowell Wellman Engineering Company 

Heat t o  Energy Conversion Robert E.S. Thompson 
Environment, Tnc. 

Heat Recovery from Waste Products U.R.  Ryffel 
Dow Chemical Company 

Scrap T i r e  Tyrolys is  Project  V . A .  Snow 
f o r  Recycle o f  Carbon Char and O i l  Goodyear T i r e  & Rubber Company 

Burning of  T i res  i n  a Furnace E . R .  Moats 
t o  Generate Steam Goodyear T i r e  & ~ u b b e r  Co. 

Retort ing of  O i l  Shale and Other T.E. Ban 
Low Grade Fuel Resources f o r  McDowell Wellman Engineering Company 
Recovery of  O i l  

Conversion of  Organic Wastes 
t o  O i l  

Scrap T i r e  U t i l i z a t i o n  

L.G. Donaruma 
Clarkson College of Technology 

. G. A l l ige r  
Fi res tone  T i r e  & Rubber Company 

Waste Product U t i l i z a t i o n  S.G. Holt 
Consolidated Papers, Inc.  

Energy Conversion and Increased M.D.  Kobison 
Production Systems Weyerhaeuser Company 



* C erlugy i n  ~ f f i c i c n c y  = ----.- 
C available energy otrt 

Table C-4 

** Estirnatc: 
a ,  U.S.  EPA 1976(b) 
b .  U.S. FPA 1977 
c.  Golueke and McGanhen, 1976 

. d . Oak 'Ridge National Laboratory, 1976 

C 

:..IE'I'I 1OD 

Estimate** 

!Vatcrwall 

Fluff  RDF. 

Dust RDF 

Nest RDF 

Purox 

Landguard 

k c i d e n t a l  

Torras 

MSW Energy Recovery System Efficiency Comparison 
* 

Percent Efficiency (Enercy Recn?ttrrcd] 

:.lS:V t o  Fuel 

a b c d 

100 100 100 100 

70 74 ! 85 

8 0 

76 . 

. 64 64 66 

78 7P, 66 

26 26 46 

34 65 

LS,CW t o  Steam 

?lean 
\.'a lue 

63 

5.3 

63 

4 3 

58 

4 6 

23 

47.51 

%!ern 
Value 

100 

76.3 

8 0 

76 

6 1 . 7 .  

73 

32.7 

74.5., 

a h c d 

59  67 

45 58 

63 

43 

5 s  

42 42 54 

23 23 

5R 37 

P 

?&if t o  E lec tr ic i ty  

a b c d 

29 

19 29 

9- i- 1. 

l(1.9 22 

9.2 16 

23 . . 

'lean 
. lfaluc 

29 

24 

--- 
--- 
93 .. r 
19.3 

12.6 

9 3 
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APPENDIX D 

CURRENT STATUS OF COGENERATION SYSTEMS 

A grea t  v a r i e t y  of individual  cogeneration systems is  c u r r e n t l y  avails- 
. . , . 

b l e  on t h e  open market. Three general types of cogeneration systems a r e  

character ized i n  t h i s  r epor t ;  however, these  systems by no means cover t h e  . 

e n t i r e  spectrum of  p o t e n t i a l  systems. Cogeneration' systems a r e  genera l ly  

small-scale,  a r e  employed,to support a s i n g l e  i n d u s t r i a l  a c t i v i t y  r a t h e r  than 

a general  se rv ice  system, and a r e  t a i l o r e d  system by system t o  meet t h e  

s p e c i f i c  product mix required by t h e  indust ry .  

Despite t h e  f l e x i b i l i t y  and e f f i c i e n c y  of cogeneration systems, t h e i r  

contr ibut ion toward na t iona l  e l e c t r i c a l  energy production has deciined from 

15 percent  i n  1950 t o  four  percent i n  1970. The impediments t o  e x p ~ d e d  use 

of cogeneration which have accounted f o r  t h i s  dec l ine  a r e  not technica1,but 

r a t h e r  economic and i n s t i t u t i o n a l .  These impediments r e l a t e  t o  t h e  h i s t o r i c a l  

p r i c e  o f  e l e c t r i c i t y ,  t o  i n s t i t u t i o n a l  re luctance  t o  e n t e r  i n t o  t h e  f i x e d  

generat ion of two energy products ,  and t o  t h e  i n a b i l i t y  of s p e c i f i c  i n d u s t r i e s  

' t o  p r o f i t a b l y  sell excess e l e c t r i c i t y  i n t o  a u t i l i t y  g r i d .  A l l  of t h e s e  

va r iab les  . . a r e  i n d i r e c t l y  a f fec ted  by t h e  r a t i o  of power output  t o  heat  output  

f o r  a cogeneration system. This r a t i o  determines how much excess e l e c t r i c i t y ,  i f  

any, w i l l  be a v a i l a b l e  t o  t h e  u t i l i t y  g r i d .  For example, a steam b o i l e r  and 

t u r b i n e  system may produce 50 kWh/loG Btu of steam hea t .  A gas turbine-waste 
.6 hea t  b o i l e r ,  however, produces 200 klVh/lO Btu o f  steam heat .  Thus, while a gas 

I 

t u r b i n e  produces more e l e c t r i c i t y ,  it a l s o  produces l'ess steam. The importance of  

t h i s  power/heat r a t i o  is  i n  matching t h e  energy deqand y o f i l e  o f  an indust ry ,  

e s p e c i a l l y  where it is uneconomical t o  s e l l  excess e l e c t r i c  power. 

As mentioned, t h e  var ie ty  of  cogeneration arrangements cur ren t ly  i n  use 
is l a r g e  i n  o rder  t o  match system supply c h a r a c t e r i s t i c s  and t h e  demands of 

an  i n d u s t r i a l  o r  commercial appl ica t ion.  These systems have d i f f e r e n t  f u e l  . , 

requirements and po l lu t ion  emissions and can employ a v a r i e t y  o f  po l lu t ion  

con t ro l  measures. Major system c h a r a c t e r i s t i c s  f o r  some of ' the p o t e n t i a l  

cogeneration combinations a r e  shown i n  Table D - 1 .  

The cogeneration systems described i n  Table D-1  a r e  t y p i c a l  of  i n d u s t r i a l  

p l a n t  app l i ca t ions  such a s  t h e  d i e s e l  and f lu id ized  bed systems described i n  . . 

t h i s  r epor t .  A second general app l i ca t ion  of cogeneration is  f o r  enhanced ' o i l .  



Table D-l  

Cogeneration Systems 
-.. .- 

! process Tota l  P lan t  
E l e c t  steam I n s t a l l e d  

Sys tern S l  ze Fuel Steam FCP press cos t  Pollution Controls General system 

(HI' elect.) (t3f/loS B N )  (BTUIKWH) (pst g) ($/KW) notes , 

Gds t u M c e  
6 nzste heat 0.5 * ? 5  
bs: ;er 

Oicsel engine 
h t2st.e hect  0.5+ 25' 
ba i ' e r  

4 Gas 
82 011 200 
Treated res ld.  
StiG (low BTU) 

Gas 
* 1 2  o i l  400 

Treated res id.  

Water o r  
5,500 150 - 600 $350-400 "Ox steam 

i njec t ton  

No, Tuning 
6,500 15 - 150 $350-500 *Part.'s * S t e a m i n j e c t  

Baghouse 

S:e:n ?o!ler 
h tu rb ine  > 1 ' 0  Any o i  1 

Coal 45 + 75 
Wastes 

5,000 15 - 600 $500-600 s02 Low S fuel, P a r t ' s  scrubber 
No, P r e c i p i t a t o r  

Design 

1000'F exhaust 
can be used as 
c lean h o t  gas 

E f f t c i c n t  a t  p a r t  
load and i n  s r a l l  
s i  zes 
Hlgh powerfsteam 
r a t i o  

* E f f i c i e n t  a t  I 
c., 

p a r t  load ' P 
w 
I 

Co-blrsd cyc le Gas Water o r  steam Vartable p w e r /  
L waste heat  1+150 - 6 2 0 1 1  150 5,000 15 - 900 $350-450 No* injection steam r a t i o  
b o i l e r  SNG Back pressure 

steam t u r b i  ne 

Steaa Q.5 + 10 Waste heat  N.A. 0 N.A. . $400-600 N.A. N.A. E f f i c l e n t  a t  bottoming. p a r t  load 
Uses exhaust 

0.6-3 Waste heat 0 N.A. $400-700 N.A. N.A. ' . E f f i c t e n t  a t  
r art load 

*uses exhaust 
4OO.F 

. . Prototypes ava f l .  
Requl r e $  cool l n g  
na ter 



. . 

recovery .  A s  an example o f  t h i s  t ype  of system, P a c i f i c  Gas'and E l e c t r i c  Company 

is n e g o t i a t i n g  wi th  Get ty  and Texaco t o  i n s t a l l  combustion t u r b i n e  cogenerat ion , . . . '. 
. . 

systems of 280 and 270 MWe capac i ty ,  r e s p e c t i v e l y ,  i n '  Kern County, C a l i f o r n i a  

o i l  f i e l d s .  The o i l  companies have been blocked from f u r t h e r  development of .  

steam i n j e c t i o n  because of  SO and NO emissions c o n s t r a i n t s  f rom-crude  o i l  ' ' 

2 X . . .  . 

b o i l e r s .  The economic s i t u a t i o n  d iscourages  cleanup by t h e  o i l  companies s o  
. . . . 

t h e y  approached PGEE wi th  t h e  o f f e r  o f  inexpensive o i l  i n  exchange f o r  steam. 
' 

. . 
E l e c t r i c i t y  gene ra t ion  i n  t u r n  a l lows  PG&E t o  i n v e s t  i n  o i l  g a s i f i c a t i o n  and' 

, ,  

d e s u l f u r i z a t  ion  equipment t o  meet emission c o n s t r a i n t s .  This  ' i n s t i t u t i o n a l  . . 

arrangement provides  energy, economic and environmental advantages and al though 

no cogenerat ion systems have been i n s t a l l e d  a t  p re sen t ,  t h e r e  i s  a s i g n i f i c a n t  . 
, ' . 

p o t e n t i a l  f o r  t h e i r  i n s t a l l a t i o n  i n  t h e  f u t u r e .  A s  s t a t e d  above PG&E is  
6 

p r e s e n t l y  n e g o t i a t i n g  f o r  490 MWe of  baseload capac i ty ,  supplying 3.6 x. 10 . , ' 

l b s / h r  steam. Th i s  steam c a p a c i t y  i s  only  o n e - f i f t h  0.f t h e  p re sen t  steam 

gene ra t ion  i n  t h e  t h r e e  major Kern County o i l  f i e l d s  (KernRive r ,  Midway-Sunset,, . ' . 

and S. Be l r idge ) .  Add i t i ona l ly ,  t h e r e  a r e  s eve ra l  o t h e r  s i g n i f i c a n t  heavy o i l  

deposi ' ts  i n  C a l i f o r n i a  a s  l i s t e d  i n  Table D-2. 

The recoverable  heavy o i l  f i g u r e s  given i n  ~ a ' b l e  .D-2 a r e ' c o n s e r v a t i v e  . , . 

with  r e s p e c t  t o  cogenerat ion p o t e n t i a l  because t h e y . c o n s i d e r  on ly  1975 t ech -  . . ' 

no log ie s  and economics. ThEs would be  steam soak methods o f  recover ing  

$5.25/bbl  o i l .  Doubl.ing t h e  va lue  of  t h e  o i l  w i l l  permit  steam b r i v e  methods 

and increase  t h e  r ecove rab le  r e s e r v e s  by 30-50 pe rcen t .  On t h e  b t h e r  hand, 

two- th i rds  of  t h i s  o i l  w i l l  be recovered us ing  steam whi le  one - th i rd  w i l l  be  

recovered with C02  f l ood ing  o r  de t e rgen t  d r i v e s  which do no t  u se  cogenerat ion.  ' 

F i n a i i y , , t h e  i i s t . . o n i y  cons ide r s  t h e  l a r g e s t  f i e l d s  capable  o f  suppor t ing  a 

200 W e  cogenerat ion p l a n t  f o r  a t  l e a s t  15  yea r s .  

While enhanced o i l  recovery  suppor ts  t h e  petroleum d r i i l i n g  ope ra t ion  

e x c l u s i v e l y ,  f  lui 'd ized -bed and d i e s e l '  cogenerat ion a r e  ~ a r t i c u l a r l y  a t t r a c t i v e  . ' .  

t o  s e v e r a l  major i n d u s t r i a l  s e c t o r s .  Table D - 3  l i s ts  p r o j e c t i o n s  r epo r t ed  

f o r  cogenera t ion  a c t i v i t y  i n  1985 f o r  s i x  maior i n d u s t r i e s  which r e q u i r e  

' 50th  e l e c t r i c i t y  and p roces s  hea t  wi th in  t h e  t e m ~ e r a t i i r e . a n d  Dressure r anees  

f o r  which coeenera t ion  i s  an e f f i c i e n t  producer .  , 



I 

Table D-2 

Potent ia l  f o r  ~xpanded Enhanced O i l  Recovery i n  California.  
- - - 

AP I O i  1 -in- ~ecoverab  lea 
Field County Place 1975 Project  Sponsor 

bbl 109 bbl 

0 Cat canyon Santa Barbara 11-13 7.3 1.4 ERDA-Getty O i l  

Santa Maria Valley Sant a .  Barbara O14 5.1 1 .O Union O i l  

Kern River Kern '13 3.3 0.6 Getty-Standard 

Midway-Sunset Kern .O11 ,2.5 0.5 ERDA-Chanslor . , O i l  
. . 

Kern Front Kern O14 . . 1.3 0.3 Several small pro jec t s  

Cymfic 0 Kern 1 2 - 1 4 -  1.2 0.2 . . Several smal l -pro jec t s  

San. Ardo Monterey O 1 1  1.2 . 0.2 Texaco and Mabil 

Poso Creek (Premier) Kern '12-13 1 .O 0.2 None 
. . .  

Casmal ia ~ a n t a  ~ a r b a r a  O10 0.9 0-0.2 None 
0 

i .  Oxnard Ventura 7-8 0.9 . 0 None 

ikKi t t r i ck  Kerh 14-15 0.9 0.2 Getty O i l '  and others  - 0 

San Luis Obispo 011 .O. 1 0.02 None Guadalupe 

Par i s  Valley Mont erey 11 0.06 0.01 ERDA-Husky O i l  0 

.. - . 

0 15-10 (API): 19% recovery factor ;  '10-7: 0% recovery fac tor  -. 

Sources: Estimates by Alan Leighton, ERDA-SANS September 1, 1976; A. Leighton and J .  Patek, 
Combination Thermal h i v e  t o  Recovery Very Heavy O i l  from -Paris. Valley Field,  California,  . 

2nd Annual ERDA Symposium on Enhanced O i l  R.ecovery,~Tulsa, Oklahoma (Sept. 1976). 



Table D-3 

Cogeneration Pro j ect ions for 1985 

Industry 1985 Cogeneration 
Capacity,* MW 

Food 

Textiles 

Pulp and paper 

Chemical 

Petroleum refining 

St eel  

TOTAL 

?k 
Assuming no government aceian 



APPENDIX E 

APPLICATIONS OF COGENERATION SYSTEMS 

This  appendix desc r ibes  i n  some d e t a i l  two p o t e n t i a l  a p p l i c a t i o n s  . 

of  cogeneration:  f l u i d i z e d  bed combustion i n  t h e  pulp  and paper indus t ry  

and enhanced o i l  recovery.  

COGENERATION I N  THE PULP AND PAPER INDUSTRY: A BRIEF OVERVIEW 

Indust ry  Description 

The pulp and paper indus t ry  i n  t h e  U.S. c o n s i s t s  of  over 350 companies' 

t oge the r  r ep resen t ing  over 700 opera t ing m i l l s .  . The output o f  t h i s  s e c t o r  . . 

t o t a l e d  about 600 pounds o f  paper and cardboard products p e r  person i n  1975. 

Tota l  indus t ry  capac i ty  is  about 200,000 tons  p e r  day, almost h a l f  of which 

i s  located i n  t h e  sou theas te rn  United S t a t e s  (Table E - 1 ) .  In tegra ted  m i l l s  

w i t h ' b o t h  pulping and forming f a c i l i t i e s  a c c o u n t f o r  about 70 percent  of  

indus t ry  capaci ty .  These m i l l s  have an average annual capac i ty  of  about 

300,000 tons .  Non-integrated m i l l s  (forming f a c i l i t i e s  only) tend t o  be 

smal le r ,  with only about 15,000-20,000 tons  annual capac i ty  on t h e  average.  
' . t  

I n d u s t r i a l  p l a n t s  a r e  thus  l a r g e  and c a p i t a l - i n t e n s i v e ;  a new i n s t a l l a t i o n  

can exceed. $300 m i l l i o n .  

Fuel Consumution 

Some 90 percent  of  t h e  f u e l s  consumed i n  t h e  indus t ry  a r e  used t o  
0 

produce process  steam a t  temperatures between 250-390 F, and between 50 and 

175 p s i g .  The indus t ry  genera tes  a tremendous amount o f  biomass f u e l  i n  t h e  

form o f  ba r ,  wood chips  and spent  l i q u o r  ( t h e  waste product from t h e  pulping 

p rocess ) .  In terms of  Btu p o t e n t i a l  such wastes accounted f o r  44 percent  of  

a l l  energy consumption i n  t h e  i n d u s t r y  nationwide (Thenno Elect ron Corporat.ion, 

1976, Table 4.27)? 

Fuel and Energy Uses 

.While most of  t h e  steam i s  used a t  r e l a t i v e l y  low temperatures and 

p ressures ,  much o f  it is  produced a t  h igher  p ressures ,  al lowing ample a p p l i -  

c a t i o n  o f  steam t u r b i n e  topping cyc le  e l e c t r i c a l  genera t ion.  In f a c t ,  t h e  

*Thenno Electron Corp, A s tudy o f  Inplant  E l e c t r i c  Poricr Generntj.on in  t h c  
Cl~cmical , Petroleum Refi.ning and Pulp  and Paper I n d u s t r i e s .  Yooclhnm, '1:ISC. 
.NTIS, PB255-659, June 1976. 



. . 
Table E-1 

' Region Distribution of the 
Pulp and Paper Industry 

Reg i ori, :.!I , , .  States Mills (%) Capacity (%) 
, i 

1 

New ~ngland! Mai i e, New Hampshire, 1s 8 
Vermont, 'Rhode Island, 

i 
1. 

Massachusetts, 
\,, Connecticut 

Middle New York, New Jersey, 18 
Atlantic Pennsylvania 

East North ~hio, Indiana, Illinois, 22 
Central Michigan, Wisconsin 

West North Minnesota, Iowa, 
Central Montana, North 

Dakota, South Dakota, 
Nebraska, Kansas 

South Atlantic Delaware, Maryland, 
Washington, D . C. , 
Virginia, West Virginia, 
North Carolina, South 
Carolinn, Georgia, 
Florida 

East South Kentucky, Tennessee, 
Central Alabama, Mississippi 

West South Arkansas, Louisiana, 
Central Oklal~o~aa, Texas 

West Montana, Indiana, 
Wyoming, Colorado, New 
Mexico, Arizona, Utah, 
Nevada, Washington, 
Oregon, California, 
Hawaii, Alaska 



i n d u s t r y  consumption o f  e l e c t r i c a l  power p e r  ton  o f  product has  grown s i g n i f i -  

. c a n t l y  'over t h e  and t h e  use  o f '  h ighe r  b o i l e r  p re s su re s  has  followed 

. t h i s  t r e n d .  During t h e  1965-1975 pe r iod ,  t h e  l a r g e s t  b o i l e r  capac i ty  add i t i ons  

, , were i n  the850-1250 psig range,  and s i g n i f i c a n t  capac i ty  was added a t  p re s su re s  

g r e a t e r  t han  1250 p s i g  (Thermo Elec t ron  Corporat ion,  1976, Table 4 .40) .  

Natural  gas  is  used f o r  d i r e c t  f i r e  ho t  a i r  d r y e r s  and space hea t ing ,  

a s  we l l  a s  f o r  some b o i l i n g .  Residual o i l  i s  a l s o  used d i r e c t l y  i n  lime k i l n s  

t o  f i r e  t h e  pulping chemical recovery process .  Thus r e s i d u a l  o i l  use  i s  roughly 

p ropor t iona l  t o  energy-genera ted  from l i q u o r .  The lime k i l n  ope ra t ions  r e q u i r e  
6 

about .  2 x 10 B t u  o f  o i l  p e r  . t o n  . o f  paper .  Energy generated i n  spent  l i q u o r  
6 

. . 

i s  about 20 x 10 B t u . p e r  t o n  o f  paper  producto. I t  . should  be borne 'in mind, 

however, t h a t  bo i l e r / r ecove ry  e f f i c i e n c i e s  a r e  n o t  t h e  same f o r  t h e  biomass 

f u e l s  and *for  t h e  purchased f o s s i l  f u e l s . .  The American,Paper I n s t i t u t e  (API) 

e s t ima te s  .an average b o i l e r  e f f i c i e n c y  of 85 percent  from purchased f u e l s  

(e .g .  15\ s t a c k  l o s s ) ,  70 percent  from bark ,  and 60 percent  f o r  spent  l i q u o r .  

Thermodynamic P o t e n t i a l  f o r  Increased Cogeneration 

The p o t e n t i a l  f o r  bottoming of waste h e a t  i n  t h e  pulp  and paper  i ndus t ry  

is  be l i eved  t o  be neg l ig ib l e . .  . The waste hea t  from s t a c k  gases ,  warm water ,  

hea ted  a i r ,  and water  vapor ranges from 1 0 0 ~ ~  t o  400°F, t o o  low t o  r e s u l t  i n  

any subs t an , t i a l  e l e c t r i c a l  genera t ion .  The remainder of  t h i s  s e c t i o n  w i l l  

t h e r e f o r e  d e a l  with topping  p o t e n t i a l .  

For topping cyc le s ,  t h e  maximum p o t e n t i a l  e l e c t r i c a l  genera t ion  depends 

on t h e  i n d u s t r y ' s  steam flow requirements  (amount-of  steam p e r  u n i t  t ime and 

i t s  p r e s s u r e  and tempera ture) ,  and t h e  type  of topping cyc le .  In 1975 f o r  t h e  

i n d u s t r y  a s  a whole, t h e  amount o f  s t e a m u s e d  has  about 1100 x lo1* Btu, 
8 averaging about 1.421 x 10 l b s  p e r  hour ,  most o f  which i s  a t  50-400 p s i g ,  

The s tandard  power t o  steam r a t i o s  f o r  steam t u r b i n e ,  gas  t u r b i n e ,  and d i e s e l  
6 6 

topping  cogenerat ion a r e  about 45 kWhllO Btu, 200 kWh/lO Btu, and 400 kWh/lO 
6 

Btu, r e s p e c t i v e l y .  Applying f i g u r e s  such a s  t h e s e  t o  t h e  t o t a l  p rocess  steam 

requirements  y i e l d s  t h e  maximm e l e c t r i c a l  genera t ion  p o t e n t i a l s  (Table E-2). 

We n o t e  t h a t  even under steam t u r b i n e  topping,  t h e  maximum genera t ion  

exceeds c u r r e n t  implant gene ra t ion ,  sugges t ing  s u b s t a n t i a l  i n c r e a s e s  

even a t  p re sen t  l e v e l s  o f  economic a c t i v i t y  and ex tens ive  implant gene ra t ion .  



Maximum Potent ia l  f ~ r  Inplant  Generation o f  E l e c t r i c i t y  
i n  kIVh/Year i n  , the Pulp and Paper Industry 

- - - - - -- - ~ - -  ~ - -  

9 E l e c t r i c i t y  (10 kWh/year). - .  .' 

1 Maximum ~ o t i n t i i l  Export 3 
Maximun po ten t i a l  Genesat ion 

Region Tota l  . S t e m  Gas used2 Steam 'Gas 
3 i e s e l  

Turb i n  e Turb i n  2 Turbine Turbine 
Diesel 

Topping Topp in g Topping Topping Topping Topping 
- - - pp - - -- -- -- -- - 

New England 4.4 15  30 4.2 0.2 10.8 25.8 

Mid-Atlantic 3.4 12  23 3.6 (0. 2f4 8.4 19.4 

East North Central  7.4 2 6 5 2 7.4 - - 18.6 44.6 
I 

West North Central  1 .O 3.6 7.1 1.2 (0 2) 2.4 5.9 l- 
P 
-03 

South A t l a n t i c  18 65 130 14 4.0 5 1 116 
I 

East South Centra l  8.5 30 59 7.2 1 .3  22.8 51.8 

West South Centra l  9.1 32 64 8.6 0.5 23.4 55.4 

Mountain & P a c i f i c  9 .7  33 67 10 J0.3) 2 3 57 

TOTALS 61.5 216.6 432.1 56.2 5 .3  160.4 375.9 

Notes 

1. Maximum p o t e n t i a l  zenerarion - topping process steam ( t h e  oppor tuni t ies  f o r  topping of  
proce;s heat  and bottoming o f  riaste heat  i n  t h e  pulp and paper indust ry  a r e  minimal). 

2. Purchased p l u s  inp lan t  g e n e r a t i ~ n  (hydro not  included).  

3. Maximum potential '  €or export - maximum p o t e n t i a l  generat ion minus purchased e l e c t r i c a l  minus 
inp lan t  generated e l e c t r i c i t y .  

4 .  Use g r e a t e r  than maximum p o t e n t i a l .  



. . 
, Gas tu rb ine  and d i e s e l  topping could genera te  s u b s t a n t i a l  expor ts  o f  e l e c t r i c i t y .  

Several  caveats  must be mentioned, however. F i r s t ,  gas tu rb ines  and d i e s e l  

.' systems r e q u i r e  more t o t a l  f u e l  t o  genera te  any given usuable e l e c t r i c i t y - p l u s -  

steam Btu equivalent ,  due t o  higher e f f i c i e n c y  o f  t h e  steam tu rb ine .  There 

i s  more unrecoverable heat  output i n  t h e s e  systems than in ' s t eam t u r b i n e  

' systems. Second, t h e  pulp and papel  indus t ry  r equ i res  t re~endous, 'amounts o f  

steam, a s  noted above. F ina l ly ,  gas and d i e s e l  systems requ i re  petroleum, 
> ,... . ... 

f u e l  inputs'." Steam generat ion allows t h e  burning of  coal  and o t h e r  s o l i d  

biomass f u e l s .  This  i s  an important f a c t o r  f o r  t h e  pulp and paper indus t ry  

whose waste a l ready comprises between 40 and 50 percent  o f  i ts  f u e l  inputs .  

Economic P o t e n t i a l  f o r  Increased Cogeneration 

The implementation of  cogenerated e l e c t r i c i t y  and steam systems on a 

wide s c a l e  r equ i res  add i t iona l  investment i n  ins tances  where t h e s e  products  

' a r e  generated separa te ly .  That such investment has  been forthcoming only 

i n  small amounts i n  t h e  U.S. i s  not  s u r p r i s i n g  when h i s t o r i c a l  r e a l i t i e s  

' d  a r e  considered. Low energy c o s t s  and r a p i d  postwar expansion o f  cen t ra l i zed ,  
. 

u t i l i t y - r u n  power systems, coupled with an emphasis by indus t ry  on first 

c o s t s  have se lec ted  aga ins t  cogenerat ion,  a s  witnessed by t h e  d e c l i n e  i n  

cogenerated e l e c t r i c i t y  a s  a percent  o f  t o t a l  generat ion i n  t h e  UiS. s i n c e  

1950. The enormous inc reases  i n  petroleum f u e l  c o s t s  and t h e  s teady growth 

o f  i n d u s t r i a l  p l a n t  s i z e  have begun t o  t u r n  cogenerat ion 's  economic p i c t u r e  

around. In  genera l ,  t h e  measure u t i l i z e d  t o  determine t h e  v i a b i l i t y  of an 

investment i s  t h e  l e v e l  o f  i n t e r n a l  r a t e  of r e t u r n .  ~ s s e n t i a l  ly , ' the 

. i n t e r n a l  r a t e  of r e t u r n  ( r )  i s  determined f o r  any given investment by t h e  

following formula o 

where 

c = c a p i t a l  c o s t s  

Ri = a f t e r - t a x  r e t u r n s  i n  year  i 

N = expected l i f e t i m e  o f  investment i n  years  

r = i n t e r n a l  r a t e  o f  r e t u r n  . 



The r a t e  of r e t u r n  required by a business t o  j u s t i f y  investment depends 

many f a c t o r s ,  p a r t i c u l a r l y  t h e  degree of expected market r i s k ,  borrowing 

c o s t s ,  and debt /equi ty  r a t i o s .  I t  has been estimated t h a t  f o r  t h e  pulp and 

paper indust ry ,  t h e  average r a t e  of  r e t u r n  requi red  over a l l  investment's is 

about 15 percent a f t e r  t a x .  In genera1, indust r ies  need a h igher  r a t e  of 

r e t u r n  f o r  cos t  saving investments such a s  cogeneration than f o r  product- 

o r i en ted  investments which a r e  associa ted  with d i r e c t  p r o f i t a b i l i t y ,  market 

expansion, and t h e  l i k e .  On t h e  o the r  hand, a lower r a t e  i s  requi red  by 

u t i l i t i e s  (around 13%) because e l e c t r i c i t y  (and steam i n  some cases)  is t h e  

u t i l i t y ' s  primary product .  Moreover, a s  a regula ted  indust ry ,  u t i l i t i e s  

can usua l ly  borrow at  lower r a t e s .  Thus implementation could depend bn 

generat ion p l a n t  ownership. In f a c t ,  t h e  pulp and paper indus t ry  generates 

55-60 percent  o f  i t s  own e l e c t r i c i t y  in -p lan t ,  making it l i k e l y  t h a t  it 

might invest  in  cogeneration a t  r e t u r n  r a t e s  f a i r l y  c l o s e  t o  its indust ry  
. . . . average. . . 

. . .  . .  . 

.Another i s s u e  fac ing cogeneration .implementation is whether o r  not it'.. . 
' .  ' ' 

. . ' 

is. associa ted  with expansion o r  replacement o f  process steam f a c i l i t i e s .  

If cogeneration i s  considered a s  indust ry  expands o r  replaces  worn out o r  . . 

' ,  obso le te  b o i l e r s ,  p ipes ,  pumps, fans, '  e t c . ,  then i n i t i a l ,  investment c a p i t a l  . ' . " .  

c o s t s  es t imates  a r e  reduced because t h e  fim.wil1 only consider  t h e  inCre- 

mental c o s t s  associa ted  with e l e c t r i c i t y  generat ion (e .  g. c o s t s  of  t u r b i n e ,  
. .  . 

genera tor ,  e t c . ) .  I f  e x i s t i n g  and useful  proce'ss steam equipment must be .. 

replaced,  however, t h e  t o t a l  c o s t s  of t h e  new system must be used, including 

those  associa ted  with steam production.  . 

A f i n a l  considerat ion inf luencing r a t e  of  r e t u r n  a r e  t a x  pol icy  and 

f inancing opt ions .  Both increased investment t a x  c r e d i t  (such a s  a r e  pro- 

posed i n  President  C a r t e r ' s  na t iona l  energy pol icy)  a s  well a s  decreased 
C 

corpora te  income t a x  r a t e  would inc rease  expected r a t e s  o f  r e t u r n .  

Also, i f  a company has access t o  ou t s ide  c a p i t a l  a t  i n t e r e s t  r a t e s  below t h e  

expected r e t u r n  r a t e ,  i t s  wi l l ingness  t o  inves t  can be  expdcted t o  increase: 

r e l a t i v e  t o  a base case s i t u a t i o n  i n  which it had. t o  generate a l l  i ts  funds 

i n t e r n a l l y  o r  d i l u t e  i t s  equi ty .  . . 
. . 

The Effec t  o f  Economic Incent ives  on P o t e n t i a l  Implementation by 1985 ' .  

To assess  t h e  p o t e n t i a l  f o r  increased cogeneration, one must make 

assumptions regarding i n d u s t r i a l  growth. The es t imates  shown.below..are 



, , 

based on t h e  following projections.:  (a) the  amount o f  steam and e l e c t r i c i t y  
'. would increase  by 50 percent i n  t h e  1975-85 period,  implying a conservat ive  

. : 3.2 percent  r e a l  annual growth r a t e ,  and (b) 75 percent  of  exis t i f ig  (1975) 

. capaci ty  i s  assumed t o  be s t i l l  i n  p lace  by 1985.. The economic incen t ives  
. - 

considered a r e  increased t a x  c r e d i t s . ( u p  t o  50 percent  of new investment i n  

.' cogenerat ion),  lower corporate t a x  r a t e s  '(down t o  25% of income) and t h e  

. . a v a i l a b i l i t y  of  up t o  50 percent  f inancing a t  10 percent .  

. . Wi.th steam tgpping, only very small amounts of  e l e c t r i c i t y  w i l l  have t o  
. . 

be purchased by 1985. Even i n  t h e  base ,case  o f  no added incen t ives  (e.g. cu r ren t  ". . . 
. . 

. t a x  s t r u c t u r e s  and no debt f inancing) and indust ry  ownership of  f a c i l i t i e s ,  
. . se1.f-generation would amount t o  about 65 percent  of  indust ry  needs. With . . 

incent ives  f o r  indust ry  o r  under a system of  u t i l i t y  ownership, cogeneration 

could account f o r  82-99 percent o f  indus t ry ' s  power needs. With gas tu rb ines  

and d i e s e l  cogeneration, given appropr ia te  petroleum, syn the t i c  f u e l s  o r  

adequate f l u i d i z e d  bed combustion technology, s u b s t a n t i a l  e l e c t r i c i t y  could 

be exported: from a low o f  2.2 percent  (given gas tu rb ine  topping, indus t ry  

ownership, and no incen t ives )  t o  a high of 9.6 percent .  The l a t t e r  case assumes 

d i k s e l  t>opping, u t i l i t y  olmershi?, a1 1 t a x  incen t ives ,  and ou t s ide  f inancing opt ions .  

P o t e n t i a l  f u e l s  savings f o r  1985 would be about 70,000 bbl of o i l  p e r  

day f o r  t h e  steam systems and 290,000 bbl/day f o r  both gas t u r b i n e  and d i e s e l  

topping (Thermo Electrnn Corporation, 1976, Table 6.31).  These es t imates  

assume indus t ry  ownership and a l l  economic incent-ives. For u t i l i t y  ownership, 

assuming a l l  incent ives ,  t h e  savings a r e  110,000-135,000 bbl/day, 380,000- 

420,000 bbl/day, and 480,000-580,000 bbl/day f o r  steam, gas and d i e s e l  topping, 

r e spec t ive ly .  The increase  i n  savings l i s t e d  here f o r  gas and d i e s e l  wuuld 

need t o  be  modified somewhat i f  t h e i r  h igher  heat  r a t e .  were taken i n t o  account. 

Fluidized Bed System f o r  t h e  Pulp and Paper Industry , 

Fluidized bed cogeneration system i s  suggested f o r  use  i n  t h e  pulp and 

paper i ndus t ry  because o f  i t s  a b i l i t y  t o  burn both coal  and .waste f u e l s  

e f f i c i e n t l y  and c leanly .  

Two s i g n i f i c a n t  " trends i n  t h e  energy f i e l d  today a r e  fue l  switching from 

. . . o i l  and gas t o  coal and waste f u e l s  and a l s o  decreasing environmental impact. 

The combination of these  t r ends  i s  l a r g e l y  cont radic tory  on t h e  b a s i s  of 

e x i s t i n g  experience with coal combustion. This ,  however, should change i n  



the '  near  f u t u r e  with t h e  implementation of f l u i d i z e d  bed combustion '(FBC] 

which inheren t ly  produces low emissions. Furthermore, i t  i s  o f  small t o  

moderate s i z e  s c a l e  which makes it well  s u i t e d  t o  use  i n  cogeneration 

app l i ca t ions .  Cogeneration complements FBC well  by maximizing e f f i c i ency  

i n  t h e  use o f  waste and f o s s i l  f u e l s  t o  produce both e l e c t r i c i t y  and 

process hea t  f o r  use  by indust ry .  Unfortunately l industr ies  tend t o  be 

located  where ambient  air q u a l i t y  is a l ready poor and where emissions impact  

on l a r g e  populat ions.  Thus . f lu id ized bed combustion i s  exp'ected t o  be 

s i g n i f i c a n t  i n  t h e  f u t u r e  and i t s  emissions and t h e i r  cont ro l  w i l l  be 

espesially impo*.nnt. 

, . The first f e a t u r e  of  FBC,is t h e  f a c t  t h a t  i t , a l l o w s  any type of coal 

o r  waste f u e l  t o  be burned ' regardless  of .ash 'content o r  caking propert ies . .  

Furthermorc, t h e  coal  r e q u i r e s  l i t f l e  processing such a s  wash,ing arid p u l i e r i -  

za t ion  a s  done i n  modern coal  p l a n t s  because t h e  ash i s  e a s i l y  included i n  

t h e  bed mate r i a l .  Generally t h e  coal  i s  only crushed t o  1/4 inch s i z e  t o  

ease  f u e l  feeding.  , .  

The a b i l i t y  t o  burn any coal  o r  waste ma te r i a l  and t o  burn it c lean ly  

i s  a f e a t u r e  because of c o a l ' s  v a r i a b i l i t y .  Coal v a r i e s  i n  i t s  physica l  

p roper t i e s  and chemical composition. Some coa l s  produce too  much a s h . o r  

s lagging ash and s o  cannot be  used i n  some b o i l e r s .  This does not i n t e r -  

f e r e  with FBC, however, because of  t h e  small f r a c t i o n  of coal  i n  t h e  f l u i d i z c d  

bed. Likewise, s u l f u r  content  can vary from 0.5 percent  t o  5 percent .by  

weight. Once again,  t h e  l a r g e  bed o r  s0rben.t can e a s i l y  adapt t o  varying 

s u l f u r  removal r a t e s  by ad jus t ing  flow rates. This  is  an advantage under 
. . 

proposed New Source Performance St.andards which requ i re  99 peraent c o n t ~ o l  

r ega rd less  of s u l f u r  i n  t h e  fue l  r a t h e r  than simply meeting. a n  emissiqn 

standard with some combination o f  low s u l f u r  coal. p lus  a scrubber. Thus 

an indust ry  with 90 percent  s u l f u r  cont ro l  i n  FRC w i l l  have f l e x i b i l i t y  i n  chaos- 

ing  coal  supp l i e s .  This  i s  p a r t i c u l a r l y  important f o r  small i n d u s t r i a l  

u s e r s  which tend t o  have g rea te r .  v a r i a b i l i t y  in '  t h e i r  coal  supp l i e s  because 

they  cannot claim an e n t i r e  mine's production a s  a u t i l i t y  power p lan t  does. 

: Combustion 

The most important f e a t u r e s  o f  combustion f o r  power generat ion and 

process heat  a r e  combustion temperature, hea t  t r a n s f e r  and o v e r a l l  e f f i c i ency .  



In general h igher  temperatures mean g r e a t e r  e f f i c i ency  i n  energy conversion 

t o  e lec t r ic i t ; .  . .  he l i m i t i n g  f a c t o r ,  however, is  not  combustion but r a t h e r  

a problem. with mate r i a l s .  ' For example, high ~ r e s s u r e  steam pipes  can only 
I . .  

withstand ~ 6 6 ~ ~ .  Nost gas tu rb ine  blades a r e  darnaped'hv temnerntlires over 
9 5 0 ~ ~ .  Thus, we do not have t h =  technology t o  take  advantage of t h e  thermo- 

dynamic po ten t i a l  of coal combustion flames a t  2 0 0 0 ~ ~ .  To l i m i t  tempera- 

t u r e s ,  b o i l e r s  maintain a l a rge  excess a i r  flow t o  d i l u t e  t h e  combustion 

gases. F luidi red  bed burners must a l s o  maintain a l a r g e  working f l u i d  

flow t o  l i m i t  temperatures but do s o  i n  t h e  combustion zone s o  t h a t  ac tua l  

combustion temperatures can a l s o  be reduced t o  about 800 o r  9 0 0 ~ ~  o r  l e s s .  

The bottom l i m i t  would be t h e  i g n i t i o n  temperature o f  500 t o  6 0 0 ' ~  depending 

0.n t h e  f u e l .  . j- 

.. . 

, ' Fluidized Bed  combustor,^ 

The c h a r a c t e r i s t i c s  of  f lu id ized  bed combustion a r e  determined by t h e .  

:ombustion bed. which has onlv one t o  two nercent  f11e1. 

This bed i s  f l u i d i z e d  by P flow o f  combustion a i r  from a g r i d p l a t e  below 

the 'bed.  These . two ' fea tures  a r e  complementary i n  t h a t  t h e  excel lent  mining 

of  a ' f l u i d i z e d  bed i s , w h a t ' a l l o w s  such a large  amount of  i n e r t  bed material .  

In tu rn .  t h i s  allows t h e '  temperature t o  be decreased without losincr c o m ~ l e t e  
combustion. by p r0v id ing .a  l a rge  thermal mass. 

I t  i s  very convenient f o r  t h i s  bed mater ia l  t o  be limestone o r  dolomite. 

It then can r e a c t  chemically with s u l f u r  dioxide and allow i t s  renova1 . 
as a dry  sol i d  waste. The low temnerat i~re  , i  s a1 sn imnortsnt 

f o r  decreasing thermal NOx formation. F ina l ly ,  t h e  low temperature and 

l a r g e  amount of bed mater ia l  serve  t o  minimize t h e  emission o f  t r a c e  metals 

from t h e  coal  combustion. 

The l a rge  mount of  bed mater ia l  a l s o  allows heat  t r a n s f e r  p ipes  t o  be 

located  d i r e c t l y  i n  t h e  midst of t h e  combustion zone. This  g ives  a much more 

compact h n i l e r  which i n  t u r n  decreases expenses. 

The ac tua l  design of  an FBC i s  s t i l l  experimental. Dcvelopment 

appears t o  be more advanced i n  England and Sweden where a &ew u n i t s  
have been placed i n  regu la r  operat ion.  In  t h e  'u.s .  t h e  prototypes a r e  s t i l l  

experiencing problems with coal  feeding while many European u n i t s  simply 

, , pour coal i n  t h e  top.  Nearly a l l  of  t h e  American work has been done by Pope, 



Evans and Robbins, Inc .  Tiley have designed and b i ~ i l t  a DOE-funded convers!un 

o f  t h e  30-?-?': R i v e s v i l l e  p l a n t  t o  a  FRC. T!lis b o i l e r  wi 11 ac tua l  l y  hnvc ' 

t h r e e  beds p l u s  a  carbon b u n u p  c e l l .  This  improves turndo\m cca?abj.lity 

t y  bcinz nblc  t o  t u r n  one o r  t ~ i o  ce l l - s  OFF. Thc carboz b u r ~ u ; ~  c e l l  i s  

needed because t h e  R i v e s v i l l e  beds only  consume 83 percent  o f  t h e  f u e l  

carbon.  A t  a  r e c e n t  c o a l  conference it w a s . s t a t e d  t h a t  t h i s  was i n e v i t a b l c  . . 

, and t h a t  i n d u s t r i e s  miglit no t  r e q u i r e  a  burnup c e l l  but  t h a t  u t i l i t i e s  def i .n5tciy 

would f o r  maximum e f f i c i e n c y . '  Tilz problea of  . e l u t r i a t i o n  r e s u l t s   fro^^\ 

t l le poor American des ign  u:hich uses  too  high an a i  r v,elnci.tg. European 

des igns ,  on t h e  o t h e r  hand, do not  r e q u i r e  a carbon b~irnu? c e l l .  ::lost 

e s t ima te s  a r e  t h a t  f l u i d i z e d  bed combustion w i l l  be a v a i l a b l e  c p m e r c i a l l y  , . . . , 

by t l ~ c  middle t o  l a t e  19301s ,  vl:i ch i s  d i s c o u r a g i ~ g l y  s l o ~ c ,  cons ider ing  
- 1  ~ ; l e  :15e of f l u i d i z e :  Led r e a c t o r s  i n  t.he c : ~ ~ ! ; ~ j . c n l . . i n d ! ~ s t r y  fcr dcca:.les. 

. . 
i : 

EY!M?JCED OIL RECOVERY 

A t  p resent  t h e  P a c i f i c  Gas and E l e c t r i c  Cor~pnny i s  n e g o t i a t i n g  wit!] 

Getty and Texaco t o  i n s t a l l  combustio?l t u r b i n e  cogenerat ion syster is  of  

2W a,li;;I 270  !..l'.S c a p a c i t y  i n  iIcr1: Count)., ~ a l i f o r n i a  o i l  f i e l d s .  T!ic o i l  

com;,)nnies hnve been bloclted fro!: furt!;er devel.o~rl:cnt of  ste3.F i n j e c t  i 03 

because of environmental c o n s t r a i n t s  wit!l r e s p e c t  t o  SO2 and BO emi ssionc 
X 

from. crude o i l  b o i l e r s .  The economic s i t u a t i o n  d iscourages  c 1 e n n u p . h ~  t ! ~  

o i l  c o ~ ~ : ~ a n i e s  so tha t  the 1lt.i l i t  i ~ s ; ,  were approached with t h e  o f f e r  of 

inexpensive o i l  i,n exchange f o r  steam. E l e c t r i c i t y  genera t ion  i n  t u r n  

a1  l o i s  PGSE t o  i n v e s t  i n '  o i  1 g a s i f i c a t i o n  and d e s u l f u r i r a t i o n  equi pnent 

t o  meet emission c o n s t r a i n t s ;  R i s  i n s t i t u t i o n a l  arrangement provides  
I 

energy, economic and environmental 'advantages and a l t l ~ o u g h  no cogenera- 

t i o n  systems have been' i n s t a l l e d  a t  p r e s e n t ,  t h e r e  i s . a  s i g n i f i c a n t  

p o t e n t i a l  i n  t h e  f u t u r e .  A s  , s t a t e d  above PGGE i s  present1.y n e g o t i a t i n g  

f o r  490 i4h' of baseload capac i ty ,  s u p p l y i i g  3.6  x 10' l b s / h r  steam. 

Th i s  steam c a p a c i t y  i s  o n l y , o n e - f i f t h  o f  t h e  p re sen t  s team genera t ion  

i n  t h e  t h r e e  major Kern County o i l  f i e l d s  (Kern River, !lidway-Sunset 

and S. Bel r idge) .  Furthermore, t h e r e  a r e  s eve ra l  o t h e r  s i g n i f i c a n t  hezvy 

o i l  d e p o s i t s  a s  l i s t e d  i n  Table E-3. 



. '  
The recoverable heavy. o i l  f i g u r e s  given i n  Appeildi~ 'D (Table , D - 2 )  .,' 

a r e  conservative with respect  t o  cogeneration po ten t i a l  because they 

consider  only 1375 technologies and economics. This would be s t e m  soak 

methods o f  recovering $5.25/bS1 o i l .  Doubling t h e  value of t h e  o i l  

w i l l  permit steam d r i v e  nethods and increase  the'  recoverable  r e se rves  by 
9 .  

30-50 p&ce*t, On t h e  o the r  hand two-thirds of t h i s  o i l  w i l l  be recovered . ' 

using steam while one-third w i l l  be recovered with C02 f looding o r  de tergent  

d r i v e s  which do not  use  cogerieration. F i n a l l y ,  t h e  l i s t  only cons iders  t h e  

l a r g e s t  f i e l d s  capable df supporting a 200-FflJ I cogencration p lant  f o r  a t  

l e a s t  15 years .  

Obviously t h e  p o t e n t i a l  f o r  cogeneration i s  very l a rge .  Table D-2 
9 (Appendix D )  l is ts  4.7 x 10 recoverable b a r r e l s  o f  heavy o i l  i n  Ca l i fo rn ia .  

Assuming t h a t  40 Tercent i s  recovered by cogenerated stcam d r i v e  over 2fl 

years ,  produetion w i l l  be 96 x 10' bbl/year .  If Sg percent  i s  marketed, 

15 percent converted t o  e l e c t r i c i t y ,  25 percent  converted t o  steam and 1 9  

percent  l o s t ,  then generat ion w i l l  be  5500 I.N continuous f o r  20 years .  

Nationally t h e  p o t e n t i a l  might be t r i p l e  t h i s  ahount. 

The problem which needs t o  he addressed with r e s j ~ e c t  t o  enhanced 

o i l  recovery cogeneration i s  whether t h e  o i l - f i r e d  c o ~ ~ b u s t i o n  tu rb ine  

systent assunled i n  t h e  example above is  t h e  most advanta$eous method. 

I t  i s  p resen t ly  prefer red  by those  contemplating t h e  i n s t a l l a t i o n  of t h e  

f i rst  o i l  f i e l d  cogeneration; ' This ,  however, has been l a r g e l y  determined 

by t h e  a r t i f i c i a l  economics o f  low first t i e r  o i l  p r i c e s .  A t  t h i s  ~ o i n t  

it i s  important t o  t a k e  a broader long-term view of t h e  t echn ica l  o?tions 

a v a i l a b l e .  ?.lost important among t h e s e  a r e  combined cycle and closed 

cycle  systems allowing t h e  use o f  c o a l . o r  possibly coal  g a s i f i c a t i o n .  

These systems may have s l i g h t l y  lower e f f i . c i enc ies ,  but more importantly,  

o i l  production will be doubled by t h e  s u b s t i t u t i o n  of  coal .  

- O i l  fue l  a v a i l a b i l i t y  is obvious~ly 'no problem, although k t  present  

t h e  a r t i f i c i a l  p r i c i n g  of  o i l  has caused lower t i e r  o i l  t o  be trucked t o  

d i s t a n t  f i e l d s  t o  avoid burning second t i e r  o i l  f o r  steam. 

This i n s t i t u t i o n a l  arrangement is  f o r  t h e  b e n e f i t  of  t h e  companies 

involved and may not be  i n  t h e  long-term publ ic  i n t e r e s t .  For example, 

t h e  . la rge  c a p i t a l  investment by t h e  publ ic  u t i l i t y  with ra tepayers '  
. . 

money depends upon t h e  a r t i f i c i a l l y  depressed p r i c e s  f o r  first t i e r  o i l  



before  it e n t e r s  a r e f i n e r y  and requ i res  ent i t lement  payments t o  

r e f i n e r i e s  buying fore ign o i l .   his investment i n  crude g a s i f i c a t i o n  

w i l l  be  i n  jeopardy i f  t h e  Federal government~decontrols  t h e  p r i c e  of  

f irst  t i e r  o i l  which i n  a f a i r  p o s s i b i l i t y  over a period o f  20 years .  

An energy flow diagram f o r  t h e  oi l-based system is  presented i n  

Figure E-1 based on prel iminary equipment s p e c i f i c a t i o n s  o f  PGGE. 

This included l a r g e  GE frame 7000 tu rb ines  r a t e d  a t  75 MW. In assess-  

ing t h e  enhanced recovery indus t ry  energy p r o f i l e ,  it w i l l  be necessary 

t o  consider  a range o f  engines including smal ler ,  l e s s  e f f i c i e n t  ones 

which may be appropr ia te  i n  o t h e r  locat ions ;  This  informat ion includes 
. . 

empirical  d a t a ,  on t h e  performance o f v a r i o u s  engines i s  & funct ion  of  

f u e l ,  remperarure and load.  Fortunately rhe  lukd c h s r & c r e r i s r i c s  o f  . *. 
enhanced recovery a r e  simple and s t a b l e  over .time (yea r s ) .  Thus t h e  

duty cyc le  w i l l  be based p r imar i ly  on t h e  optimum maintenance schedule. 

The process used i n  t h i s  case  allows f o r  d a i l y  ' f luc tua t ions  i n  steam 

production without i n t e r f e r i n g  with o i l  production. I t  is important t o  

maintain a high p ressure  (900 p s i ) ,  but  steam q u a l i t y  is not  c r i t i c a l  

and 80 percent  vapor i s  considered s a t i s f a c t o r y .  The water content  is 

important t o  prevent s c a l i n g  because of poor water q u a l i t y .  

With respect  t o  environmental c o n s t r a i n t s ,  t h e  r o l e  of  cogeneration 

i s  pos ' i t ive compared t o  t h e  e x i s t i n g  b o i l e r s  burning crude o i l  without 

conrrols, .  A l l  of  rhe  major combustion tu rb ines  with gaseous . f u e l s  can 

meet t h e  New source Performance Standards promulgated by t h e  EPA f o r  

gas tu rb ines  1,ast f a l l .  A t  t h e  s t a t e  and l o c a l  l e v e l ,  Kern county is 

a non-attainment a r e a  with t o  some ambient a i r  q u a l i t y  s tandards 

(NOx, SO2). For tunate ly  New Source Review procedures now allow po l lu t ion  

t r a d e o f f s  which a r e  abundantly a v a i l a b l e  from t h e  e x i s t i n g  d i r t y  b o i l e r s  

t o  be r e t i r e d .  Future inves t iga t ion  should i n d i c a t e  t h e  p o s s i b i l i t i e s  
. . 

f o r  increas ing steam and o i l  production while decreasing po l lu t ion  

emissions. 

Operational r e s i d u a l s  and c a p i t a l  requirements f o r  t h e  described 

.enhanced o i l  recovery system a r e  l i s t e d  i n  Appendix A. Appendix 1 

conta ins  a desc r ip t ion  o f  t h e  c a p i t a l  r e s i d u a l s  f o r  t h e  cogeneration 

systems'. 



.ma @I ' t'C , , . . 
. . uoYS - u~.ul . .. C 

A 
v 

4 
v 

.. .. . NU,,Ol'B'l. . . 

u-4s . 

C 

nIa .$I = 0'1 

oars 

v. "oI!oq n4u'sOl ' E.0 SDg ley WQ $1 ' 9 "bU 41 * 21 
lDeH elsqfi 4 1 A , AO!j!SDg ' - Ilefi I!O 

.Iqq 1 199 t 
' n8U ~y O'E '; NU ' VE s094snD((Xj r , 

' 6'0 

p=CS 
((MI OSE 
~o(oleue9 '!V 



APPENDIX F 

DIRECT COMBUSTION SYSTEMS . 

This appendix provides addi t  ibnal' informat ion. on t h e  charac te r i s t i cs .  
. . 

o f  d i r ec t  cbmbustibn systems t o  t h a t  included i n  t he  body . o f  . .  t he  repor t .  . . 

I t s  purpose i s  t o  c l a r i f y  t h e  i n foma t i&con ta i ?ed  i n  t h e  Technology 

Application sect ion and t o  provide important information concerning 

Direct Combustion systems which .is not  required f o r  SEAS input through . 
, . t h e  TASE program. . .  . ' . .  . . . 

. ' . A'  general. .schemat ic:disigram f o r  MSW d i r ec t  combustfon systems i s  , ' 

r . . 
shown , ' i n  Figure F-1 . . Some systems,, i n ~ l u d e , ~ c o a r s e  shredders, while 

some scre'en incoming:. MSW. and shred only oversized mat.eria1.; many 
. . . : 

systems include no f ront  end processing a t  al l .  A s  b r i e f l y  described . . ' .  

i n  the  Technology Application s e c t i o n . o f . t h i s  repor t ,  incinerators  a r e  

e i t h e r  of a refractory""all ,  o r  of a waterwall t y p e .  Refractory wall 
' -. 

incinerators  require  . the  use of a bo i l e r  o r  of an af terburner  t o  
. . i  

complete combustion followed b y  a b o i l e i ,  t o  produce t h e  basic  system . ' 

product: steam. This steam may e i t h e r  be converted t n  e l  ect.rir4t.y nr 

used d i r e c t l y  f o i  i ndus t r i a l  o r  . d i i t r i . c t  heating appl icat ions  

while t h e  was te  gas s t r e a m .  t r e a t e d  a n d r i l e a s e d  from the  plant  stacks.' 

A general comparison 'of waterwall and refractory wa1.l syst.ems i s  
. .I 

shown i n  Table F-1. ~ e f r a c t o r ~  .systems tend t o  require  more excess a i r  
and generate a higher volume of H O i n  t he  off-gasses, bo th .of  which 2 
decrease t h e  d e s i r a b i l i t y  of the  re f rac tory  wall system. Further, 

re f rac tory  wall incinerators  burn a t  a much lower temperature than 

warewal l  systems. I t  $ho"ld be noted t h a t  while these  temperatures a r e  

comparable t o  RDF systems, they a r e  well below t h a t  of pyrolysis  systcms, 

which have react ion temperatures of 9 0 0 ~ ~  - 3 0 0 ~ ~ ~ .  

The s impl ic i ty  of bo th 'o f  these types of systems and t h e i r  .use of 

ex i s t ing  technology has accounted f o r  t h e  i n t e r e s t  i n  and adoption of 

d i r ec t  combustion systems as indicated i n  Appendix C. However, there 
' . a r e  two major disadvantag6s t o  d i r e c t  combustion systems which l i m i t  t he  

- future  a t t rac t iveness  o f  t h i s , '  t ethnology r e l a t i v e  t o  RDF and pyrolysis 
* . I .' systems. These are:  





T ) ~ ~ i c n l  Gas Coni~osit ions  f o r  Conventional and St can-Generat inp Incinera tors  

J 

Type o f  Incinera tor  ; 

Refuse Fir ing Rate, ?.IT/hr 
(ST/hrI 

A i r  Coolin:/Air Cleaning :.let hod 

Excess' Xir , % 

Stack Ex?1%lst 

0 Te~y,eraturc,  (1 (OF) 

\'ol~~me % Cq2, wet ba s i s  
(dry b s s i s )  

\'o!ar.~c 5 0, , \-:.r!t, h:? s i  s 
(dry bas i s )  

Volume % N wet h a s i s  
(dry bnfis) 

Volunle % li,T), wet bas i s  
' 

h 

Flow, C ! / ~ i n  ? tcn,?eraturc 
(ACFY @ temperature) 

. . .  
. . 

\\'at errval 1 

15.2 (16.7) 

Boi l e r /E lec t ros ta t  i c  ' 

Precii3i t a t o r  , . 

71.7 . >  

. .  ,::a 

: I.? , , . 
. . .  . 
. % 

211 (411) 

9.1. (10.5) 

7 . 7  (9.91 

69.3 (30.5) 
, 

13.3 

'2409 3 211°c 
(84,7n0 s 411'~) 

R e f r n c m v  

. 3 . 4  (9.2)  t tin^) 
i: 

' Caustic Scrul>tcr 

180 (estimatctl) 

57-77 (175-179) 

3.7-3.2 (4.Z) 

1.'?.1-?.6 (I .?.  

64 ..2-54.2 (82.2) 

22-34 

2119 !, 7 7 ' ~  
(74,500 .1? 170'~) 

i 



1. Large volumes of excess a i r  a r e  required t o  ensure complete 

burning and t o  maintain desired incinernator temperature. A s  

a r e su l t ,  t h e  volume of 'dry f l u e  gas i s  dramatically increased 

a s  showh in  Figure F-2. The required ' large a i r  flows d i c t a t e  

t h e  use of large fan systems, l a rger  stacks,  larger  p r ec ip i t a to r s  

and/or scrubbers, and decreased p rec ip i t a to r  e f f i c i enc i e s  

. (Waste Age, March 1975). 

.2. MSW'incineration tends t o  increase pipe, re f rac tory  and l i n ing  

fouling and corrosion when compared t o  other  steam-producing 

fue l s  (Govan, Martin and Monro, 1974). The high f l y  ash content 

of MSW off-gasses tends t o  coat waterwall and superheater pipes 

and thus  reduce heat t r ans fe r  eff ic iency.  High PVC and rubber 

content i n  MSW w i l l  increase chlorine corrosion of metal tubes 

and pipes (Govan, Mart i n  and Monro , 19 74) . 
A t h i r d  type of d i r ec t  combustion systems not shown i n  Figure F-1 a r e  

t he  modular systems. These systems typ i ca l l y  have a capacity of l e s s  than 

50 TPD and use an incinerator-afterburner-boiler  flow r a the r  than a water- 

wall system. Modular systems therefore  c losely  resemble a re f rac tory  wall 

incinerator  i n  operational charac te r i s t i cs ,  except t h a t  burning i s  s p l i t  

between t h e  incinerator  and a gas-fired afterburner,  where su f f i c i en t  

excess a i r  is  injected t o  complete t he  burning process, and tha t  t he  

modular systems a r e  designed f o r  low flow applications ( refractory wall and 

waterwall incinerators  a r e  now being designed i n  t he  thousands of tons 

per  day, while modular systems a re  designed f o r  30-50 tons  per day). 

. Even though there  a r e  differences between the  re f rac tory  wall and 

waterwall operation, and between,modular systems and each of t he  o ther  

two types, t h e  th ree  systems a r e  s imi la r  with respect  to.conversion 

e f f ic ienc ies -and  t o  res idual  generation r a t e s  (Schoenberger, Wohlers and 

Jackson, 1970; Combustion Power Company, 1977). Because of i ts  advantages 

r e l a t i v e  t o  refractory wall systems and because of i ts  grea te r  system 

simplic i ty ,  a waterwall incinerator  system has been selected f o r  model 

application i n  t h i s  study. A material ,  c ap i t a l  and energy input/output 

summary f o r  a typ ica l  wat erwall incinerator  is included i n  the.. Technology 

Application section.  A material  balance is  shown i n  Figure F-3. The 

system energy.balance is shown i n  Figure F-4. Data f o r  Figures F-3 and 

F-4 were obtained from a c r i t i c a l  synthesis '  of  t he  data  contained in:  



Eucess Air (%I 
XBL 7810-1 1647 

Fig. F-2. ~ncinerator-~lue Gas Volume as a Function of % 
Excess Air' (from Weinstein and Toro, 1976) 



Fig. F-3. Direct Combustion . . Material Balance . 



Energv out - 1 rr lo12 Btu 
~ f f i c i e k  = = 68%. 

Energy in 1.46 x 1012 Btu 

'~uniben give amount per ton of MSW and (amount per 1012' Btu output). 
XBL 7810 - 1 1659 

Fig. F-4. Direct Combustion Energy'Balance 



Gowan, Martin and. Monro, 1974; Moore, 1967; Lawler, 1975;' .Kaiser, 1976 

and 1976a; University of California,  1951; Ongerth and Tucker., 1970; 

Bishop, and   em in^, 1967; and Hahn, 1970. ' A 1000 TPD plant following the  

. . schematic shown i n  Figures F-3 a i d  F-4 w i l l  produce 1.946 x 10l2 Btu of 

steam per  year working a t  an 85 percent on-line r a t e .  This MSW would 

then replace approximately 97,500 tons of coal per year which would 
. . 

: otherwise be required t o  produce indus t r ia l  qua l i t y  steam. 

Determination of t he  f o s s i l  fue l  equivalency of MSW f o r  a d i r ec t  

combustion system is depicted i n  Figure F-5. The design end use f o r  t he  

d i r ec t  combustion energy product i s  indus t r ia l  process steam. Direct 

MSW combustion incinerators  produce r e l a t i ve ly  low pressure (150 p s i  

t o  500 psi )  and low temperature (400-600'~) steam. In order t o  produce 

t h e  same 1 x 10" Btu of indus t r ia l  steam, 1.25 x 1012 Btu of f o s s i l  

fuel  would be required. I f ,  however, MS1V-produced steam is converted 
11 

t o  e l e c t r i c i t y  a s  an end use product, only 5.1 x 1011 t o  7.1 x 10 Btu 

of coal w i l l  be replaced by t h e  MSW system. Assumed system ef f ic ienc ies  

fo r  a l l  processes a r e  shown i n  Figure F-5. MSW conversion eff ic iency 

is  calculated from Figure F-4. 



. . 

. . 

. . 

, Xlll7810-11667 . 
*process efficiency 

. . % .  

. . 

Fig. F-5.. . Fossil ~ u e l  Equivalency for 
. MSW Direct Time Systems 
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APPENDIX G 

CHARACTERIZATION OF RDF 

The chemical composition of  RDF determines not  only i t s  heat ing  

value but  a l s o  i t s ' . emiss ion contro l  problems'.. Table G-1 provides a corn-.. 

parison of t h e  t y p i c a l  composition o f  raw re fuse  and RDF using reasonable 
' A  - .. ,.- 

es t imates  f o r  non-s i t e  s p e c i f i c  ana lys i s .  The chemical composition f o r  -, 

a i r - c l a s s i f i e d  RBF (as  used bysunion E l e c t r i c  a t  S t .  Louis and by t h e  . 
. I  

c i t y  of Ames) and t h e  wet-pulped RDF (Black Clawson f u e l )  i s  shown i n  

cor$arfson with coal  i n  'I'able 6-2. 
The po l lu t ion  problems of  s u l f u r ,  n i t rogen,  ash and ch lo r ine  p reva i l  

f o r e a c h f u e l .  The amount o f  s u l f u r  i n  r e fuse  f u e l s  i s  s i g n i f i c a n t l y  . 

lower than coal .  I t  i s  expected t h a t  t h e r e  w i l l  be  .no d i f f i c u l t y  i n  

achieving t h e  s u l f u r  s tandards e s t ab l i shed  f o r  s t a t i o n a r y  souices .  

Nitrogen l e v e l s  a r e  a l s o  lower than those  of  coal  and should pose no 
/ 

se r ious  problems t h a t  could not be con t ro l l ed .  There i s  t y p i c a l l y  twice 

t h e  ash content i n  RDF a s  t h e r e  i s  i n  coal .  The o v e r a l l  e f f e c t s  of ash 

a r e  t o  increase  opera t ing  and c a p i t a l  c o s t s  due t o  handling of  bottom 

and f l y  ash.  Increased ash l e v e l s  may r e s u l t  i n  add i t iona l  r e s i d u a l s  

i n  t h e  a i r  emission and b o i l e r  res idue  which w i l l  r equ i re  f u r t h e r  process 

con t ro l .  The ch lo r ine  content  of  RDF i s  a l s o  enhanced because of t h e  

presence o f  p l a s t i c s  i n  t h e  combustible f r a c t i o n .  The p o t e n t i a l  environ- 

mental impacts r e l a t e d  t o  t h e  p o l l u t a n t s  l i s t e d  a b o v e . a r e ~ d i s c u s s e d  i n  

another  s e c t  ion (Environmental Data) . 
The mate r i a l s  and energy balance f o r  a  t y p i c a l  RDF system a r e  shown 

i n  Figures G - 1  and G-2. The values shown a r e  amount per  ton MSW input .  

In addi t ion ,  i n  t h e  ma te r i a l s  balance diagram t h e  amount-per-lOIZ-~tu 

o f  output is a l s o  included. 



Table G-1 
Comparison o f .  Raw Refuse and RDF . 

source: Barnett', S.M. e t  a1 . , Energy From Sol id  Waste Ut i l i za t ion ,  Proceedings -- 
' 

of t h e  Sixth Annual' Northeastern Regional Anti-Pollution Conference, -7 .. 

University of Rhode Island, Ju ly  8-9, 1975. 
. . 

. . 

Rcfuse Fuel 

32.73 

'4.33 

25.79 

0.55 

0.11 
. . 0.01 

9.29 

.24.14 

24.14 

58 .50 

8.07 

9.29 

5,958 

3 

1.  

Category . 

ult imate Analy.sis df Rcfusk 
(1% wcight). 

. . 

Carbon . .. 
, 

. . ~ y d r o  y cn 
. .. * .  Oxygen 

Nitrogen , 

Sulfur 
. I . 

Chlorine 
. . 

Noncombustibles 
. . 

iloisture 

Proximate Analysis of Refuse ' . . 

:.loisturc 

Volati le matter 

, Fixed. 'carbon 

Noncombustiblcs 
, 

Heat ing Value 

Organic . . 

P a r t i a l  oxidat ion.  o f  metal 
. . 

\ 

Total  Btu's per  Pound 4,700 . 5 , 866 

Raw Refuse 

.26.18 

3.51' . 

22.08 ' 

0.58 

0.16 

, , 9.0s 

22.47 

- .  25:OO 

25.00 

45.53 

6.64 

22.47 

4,622 

79' 



Table C-2 

Comparison of the Chemical, Composition of Fuels 

Source : Environmental ' Science : TccBnolo.?y, i!ay 1975. . 

r - - -. .~ 

1i20 moisturc 

CZ carbon 

H2 hydrogen . . 

N nitrogen 2 
Cl chlorine 

o2 Oxygen . . 

Ash 

"lfur - 

. . 

Coa 1 

' -- 

8,. 96 ,., 

63i3l  

4.75 

' 1.c: 

0.12 

9.98. 
. . 

11.28 

3.38 

Air Classified 
PDP 

- . " . .  26.64 . . . 
. . 

..,,.. 2 ? . p ~  

3.85 

.0.28 

.O. 26 . . 
. 

,. 21.49 

.20.63 . .  . 
. .  . . 
. . 6.22, : 

- 
Hydropu l?cd 

'Rnr 
3 

50. 

2.S.26 

3 . 3  

0.33 

0.72 
. 

17.26 

5.6 

0.09 





Electricity . MSW 

Btu 

. ,. . 

Water Stack Steam ' . €Sotto& Rdidue 
+ Effluent , Exhaust ,.19 ic i06 Btu Ash 

Steam Energy Out 
Recovery Efficiency = - 

. . . . . . 

. .. a~alues shown as Btu per ton MSW input. : . . . . _ . I  . . . 
.. , 

. . XBL 78.10-1 1656 

. . 

. ' Fig. G-2. ' RDF system Energy nalAcea 
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APPEND1 X H ' 

PYROLYSIS CONVERSION OF MSW 

.., , . . . . .. . . 
. .  , .  

  his appendix contains' *add i t iona l  "information on pyrolys is  energy 

recovery systems t o .  t h a t  contained i n  t h e  Application and Environmental 

: .Da ta , sec t ion  of  t h e  repor t .  Spec i f i ca l ly ,  l imi ted  . . information on t h e  

bas ic  chemistry of pyro ly t i c  r eac t  ions,  an ;  expansion of. t h e  advantages 

and drawbacks t o  pyro ly t i c  systems, addi t ional  desc r ip t ion  da ta  on t h e  

PUROX sytems, and general desc r ip t ions  of t h e  Tandguard and Garre t t  

Research processeq a r e  included. 
.. . 

. s 

Chemistrv of  Pvrolvsis  : 

The elemenfar com&sition of t h e  organic f r a c t i o n  of  MSW roughly 

approximates t h a t  .of- .cel lulose which can be chemically represented a s  
.. :-.? 

(C6H1005)n, where n ind ica tes  t h e  number of b a s i c  chemical u n i t s  

(Weinstein and Toro, 1976). With t h i s  approximation a simple pyro ly t i c  

r eac t  ion can be represented a s  ( ~ e i n s t e i r i ' a n d  ,Toro, 1976) : 

heat  ;, . .  , .  MSW 5 C6H100i 
.+ . ,  . fuel , ,  gas with C02 and H20 + pyro ly t i c  o i l  

+ other  condensibles + carbonaceous s o l i d  res idue  

" , The r e l a t i v e  y i e l d  of each of these  b a s i c  product components is  
dependent upon' the s p e c i f i c  c h a r a c t e r i s t i c s  of t h e  input MSW and upon 

t h e  control  condit ions of t h e  pyrolys is  . r eac t ion .  The primary control  
.. I 

condit ions include temperature, pressur* and The use of  c a t a l y s t s  o r  

oxydizing agents.  The r e l a t i v e  product mix i s  most s e n s i t i v e  t o  t h e  reac- 

t i o n  temperature, and, i n  f a c t ,  t h i s  c o n t r o l - - i s  u s e d ' t o  separa te  gas- 

' producing from oil-producing pyro ly t i c  systems. The e f f e c t s  of temperature 

v a r i a t i o n  on t h e  r e s u l t i n g  product mix . and . product gas composit ion.are 

shown i n  Table H-1 and Figure' H - 1  ,' respect ively .  The r e l a t i v e  product mix 

from a t y p i c a l  pyro ly t i c  r eac t ion  i s  shown i n  Table H-2.. 



Table H - 1  

The Effec t  o f  Temperature on P y r o l y s i , ~  Yields 
(Weinstein and Toro, 1976) 

Pyrolys is  Temperature, OC 482 649 816 927 
(OF) (900) (1200) (1500) (1700) 

Product Yields, 
weight % 

Gases 12.33 18.64 23.69 24.36 
. . 

V o l a t i l e  condensiblesa 43.37 29.20 47.99 46.96 :! 

Other Condensibles 17.71 9.98 11.68 11.74 ,, 

Char 94 .71  I 1.7.24 :1.'1.6'7 ' - - - 
98.12 99.62 100.60 100.73 . 

Pyrolys is  System Advantages and Drawbacks 

Pyrolys is  systems have severa l  key general  advantages over o the r  

systems. B r i e f l y , t h e ~ e  include:  f u e l  compata ib i l i ty  (pyro ly t i c . fue1  

can be  var ied  between o i l  and gas and can be subsequently converted 

t o  methanol, ammonia o r  dt+'er end use  products) ; gaseous emissions can 

be minimized by c o l l e c t i n g  t h e  of f -gasses  a s  an energy f u e l ;  t h e  processes 

a r e  e f f i c i e n t  and economical t o  run: ' . . ~ e n e r a l  drawbacks include high 
~. '. . 

c a p i t a l  c o s t s  and high c o r r d s i o n  and deposi t  ion : ra tes  on xe f rac to ry  wal ls  
. . . . 

and waterwall b o i l e r  tubes .  

Advantages and disadvantages of s p e c i f i c  py601ygis sistems a r e  shown 
1 . ,  . - 

i n  Table H-3. . Based , l a r g e l y  on t h i s  t a b u l a r  comparison, :the PUROX system 
, 9 

was se lec ted  a s  t h e  model app l i ca t ion .  

A bas ic  desc r ip t ion  of t h e  PUKOX system i s  contained i n  t h e  Applicat ions 

s e c t i o n  o f  t h e  r epor t .  This sec t ion  presents , supplementa l  information on 

t h e  c h a r a c t e r i s t i c s  of  t h e  s y s t e m s , . i t s  products  and on t h e  mass and energy 

flows thruugh the  s y s t a ~ ~ s .  . . .  

An average ana1;rsis of t h e  PUROX product gas is  shown in  Tab1e.H-4, 

and a comparison o f  t h i s  f u e l  with o t h e r  -common gaseous f u e l s  i s  shown i n  

Table H-5. Average composition of t h e  s l a g  aggregate i s  shown i n  Table H-6. 

This aggregate is s u i t a b l e  f o r  s a l e  t o  var ious  i n d u s t r i e s  inc luding road 

const ruct  ion.  



Temperature, O C  
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. . 

'. Fig. H - 1 .  Gas ~ r o d u c t i o ~ ~ a b o r a ~ o r ~  Pyrolysis of 
Municipal Solid Waste 

' . . . 

'from McFarland. J.M:, 1972, 



, Simple ~ y r o l ~ s i s  i' . 
. .  ' . a  . . .  . 

PAt ion  0 ; ; .  MUC OP - - 
- . - .. .. , , 

Yk!d; &kt,; %. ,2b , 4g 
Composition, weight .. . . . 

Cbbon .- 40.8 ' - 5 7 3  
Hydrogen 3.9 7.6 .. .' 

Nitrogen i.1 .. , 0.9 ' 

Sulfur 0.3 0.1 
A& 31.8 , '  03 . . . 
Chlorine 0.2 

I . . ... . 0.3 Oxygen (by diff.) 13.9 ' , , 3 . :  

' 33.4 - - 
100.0 100.0 

Hating Value, caVg (BTUllb) SO00 (9000) S830 (10,SOO) . 
i 

i 

Pkction Gu Wata 
.. . 

' Ykld. wci@lt 96 P . . 8,. 

' . Vdume 96 Con& 

0.1 Water . ~ q W d e h ~ d c  ' 

+, 42.0 CarqOn Acttone . . 
, . HonoxMc. ~~ionnk ~ c i d  

, 27.0 Carbon Diorid! Eurruial 
10.5 Hydrogen. Methanol ' . 
0.1 Me!hyl Chloride Mothyl Ftirfunl ' 

- S.9 Methane Phino1 
4 3  E t h h c  Etc; 

. . 8.9 Cs to C7 - .  - . hydrocarbons . , 

99.0 
. , . . 



Table H-3 . . . . . . 

I Doer not req"iie tauxilitaty fuel for  preheat I Refus. must b i  predried -- 2 t i  3( moisture 

. Advantages and .Drawbacks of Pyrolysis 'systems' 

I lltoducee oil -- storable and tknsportsble  I Agglomerating n&cornbustibles, especially 
(8500-10, 500 ~hrl1b.b) g h s s ,  may contaminate fluidized bed 

,Syrtem I ', Advantages 

O.irrtr fbh Over 2 year8 operating experience with pilot 
p h t  

1 Potential for Acovery of clean glasr  &d iron I Char highly alkaline a d  corrosive 

D'isadvantages 

Requires ultrafine size reduction of refuse -- 
0.015 in. 

. . 
Procers flexibl= -- .cur produce oil (1 barrel/  Fuel oil -- low flash. point .- 130°F; objection- 
ton) o r  gas (6000 scf/ton) 1 .  . I msle odor., h lghb  a l i i n e .  and high viscosity 

. . I ~ r o d u c c s  dry drir -- beating value 9000 Btu/lb. I ~ ~ & i & s  extensive water purification 

. . 
~ ~ e r m t l n q . e x p e k e n c e  wlth pilot plant alnce 1868 

.Producer gas -- burned to p r o d k c  low-pressure 
rtetarn (1 tonlday refuse produces 200 lblhr .  
weam) 

PatenUal for Acovery of iron 

Doer not require-pre4rying of refuse . 
. 

. . .  
t 3 .  

Some o&&t!ng experience with 5-tonelday pilot 
plant 

' ~ e n e r a l l j  accei;ts normal refuse without aize, re-  
duclon " . 

. . 
Entire process -- especially front end equip- 
ment -- very expensive 

Shkdding o t  i e fube .6  -6 in. 

~ e s t k c t e d  to normal i u n l c i p i l  refuse 
t 

Char is,wet, a a  produced: requires drying 

Char -- highly alkaline pH12: low heating value 

Gas scrubber required 

Auxiliary fuel for preheat 

~one idereb le  inveetment'in a large Oa plant 

Requiree s i t e  reduction of bulky refuse 

Requires gas  cleaning train -- electrostatic 
precipitator, acid absorber. and condenser 

I produced -' heating purification for condenser and cooling mltatlvely.clean. and can be upgraded 
tation. . '. . . 

NOI producti.on virtually precluded 

Fuel gas  .requires l ess  a i r  per acf o r  per 1000 
Btu than natursl g a s  ' , - .  . 
Molten residue -- potential tor metals recovery 

~ o e b  not require auxiliary fuel 
,.. . .  

Some operatin 

Generally a c c ~  
without #ire ri 

User a i r  wiih 
preheat 

Goo produced. 
no auxiliary fr 

. .. 
Air heater - -  

experience with pilot plant 

Is normal municipal refuse 
uction 

more conventional degree br 

t the process i s  fired for preheat, 
1 needed 

normal boiler 
,' 

Longest dperating experience -- 3 to 4 years, 
with 75-ton/day pilot plant 

Accepts normal municipal n f u s e  a s  received. 
No ahredding 

Shaft t~rnece problems -- materiel hangup'md 
gaseous reactant medium flow through the bed 
appear to have k e n  resolved 

Produces low-, 

Cleaning of flu1 
. . 

~ ~ ~ + r i ~  
proper fluxing 

Size reduction 

:ad= gas -- 200 ~ t u / s c r '  

gas 'required ' 

rnd ikon iti reiuse t'o permit 
,r slag flow 

- 4 It required lor bulky wasle 

?lequ!ns separately .fired,..expensive ceramlc 
preheater.  , , , 

Auxiltary fuel..-.- abut.,20$. of ,lhe healing value 
of refuse - -  required ;: , , C 

Produces low-Btu fuel gas 

Size reduction of bulky waste required 

Q,ty of Charllston ~ o n g  operatlag experience. 2-3 years, on bench . size. reduction of normal rnuniclpal 

. . 
' 

Fuel gas has high hearing value -- half of n8t- Prodress  appears.slow -- project still In *or1! 
U-1 689 ' remaroh pt i~no 



Table H-4 

.From: Bonnet, 1975 



Table H-5 - 

1. From 'larple, 1974; and Donnegan, 1975. 

2. Gas compressed t o  35 ps ig  from 1 atm.7-100.F. with 75% e f f i c i e n c y  

Comparison: of PUROX  as and o t h e r  ~ a s e o u s  Fuels 
1 

. .  

C*!l', 
> 

24 00 

0.5 

10,400 

10,800 

92 

. . ,. 

4 

C i! 
1 

3129 

n.55  

10,400 

10,800 

92 

d 

. .  

c: 1 

95 0 

1.4 

10,,600 

,11,100 

90 . 

. . . , 

. . . ,  __._ . A. 

Property ..... , i . 
. .. . .. .. . 

. , 
. !, ... 

13tu/scf 
- <.J; 

Conpression power2 ( ! ; c h /  .., Dtu) 
. .  . % 

Combusion a i r  
requirement (SCF/mn Btu) 

Volume of Combustion. 
Products (SCF/mrn Btu) ,: 

. .  . 

tleat i~eleased/~olurnd of  . , 
Combustion Products (Btu/SCF) 

..- .. , . .. 

I 

. ... , 

I 
P1.1~0Y 

Fuel Gas 

309-310 

4 . 3 - 5 . 2  

5000-3200 

10,100-10,300 

95-101 

. 





Detailed-mass and energy balances f o r  t h e  process a r e  contained i n  

Figures H-2 and H-3,respectively. The PUROX process a s  described i n  t h i s  

s tudy doesnot  include conversion of t h e  f u e l  gas t o  any o ther  end use f u e l .  

However, processes e x i s t  t o  convert p y r o l y t i c  gas t o  severa l  common products  

inc luding ammonia and methanol. Figure H-4 shows mater ia l  and energy flows 

through a methanol subsystem designed t o  a c t  a s  an add-on t o  t h e  PUROX 

process . ,  A schematic diagram f o r  such a conversion process is  shown i n  

Figure H.-5. A summary of t h e  overa l l  PUROX system inputs  and outputs  i s  

shown i n  Table H-7. 

Landguard System 

The Monsanto Landguard p lan t  i n s t a l l e d  a t  Baltimore, Maryland, i s  

a 1000-TPD p lan t  s i t e d  on a 10-acre panel and cos t ing  a t o t a l  of $19 

mi l l ion .  S i x  mi l l ion  of  t h i s  t o t a l  was provided t o  t h e  c i t y  by a 

Section 208 EPA g ran t ,  and $4 mi l l ion  by t h e  Maryland Environmental 

Services.  The p lan t  has been designed and constructed by Monsanto 

Enviro-Chem Systems, Inc. I n i t i a l  cons t ruct ion  of  t h e  p lan t  was com- 

p le ted  i n  June of  1975 and production t e s t i n g  was begun. Immediate . 

major problems which arose  included t h e  i n a b i l i t y  of t h e  scrubber system 

t o  meet s t a t e  and fede ra l  emission standards,  premature f a i l u r e  of  t h e  

k i l n  r e f r a c t o r y ,  and various mechanical problems. While these  problems 

were b a s i c a l l y  correc ted  by mid-1976, new problems caused Monsanto t o  

abandon t h e  p ro jec t  a s  of  January, 1977. The Ci ty  of  Baltimore s t i l l  

p lans  t o  opera te  t h e  p lan t  on a reduced s c a l e  (Solid Wastes Management, 

March 1977) .  

In defense o f  t h e  Landguard system it should be noted t h a t  two 35- 

TPD t e s t  p l a n t s  (one i n  S t .  Louis, Missouri and one i n  Kobe, Japan) both 

have met a l l  design s p e c i f i c a t i o n  and emission standards (Sussman, 1974; 

Hamabe -- e t  a l . ,  1975). MSW t e s t e d  a t  t h e  Kobe p l a n t  was high i n  both 

moisture and p l a s t i c s  content .  In add i t ion ,  various i n d u s t r i a l  wastes 

and sewage sludge were t e s t e d .  Both a i r  and water emission standards 

were met i n  a l l  t e s t s  (Hamabe -- e t  a l . ,  1975). 

The major inputs  t o  t h i s  system i n  add i t ion  t o  MSW a r e  labor  ( t h e  

Baltimore p lan t  uses 31 employees f o r  24 hr/day opera t ion) ,  water a t  a 

r a t e  o f  638 ga l lons  pe r  ton  of  MSW, e l e c t r i c a l  energy a t  a r a t e  of 225 kW-hr 



I FRONT END SYSTEMS, . * ' I 

Fe 
0.06 Ton 
(8.4 103 TI 

Quench Water 0 
0.2 Ton 

. . (2.132 x lo4 TI t 
1 

- 

Al 
0.01 Ton Water Dry Fuel Gas 
(1.41 I O ~ T )  0.683 Ton 0.251, Ton (9.63 x lo4 TI (2.34 x lo4 TI 

(3.68 x lo4 Ton) 

Shredded Waste 
,O.94 Ton . . .. 
(1.32 x 105 TI 
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F i g . . H - 2 ,  PUROX System Materi~l R~lencc 



Electricity ' ' MSW ' . . 

9,04 lo4 B ~ U  . . . 9.1. x,1o6 Btu . . 

1 (1.27 x 1 0 ' ~  Btu) (1.28 x 1012 Btu) ' . . 

. . . . 4 .  ' 

, . 
FRONT END'SYSTEM . , 

> 

.Iron ' 
0 Btu 
(0 Btu) 

Shredded Waste . . 
a o x  cof!vy 
c1.n x ro etu) . 

Electricit . . 

i.i.3 i& .,. 

;(l.SO'x 10'. Btu) 

1: ., 

Enerav Out . . . fffidencyr Energyln '0:748 . ' 

. . 

Quench ' . . .. . C . Water 

'Fig. H-3. PUROX System ~ n e r g y  3alance 

. oz  . . . . 
, '2.01 x . 1 6  Btu 

. . t " 

(2.83 x 10l0 Btu) 
. . . .. . v. * . . 
.. . . . /  ' . .  . PYROLYSIS AND. GAS CLEAN.UP , .. 

. . 

. . .  

. . . + . ,  . ' 

. Water . 
Condenate '. 
OBtu. : 
(0 Btu) . . 

. 

. . . .  . 

I v v v 'I 
. .. 

- 
1 Dry Fuel Gas 
7.1 x 106 Btu 
(1 x 10'' 6tu) 

. 

Slag 
g.Bir:wte 
(0 Btu) 

. . 

. . 

. . 



From: Mathematicai Sciences 
,' 'Northwest, 1974 

xei 7810-11660 . . .  

Fig. . ' ~ - 4 .  
. . 

~ l k r i c i t y  
1.88x 105Btu 

Methanol Converter Syste~n Input/Output 
Diagram (per ton o f  MSW input) 

' , 

Dry Fuel Gas 
0.657 T 

. . 

. . .  . . 

. . 

Steam 
0.3T ,. ' 

v ,  v 'I r 

. METHANOL CONVERTER , 
. . 

Wrmia-W ter FIO'w 
0.0372 $ . 
CH30H: 1.01 x IQ? 
Fe: .40 ppm 
Pb: 43 PPm 

Ni: I l P P ~  
Zn: 84.~pm 

H2S 
Scrubber 
Discharge 

, CO : 0.458 T !hb: 1.97 T 

Vulaiilw . 
Gases 
3 x to.3 T 

' 

Gac ?lire, Stream 
0.055 T 
CH9: s.027 T 

'k0082 T . 

NO,:, e . 5 ~ 1 0 . ~  T . 
CO: ~ . 5 x 1 0 - 3  

' . 

. . 
. . 

~team.Cbndensate 
Condensate 
0.195 T 

' 

. 

. Merhanol . 
(99.85 + 96) 
0.195 T .. 

. . , , 

. 



From, Mothemoticol Sciencer Northwest, 1974 
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Fig. H-5. Methanol. from RefusHlow Diagram 



4 

Capi ta l  rcsicltial (Land and C a n i t a l  are ca1culvLr;d as i n  Tnblo ti-8 hnqr?d 
on an annual PUROX s y s t c n  output  of 4.345 x 1011 Btu. 

. . . . 
. . . , .. . . 

Table  H-7  " 

PUROX I n p u t s  and ~ u t p t l t s  p e r  l 0 l 2  ~ t u  ou tpu t  
. . 

. . 

. . 

. . . . 

Inpu ts  

.. Land 

Capi ta l  

MSN 
. . 

E1ectri 'cit .y 

Oxygen 

. . 
Out.11ut s 

. . 
I ron 

S l a e  Aggregate 

Kater  Condensate 

Dry Fucl ens' 
L 

.. . , 

* a n t i t y  p e r '  iol*' ~ t u  d t n u t  per year  

. . 

20.7.1 a c r c s  . 

$36.82 x lo6 . '. , . '. 

: , 1 x .loS Tons (1.28 x 1012 e m ) '  
. . 1.59 ..''in1o ~ t u  

4 
, 2.82 x 1.0 Tons (2.83 x 1'01° Btu) 

3 8.45 r 10  Tons 
4 

2.96 x 10  Tons 
4 4.3 x 1 0  Tons 

4 
9.65 x 1 0  Tans (1 x lo1* Btu) 



- 
p e r  ton  of MSW and miscellaneous o i l s  and l i q u i d  f u e l s  a t  a r a t e  of 7.3 

I 

g a l lons  per  ton  o f  EZSW. 

The b a s i c  products of t h e  system a r e  steam a t  a r a t e  of  2.4 tons  per  

ton o f  MSW, g lass ,  f e r rous  metals and aluminum f o r  recycl ing ,  and a 94- 

percent  reduction i n  t h e  volume of t h e  s o l i d  wastes t o  be land f i l l e d  

(Sussman, 1974; Ca l i fo rn ia  S t a t e  So l id  Wastes Management Board, 1975). 

The one intermediate product,  py ro lys i s  gas, is  a 1ow.Btu gas (approximately 

120 Btulcubic f t )  and on a dry b a s i s  c o n s i s t s  o f  approximately 69.3 percent  

n i t rogen,  11 :4 percent  C02,  6.5, percent  C0, / 6.6 percent  hydrogen and minor , 
ambunts o$ methane, , ethylene and oxygen (Sussman, 1974) . This gas is  

I I I I I 

burned i n  an a f t e rburne r  t o  genera te  product steam. 

A s  a r o t a r y  k i l n  process,  t h e  Landguard system requ i res  only coarse 

shredding of  incoming MSW. This waste i s  then s to red  and ram fed  d i r e c t l y  

i n t o  t h e  k i l n  where f u e l  o i l  is added t o  d r ive  t h e  pyro lys i s  r e a c t i o n .  

Char produced i n  t h e  k i l n  is quenched and so r t ed  i n  accordance with t h e  

assumed design of t h e  bas ic  resource recovery module. Gasses produced i n  

t h e  k i l n  a r e  burned t o  completion i n  an a f t e rburne r  a t  1400'~. Gas 

tu rb ines  a r e  not employed i n  t h i s  system. Waste heat  i s  d i r e c t e d  i n t o  

two p a r a l l e l  b o i l e r s  t o  generate 200,000 pounds o f  steam per  hour. Waste 

gasses a r e  scnibbed and a r e  passed through a cooling dehumidifier p r i o r  

t o  discharge. Scrubber waste water passes through a s e t t l i n g  tank where 

f l accu len t  is added, with t h e  overflow being recycled t o  t h e  scrubbers 

and t h e  underflow being used a s  quench water f o r  t h e  s o l i d  char.  

A bas ic  mass balance f o r  t h i s  system is  shown i n  Figure H-6. The 

system energy balance is  shown i n  Figure H'-7. Data f o r  t h e s e  f i g u r e s  were 

compiled from a j o i n t  a n a l y s i s  o f  work by: Mallan and Tit low, 1975; 

Sussman, 1974; Ca l i fo rn ia  S t a t e  So l id  Waste Management Board, 1977 and 

1975; Quimby, 1975; Weinstein and Toro, 1976; Malin, 1971; Hamabe -- e t  a l . ,  

1975; Livingston, 1976; S e s s l e r ,  1975; Schnelle  and Yamamoto, 1975. 

Basis e f f i c i e n c y  parameters a r e  shown i n  Figure H - 8 .  Total  projec ted  
5 output o f  s 1000-TPD  ang guard p lan t  is 1.701 x 1012 Btu (7.34 x 10 tons  

of steam p e r  year) .  A summary of  t h e  o v e r a l l  system inpu t s  and outputs  

is shown i n  Table H-8. 



#2 Fuel Oil MSW 

'3 * 
71 1 l Ton 
(I:& 16) (1.8 x lo5 Tons) 

Figure shown as amount per ton of MSW input and (amount per lo t2 Btu of steam output) :. 

- - 

I A I ~  
Solid Char Misc. Oils MISC. Oils 5.45 T 

0.1 gal. 0.32 Tons 0.1 gal. 
(1.8 x lo4 gal.) (5.76 x lo4 Tons ) (1.8 x lo4 gal.) (9.81 x 16 T) 

*Water makeup assigned to emission control 
used in char waterquench. 

- 
, 

. ..., FRONT END SYSTEMS AND PYROLYSIS REACTION 

Recycled Bo~ler 
Water 

2.4 Tons 
(4.32 x lo5 Tons) 

module; 

Off gases 
I 

however, 

t f t v t 
1 

RESOURCE RECOVERY AFTER BURNER AND HEAT EXCHANGES 
r 

some of this water is 

I 

I .  

XBL 7810 - 1  1661 . , , I ., 

Fig. H-6. Landguard Pyrolysis System Mass Balance 

Ferrous 
Metals Glass Aggegate Char 

b 'I 
0.7 Tons 0.17 Tons 0.08 Tons 

Steam 
EMISSIONS CONTROL 

(1.26 x lo4 Tons) (3.06 x I@ Tons) (1.44 x 103 Tons) 

2.2 - 2 4 Tons 
(4.32 x lo5 Tons) 

Waste Stack Scrubber 
Water Exhaust Part~culate 

0.26 Tons 6.03 Tons 3.7 10-4 I ~ S .  
(4.66 x lo4 T) (I.U3 x lo6 Tons) (0.333 Tor~s) 

t .  

a . 
Flocculent Make up 

Water' \ 

Exhaust . 
6 13 Tons 1 (0.16 Tons) 
(1.13 x lo6 Tons) (2.88 x lo4 Tons) 



Electricity MSW ' No. 2 Fuel Oil 

FRONT END SYSTEMS AND PYROLYSIS REACTION I 
I I 1 I 

9.8 x 1 0 5  Btu 
(1.76 x 10'' Btu). 

5.29 lo5 B ~ U  
(9.52 x 10l0 Btu) 

Electricity 

1.88 x lo5 Btu 
(3.38 x 10'' Btu) 

V v v r 
RESOURCE RECOVERY 

'I v v - 
t 1 

. . 
9.1 x 10~.Btu 
(1.637 x 1 . 0 ' ~  Bt") 

Mix. Oils 

1.2 x 104 Btu 
(2.16 i 10' Btu) 

Solid Char 

1 
Mix. Oik 
1.2 104 B ~ U  
(2.16 109 B ~ U )  

Recovered' 
Material 
0 Btu 
(0 Btu) . 

AFTER BURNER AND HEAT EXCHANGERS I 
I 1 

Char' 
0 Btu 
(0 Btu') 

I 

I 

Electricity 
3.12 x l d  Btu 
(2.01 x lo10 Btu) 

Steam 
5.56 x lo6 Btu 
( 1  x 1012 Btu) 

I Exhaust 

EMISSIONS CONTROL 

Water 
Effluent 

Air 
Emissions 

MSW Energy Out - 1.000 x 1012 Btu . 
Recovery Efficiency = = 0.61 1 

Steam Energy In - 1.637 x 1012 Btu 

Total Energy Out = 1.0 x 10'2 Btu ,508 System Efficiency = 
Total Energy In 1.97 x 1012 Btu 

'Energv content of recycled niaterial and of char is &fined as zero since all energy is unrecoverable. 
XBL 7 810- 11666 

Fig. H-7. Landguard Pyrolysis System Energy Balance 



., , Table H-8 
t i Landguard System Input/Output Sumnary 

. . 
Inputs 

; I h u n t  1M lo1* BU s t ek  g ? t ~ t  nor wear ! 

I 

I 
Land I 

Capital Costs 
i 

! S W  

Air 

82 Fuel O i l  

Electricity 

Elisc. Fuels and Oils 

1 5.9 acres . . 

si1.r x lo6 ' 

1 .I3 x 10' Tons (1.637 x lor2 Btu) , 
5 . '  1.78 x 10 Tons ' 

6 1.25 x 10 gal (1.76 x l ;Ol l  Btu) 
8 '1.15 x 10 gal (35s ocrc ft) 

4.05 x 1,04 Wwhr (1.38 x 'loll Btu) 

5.6 x 'lo4 gal (4.32 x 10' Btu) 

Steam 

Fewous # c t ~ l s  

Classy Aggregate 

Char 

Waste water discharge 

Stack cxhaust 
4 Scrubber particulate recover] 

S 4.32 x 10 Tons (1 x 10" Etu) 

1.26 x 10' Tans 

3.06 lo4 T&S 
. . 1 . 4 4 x i 0 ~ ~ 0 1 1 s  . - . 

4 4.68 x 10 Tens - 
1.1as x lo6 T ~ S  

53.3 Tons 
3 3 

I 1   or capital resources f igurch&en a s  input p n  lo1* Mu annual output. ' ,  

Thus if plant output = 2 x 10 Btu annual output - t o t a l  r equ i rd  input 
divided by 2: 
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. .  . . .  . 
. . . . . . 

Eff luent  flows f o r  t h e  Landguard system a r e  summarized i n  Table H-9. 
. . . .  . . . 

. .. . .  . . :  . o able, H-10 summarizes mean ' r e s idua l  generat ion ra re*  ner 1012 Htu o f  
. . ... . 

. ' ; . ' 
. steam output .  .SEAS .input forms f o r  res iduals ,  a r e  contained i n  t h e  . . 

. . . . .  . . 
. . . .  

. . . , . ~ p ~ e n d i x  t o  t h i s  report:  Waterborne e f f l u e n t  flows a r e  1ess . than  75 gpm. . . . . .  . . . . ' .  . 
.. .. To d a t e  no- da ta  on res idua l  ' concent ra t  ion a r e  ava i l ab le .    ow ever, t h i s ,  . . 

. . . . . . .  . . .  . . 
. .  . 

. . . . . . .  p o l l u t a n t  flow is though t o  be r e l a t i v e l y  f r e e  o f  p a r t i c u l a t e  BOD and 

: . ' . COD concentrat ions.  . . 
. . . . . . 

. . Projected system opera t ing  economics a r e  shown i n  Table H-11 .  ~ r e a t e r '  ' . 
. . .  . 

. . . , .  . ' . .  d e t a i l  o n ' c a p i t a l  'and opera t ing  . . input  i s  contained i n  t h e  Capi ta l  Require- 
. . 

, ments:.sectf.on o f  t h i s  repo'rt . . . 

. . 
: .. . . 

. . 

~ a r r e t t   lash. p y r o l i s i s  
. .. . 

. . 
The Gar re t t  f l a s h  pyro lys i s  system d i f f e r s  from t h e  previous two 

systems i n  t h a t  it i s  an oi l-producing system. I t  a l s o  has t h e  most 
. . 

extensive f ront  end system of  t h e  t h r e e  pyro lys i s  p l a n t s  described i n  

t h i s  r e p o r t .  This  p lan t  uses  a low tempera ture  (900 '~  - 1300'~) f l a s h  

pyro lys i s  t o  produce the  product mix described i n  Table H-12. A s  described,  

. . t h i s  p y r o l y t i c  o i l  i s  a d i r e c t  s u b s t i t u t e  f o r  Bunker C o i l  (Preston,  1976). 

The f l a s h  pyro1,ysis process was developed p r i v a t e l y  by t h e  Gar re t t  

Research ~ o r p o r a t i o n  on a 4 TPD t e s t  p l a n t .  Following successful  t e s t i n g  

. . of t h a t  system, a 20.0-TPD prototype was completed i n  1976 f o r  San Diego 
. . 

County under p a r t i a l  funding by U.S. Environmental Protec t ion  Agency 

and by San Diego Gas and E l e c t r i c  Company a t  a t o t a l  cos t  o f  between 

$18 and $20 mi l l ion .  System t e s t s  evaluat ions  and adjustments have been 
' made ovkr t h e  1976-1978 period,  including both MSW t e s t s  and t e s t s  on 

var ious  , i n d u s t r i a l  waste . . streams. 

The f r o n t  end system f o r  t h i s  p l a n t  includes resource recovery o f  . '  
f e r rous  metals ,  aluminum and g l a s s  a s  well as both coarse  and f i n e  

shredding o f  t h e  organic wastes. The s p e c i f i c  flow diagram f o r  t h i s  

f r o n t  end process i s  shown i n  Figure H-8. While t h i s  system provides 

expanded resource  recovery, i t , d o e s  so  by incurr ing  a s i g n i f i c a n t  

. . c a p i t a l  and opera t ional  c o s t .  Estimated c a p i t a l  cos t  o f . t h i s  expanded 

, ' f r o n t  end system i s  between $1.5 mi l l ion  and $2.5 mi l l ion .  The added 

- . ope ra t iona l  cos t  i s  p r imar i ly  an added e l e c t r i c a l  energy requirement 
.. . 

( a p p r o x i ~ a t e l y  4 0  kW-hr/ton of  MSW o r  1.37 x 10' Btu/tofi of  MSW) and a 



Landpard Stack 

S02 

Part iculates  

Hydrocarbons 

Cl~ lor ides  

Table :H-9 

ff luents  per lo1* ~ t u k t p u t  

' ~ e s i d u a l s p e r  1912 Btu System Output 

77.2 Tons 

1 27 'I'ons 

7 .6  Tons 

306 Tons 

12 Tons 

55.2 Tons 



Landguard System Stack Residuals 

Source o f  Estimate 

Po l lu tan t  CA S t a t e  Weinstein . Mean So l id  Waste BOSS, Sussman, Ma1 i n ,  
1974 1971 and Toro, M g m t .  Boar4 1974 1976 

1976 

Nox 100 ppm 50 PPm 50 PPm 65 PPm 70 PPm 

S02 %lo0 ppm 19'3ppm 100ppm 115 ppm 

Par t i cu la tes*  .02 g r l s c f  .03 g r / sc f  .03 g r l s c f  .03 g r l s c f  .02 g r l s c f  .03 g r / sc f  

Hydrocarbons 

Chlorides 25 PPm 25 PPm 



. . 

Table' H- '11 . . 
. . Landguard System Economics ($per ton  o f  M S W )  ' ' 

Amortization $5 .55  . . 

Opcrat ing Cost 

t.,iatcrial inpu t s  

?:lanpowcr 

Flaint enance 

~ . l i sce l laneous  

Total  C o s t  

Revenues 

Steam 

Iron 1 .55  
. . . . 

.40 . . Glassy Aggregate . . 

Net Cubt per Tan , $5.02, , , . . 
3 .  

- . 

. . 

. . Fro9 Cal.  S t a t e  Solid 1Zaste 'lanagenent Sonrd, 1975; ~ussnian; 1974. . ; 
. . 

. . . .. 



Table H-12 

. . 
From Preston, 1976; Levy, 1975. 



Fig; H - 8 .  Garrett Flash Pyrolysis Front End System (Levy, 19%) 
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an increased maintenance requirement. The major i ty  o f  . t h e  . added energy 

cos t  is  f o r  t h e  requi red  f i n e  shredding process.  Figure H- 9 shows t h e  

energy cos t  a s soc ia ted  with t h i s  s i n g l e  process.  

The p y r o l y t i c  gas and most o f  t h e  char produced i n  t h e  p y r o l y t i c  

r e a c t i o n  a r e  recycled i n t o  t h e  p y r o l y t i c  furnace.  This gas i s  t h e  ' 

d r i v i n g  fo rce  f o r  t h e  p y r o l y t i c  r eac t ion .  A mechanical sepa ra to r  and 

an o i l '  dec i in ter 'a re  used t o  separa te  t h e  product . o i l  froin char  and g a s ,  

r e spec t ive ly .  Af te r  gas cleanup, excess process gas i s  burned i n  an 
\ 

a3te=b,brnerj used t o  preheat' recycled gas and char,  a n d  exhausted through 

a baghouse, f i l t e r .  - 

. . The major . inputs .  t o  t h i s  process per  ton  of  MS\$ include approximately 

84 gal lons  of water (700 l b s ) ,  minor amounts (516 u n i t s )  o f  No. 2 f u e l  o i l ,  

and 140 kW-hr of e l e c t r i c i t y .  Major products  include approximately 41 

gal lons  of  o i l  (338 lbs  a t  12,390 Btu/ lb) ,  106.pounds.of  g l a s s  aggregate, 

165 pounds o f  f e r rous  metal,  13.5 pounds of  aluminum, 315 pounds of  i n e r t  
, , 

mate r i a l ,  500 pounds of waste vapor, 121. pounds of  process waste water,  . 0. 

and 111 pounds of  c h a r .  A 200-TPD p l a n t  produces 4.188 x lo6 ~ t u  of 

o i l  per  ton  of  MSW f o r  an annual average production o f  2.56 x 1011 ~ t u .  

The Gar re t t  f l a s h  pyro lys i s  mater ia l  balance is shown i n  Figure H-10. 

The.system energy balance i s  shown i n  Figure H-12. Data f o r  Figures H-10 

and H - 1 1  were obtained f r0m.a  c r i t i c a l  syn thes i s  o f  da ta  contained i n :  

Preston, 1975 and 1976; Levy, 1974 and 1975.; Garbe, 1976; weinstein and 

Toro, 1976:. In te rna t iona l  Research and Technology Corporation, 1972; 

Schnelle  and Yamamoto, 1975; and Mallan and Tit low, 1976. Overal l  energy 

e f f i c i ency  of  t h i s  system a s  shown i n  Figure H - 1 1  i s  43.3 percent .  Maj'or 

system inpu t s  and outputs  are summarized i n  Table H-13. 

Residuals generated by t h e  Gar re t t  process a r e  l i s t e d  by stream i n  , 

Table H-14. A s  can be  seen, lOOx emissions and COD load i n  t h e  process 

waste water st'emming from a s e r i e s  o f  o i l s  and t a r s  formed with,  and 

e x i s t i n g  with, t h e  water i n  t h e  p y r o l y t i c  r eac t ion ,  form major environ- 

mental problens f o r  t h i s  system. 

3ys.t.en1 aco~~omics  are l i s t e d  i n  t h e  Cap i t a l  Residual sec t ion  o f  t h i s  

r e p o r t .  . I_ 



Total energy consumed 

Fig. H-9. Energy Consumption for Primary.and 
Secondary Shredding (Preston, 1976) 



Exhaust Gas 
274 Ibs 
(3.27 x l o4  T) 

r + 
(1) Dala st~own on a per ton of MSW and a [per lul? Btu output basis. 

MSW 
1 Ton(') 
2.38 x 105 

Flocculents 

XBL 78 10-1 1665 

Water for 
Glass Recovery 
700 Ibs 

Fig .  H-10. Garrett System Material Balance 

Y ~ ( 8 . 3 6  lo4 TI 'I 

I FRONT END SYSTEM 1 

Waste Water 
700 Ibs. 
(8.36 104 T) 

Iron Water Vapor 
500 1 bs Oil 165 Ibs 338 Ibs 

(1.97 l o4  T) (5.97 lo4 T) (4.035 x 1 o4 T) 'Excess   as 
Waste ~ 

Char Water. 
Ill lbs 

, Aluminum , 
13.5 Ibs 
(1.6 i~ 103 T) 

v 1 

Glass 
Aggregated 
132.5 Ibs. 
(1.58 1 0 4 ~ ) .  

, Shredded 
MSW Process 
844 Ibs 

No. 2 Fuel Oil Waste Water 

5 I ~ S  (1.0 x105 T) 121 1bs 
(5.97 x lo2 T) 

PY ROLYSlS 

Process Gas 
468 Ibs. Water 

(5.59 1 0 4 . ~ )  

Off-gas 
Stream 
1171 Ibs 
(1.39 1 0 5 ~ )  

'I 'I 

I SEPARATION AND CLEANUP I 
I 



(1 )  Numbers describe arnount'per ton of MSW and amount per 1012 Btcr output. 
XBL 7810-11662 

Fig, H-11. Garrett Process Energy Balance 



Table H-13 

2 .  Outputs 

Summary of .?lajor Inputs and Outputs f o r  
t h e  Garrct t Flash Pvro lvs i s  Process 

Class  aggregate 

Iron 

, 1 . Illput s ' 

Land 

Capita 1 

rlsu 

~ r o c e s s  watcr 

No. 2 Fuel O i l  

E l e c t r i c i t y  

Char 

O i  1 

Exhaust gasses  

Anount Per 10 l2  BTU Outnut Per Year 

35 acres  

$74.2  x lo8 
5 2 .38  x ,10 Tons (2 .17 x 1012 Htu) 

4 
9.2 x 10 Tons 

597 Tons ( 2 . 2 6  x lo lo  Btu) 

1.14 x 1011 Btu 

h'atcr vapor 
L I 

4 1.5C x 13 Tons 
4 1.$7 x 10 Tons - 

1.6'1 x ln" Tons 
4 1.325 x 10 Tbnls 
4 4.035 x 10 Tons (1  x 1012 Htu) ' 

4 3.27 x 10 Tons 
5 1 .06  A 10 Tons 
5 

5.97 x 10 Tons 



Table 9 - 1 4  

G a r r e t t  Process  Residuals  

From Levy, 1975; Pres ton ,  1976; I n t e r n a t i o n a l  Pe,search and techno lop,^ Cor~., 
1972; and S e s s l e r  and Ciikor, 1975. 

1 

1. Stack  Exhaust -- 
p a r t i c u l a t e s  

SO, '., 
14 OX 

1.i C L 

hyclrocarbonr 

Concentrat  ion  

0.05 g r a i n / s c f  

700 ppm 

250 i~pm . 

130 ppm 

20 ppm 

. . . . 

. .  LI 

I .44 .x 19'. Tons 

112 - 4  Tolls . 

+ 

haunt ?e r  lo1* ~ t u  ~ u t n u t  

I 

2 2 . !I Tons. 

3 . 2  Tons 

3 . 3  Tons 

0'.65 Tons 

. . 

2 .  Proccss  !Caste :'!ater F l o ~  -.---- -- - 
COD 197, qO!l ;>;I:? 1 .  

3 .  'Air C1assif ie . r  ,an11 S1.1redder .-- 

b 

,. 

p a r t i c u l a t e s  3.4255 Sg/Ton 
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APPENDIX I 

CAPITAL REQUIREMENTS 

/ 

INTRODUCTION . 
This appendix provides background information f o r  t h e  c a p i t a l  

c o s t s  associa ted  with t h e  technologies l i s t e d  i n  Appendix A i n  t h e  

DOE-prescribed format f o r  d i r e c t  use  i n  t h e  SEAS model. 

For each major technology and app l i ca t ion ,  a s i n g l e  p lan t  type  

i s  described.  Associated with each p l a n t  i s  a s p e c i f i c  p l a n t  design 

and p lan t  capaci ty .   he use bf a s i n g l e  p lan t  design and mate r i a l  

s p e c i f i c a t i o n  t o  rep;esent a technology a s  i s  done i n  SEAS implies .. 
both l i n e a r i t y  between p lan t  s i z e  (o r  output)  and a l l  major p lan t  

, I  

inputs ,  and an independence o f  p lan t  cos t  from s p e c i f i c  p l a n t  design.  

While t h e  b a s i c  SEAS model s t r u c t u r e  n e c e s s i t a t e s  t h e s e  assumptions, 
1 

it i s  evident  t h a t  n e i t h e r  is  c o r r e c t  and t h a t  s i g n i f i c a n t  economies 

o f  s c a l e  can be r e a l i z e d  f o r  seve ra l  technologies.  Figure 1-1 shows 

bas ic  u n i t  cos t  f o ~ ,  d i r e c t  M S W  combustion steam recovery system 

(cost  pe r  u n i t  throughput) a s  a funct ion  o f . p l a n t  s i z e .  It i s  

evident from t h i s  f i g u r e  t h a t  c o s t s  f o r  a 1000-TPD p lan t  should not  be 

l i n e a r l y  t r a n s l a t e d  i n t o  c o s t s  f o r  a 6000-TPD p lan t  o r  f o r  a 30-TPD 

p lan t .  S imi la r ly ,  Figure 1-2 shows t h e  non-l inear  r e l a t i o n s h i p  

between opera t ional  employment requirements f o r  MSW conversion p l a n t s  

and p lan t  s i z e .  The use o f  "average1' and mid-range cos t  f i g u r e s  

i n  t h i s  r epor t  should minimize t h e  e r r o r  induced by subsequent l i n e a r  

s c a l i n g  of p lan t  s i z e  and c o s t s  by t h e  SEAS model, but  w i l l  c e r t a i n l y  

not  e l iminate  t h e  e r r o r .  

In add i t ion  s sve ra l  s tandard  conventions were used t o  es t imate  . 
severa l  o f  t h e  f i g u r e s  l i s t e d  i n  Appendix A f o r  c a p i t a l  and opera t ional  

c o s t s ,  These conventions are: 

GNP fixed-weighted p r i c e  ind ices  a r e  used t o  d e f l a t e  a l l  d a t a  

t o  1972 d o l l a r s .  

1977 average labor  wage r a t e  of  $13.00 pe r  hour is  used f o r  a l l  

labor .  Previous yea r ' s  wage r a t e s  a r e  obtained by d e f l a t i n g  

t h i s  r a t e  t o  o the r  year  d o l l a r s .  



, ' Plant capacity (1000 tons/year) 
XBL 7810- 11645 

, 

Fig. 1-1. . Plant Capital Cost as a Function of Plant Size 

, . 
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Overhead on l abor  c o s t s  f o r  cons t ruct ion  i s  assumed t o  be 30 

percent  o f  l abor  while adminis t ra t ive  overhead i s  assumed t o  

b e  10 percent  o f  labor  c o s t s .  P r o f i t  assumed t o  be 10 percent  

o f  t o t a l  p ro j  e c t  c o s t s .  

r One man-year of  l abor  i s  assumed equal t o  2000 hours. 
. 

In t h e  absence of  ac tua l  t r anspor ta t ion  cos t  es t imates ,  t r a n s -  

p o r t a t i o n  c o s t s  (SEAS Sector  169 - Trucking) is  assumed equal 

To 8. percent  o f  ac tua l  ma te r i a l s  c o s t s .  

Cost data f o r  a " typica l t f  p lant  f n r  each o f  t h e  following technolo- 

gie5 a r e  included i n  Appendix A: py ro lys i s  o f  MSW t o  e l e c t r i c a l  energy, 

generat ion of  KDF from MSW with conversion t o  e l e c t r i c i t y ,  enhanced o i l  

recovery converted t o  e l e c t r i c a l . ,  energy, f l u i d i z e d  bed system f o r  t h e  
. . 

pulp and paper indust ry ,  and a d i e s e l  system f o r  cogenerat ion.  A 

b r i e f  c h a r a c t e r i z a t i o n  of each p lan t  f o r  which da ta  is l i s t e d  i n  
' 

. ~ ~ ~ e n d i x  A i s  included here  so a s  t o  document t h e  p lan t  configuration: 

being described.  
I 

' 

The d i r e c t  combustion systrlll c l ~ a r a c t c r i r c d  hcro i s  based on typical. 

o r  average da ta  compil.ed from a l a rge  number of  municipal furnaces.  

Not a l l  of t h e s e  fusna.r.es are used f o r  energy-recovery.  Data a r e  based 

on a 1000-TYL) system. Fcrrous metal, a1 W I I ~ J I ~ I I I I  and g l a s s  8ggrogof.e 

recovery systems have bee11 added f o r  labor ,  c a p i t a l  and a n c i l l a r y  

energy requirements. Waterwall b o i l e r s  a r e  used t o  produce steam which 

a c t s  a s  t h e  primary system product .  Recovered resources a r e  so ld  t o  

l o c a l  manufacturing markets. Steam is  s e l l a b l e  t o  a v a r i e t y  o f  manu- 

f a c t u r i n g  processes and t o  e l e c t r i c  u t i l i t i e s  f o r  e l e c t r i c i t y .  

A MW t o  RDF conversion p l a n t  capable o f  processing approximately ' 

1500 TPD of MSW and a 350-MWe e l e c t r i c  power p lan t  using 20 percent  

RDF and 80 percent  coal  a r e  included i n  t h e  c a p i t a l  r e s i d u a l  desc r ip -  

t i o n s .  The RDF p lan t  design i s  pat terned a f t e r  .Union E l e c t r i c ' s  



S t .  Louis RDF p l a n t .  Power. p lan t  s i z i n g  and design are' t y p i c a l  

of  t h e  current  generat ion of intermediate-size p l a n t s  (<lo00 MWe)., 

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  a r e  included a s  an i n t e g r a l  element of  

p lan t .des ign .  RDF products may e i t h e r  be used f o r  e l e c t r i c a l .  

generat ion (as  used here)  o r  t o  support i n d u s t r i a l  steam production. 
. . 

PYROLYSIS 
. . .  

The 'pyrolys is  p lan t  described i n -  t h i s  r epor t  includes .both t h e  

pyro lys i s  p l a n t s  o r  oxygen production p l a n t s  and a combined cycle  

power p lan t  t o  support a  400'-MW~ generat ing capaci ty .  ' In  order  t o  

feed t h e  combined cycle with 100 percent  pyroly t  i c  gas ,  6000-TPD 

capaci ty  of  gas pyro lys i s  p l a n t s  a r e  included. These p l a n t s  a r e  

, pat terned a f t e r  Union Carbide p ro jec t ions  f o r  a  2000-TPD p l a n t  

p a r a l l e l i n g  t h e i r  successful  200-TPD PUROX p l a n t  a t  Charleston'West 

Virginia.  Scrubbers and e l e c t r o s t a t i c  p e r c i p i t a t o r s  a r e  inc luded ' a s '  

an i n t e g r a l  p a r t  of t h e  b a s i c  conf igura t ion .  Linear scaleup 

f a c t o r s  a r e  assumed. Gas could support i n d u s t r i a l  (manufacturing) 

steam production a s  an a l t e r n a t e  t o  e l e c t r i c i t y  product'ion. I n ' c a s e  

f i n a l  conversion e f f i c i e n c i e s  a r e  s i g n i f i c a n t l y  improved (from 32 

pe rcen t  t o  80 percent ) ,  r e s i d u a l s  pe r  1012 Btu. output should be adjus ted  

downward by a f a c t o r  of  2.5. 

FLUIDIZED BED 

System c a p i t a l  requirement da ta  were derived from Comparative 

Study and Evaluation of  Advanced cycle  Systems by t h e  General E l e c t r i c  

Company f o r  t h e  E l e c t r i c  Power Research I n s t i t u t e  i n  February 1978.. 

This  work repor ted  a d e t a i l e d  engineering design study on t h e  use of 

f l u i d i z e d  bed b o i l e r s  f o r  a  u t i l i t y  power p l a n t .  That app l i ca t ion  

required 24 FPC c e l l s  arranged i ~ i  s i x  modules. A l a r g e  number of 

c e l l s  is  required  due t o  t h e  small output  of f l . i~ id ixed  bed. b o i l o r s .  

For t h e  pulp  and paper cogeneration applicat.ion considered here,  

two c e l l s  a r e  used i n  a  s i n g l e  module: Each of  t h e s e  cells a r e  

sca led  t o  one- th i rd  t h e  s i z e  of  t h e  f l u i d i z e d  beds proposed f o r  

u t i l i t y  use.  A reduction s c a l e  f a c t o r  o f  37 percent  i s  used t o  

acco.unt f o r  reduct ions  i n  module s i z e  and number. This  s c a l e  f a c t o r  
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is  based on s t a f f  judgement but  i s  not  supported by indus t ry  o r  o t h e r  
. . . . .. .. 

es t imates  . . . .  . . . . .  . 
. . .. . . 

. . 
. . 

ENHANCED OIL RECOVERY 
. . .  

. . . . . . 
., . ... : . 

The d a t a  f o r  t h i s  p ro jec t  a r e  p ro jec ted  from the: proposed a p p l i c a - ,  . . .  ..: 
. . . .. 

t i o n  in  t h e  Kern River O i l  F i e lds  which a r e  e x p e c t e d t o p r o d u ~ e  280,MWe : .  . . . . . .  , 

continuous ..and 1500 bbl/day o f  . o i l ,  h a l f '  o f  which w i l l .  go.  d i r e c t . 1 ~ .  t o  .. ... . '. . : : 
. .. . . 

. . .  market. The o t h e r  h a l f  i s  used a s  input  t o . t h e  cogeneration system. . . .  . .  
... .. 

. ,. . s 

. .  . 
Data on t h e  g a s  tu rb fne  a r e  from t h e  Bechtel Energy supp'ly planning ., ". 

. . 
Model. Data on t h e  heat  recovery steam generator  are '  from t h e  .. ' ' . . .  

. . 
. . -  Westinghouse Energy Conversion Al te rna t ives  Study, Volume 5. In 

. . 
each case l i n e a r  s c a l i n g  ' f a c t o r s  were used t'o match component s i z e  . . . - ' .  

t o  o i l  f i e l d  output .  Cogeneration system products . . include both steain 

and e l e c t r i c i t y .  Steam output  i s  des ig~ied  t o  support .manufacturing. . . : . . . . 

i n d u s t r i a l  process hea t  requirements. ~ l e c t r i c i t y  can e i t h e r  be  used , . '  , .  

i n t e r n a l l y  wi th in  t h e  o i l  f i e l d  opera t ions .  

DIESEL 

The d i e s e l  system described he re  i s  t h e  most 'simple of t h e  cogen- 

e r a t i o n  systems included i n  t h e  study.  The system includes only t h e  

engine, p ip ing in terconnects  and t r a ~ ~ s o i i s s i o n  in tcrconnects .  The 

appl icot inn  se lec ted  i s  f n r  a municipal sewage d isposai  p l a n t .  Primary 

engine input f u e l  f o r  t h i s  app l i ca t ion  is methane derive$ from municipal . . 

sewage sludge .and design output  capaci ty  i.s a combined product o f  12.6 '  
6 . . 

MWe and 33 .8  x 10 Btu o f ' s t eam per  hour. Capi ta l  r e s i d u a l s  and 

opera t ional  r e s i d u a l s  a r e  taken from da ta  developed by t h e  Los Angeles . 

San i t a t ion  D i s t r i c t  and by Williams and Cane, lnc .  O p e r a t i u ~ ~ a l  

mater ia l  inpu t  and labor  requirements a r e  not  a v a i l a b l e  a t  t h i s  t ime. ;  
. . 

FOSSIL FlJEL EQUIVALENCY 

I t  i s  e s s e n t i a l  t h a t  t h e  amount o f  f o s s i l  f u e l  whi,ch wolild be 
. . 

required t o  produce t h e  amount of end use  energy generated by each 

energy recovery system were t h e  l i s t e d  fuel ( e . ~ .  ')?rS?Y7 n o t  ava i l a -  

ble,  be ca lcu la ted  f o r  use  ir. t h e  SZP.8 m d e l  system. This  amount o f  



Table 1-1 

. System Fossil Fuel Equivalency 

System Product 
Fossil Fuel 

output Equivalent (%I - .  Input 

nirect  Combustion steam 1 x 1 0 ~ ~  Btu 80 1 . 2 5 ~ 1 0 ~ ~  Btu 

BDF e lec t r i c i ty  2-lo11 Otul 33 6.06x1011 Btu 

fPU]BOX'I e lec t r i c i ty  1 x 1 0 ~ ~  0tu 33 3 . w L 2  Btu 

Fluidized Bed steam ~.54xl0 l '  Btu 80 6 . 9 3 ~ 1 0 ' ~  0tu 

e l ec t r i c i ty  4.46x1011 Btu . . 34 1. 31x1012 Btu 

Total 1x1012 Btu 2 . 0 0 ~ 1 0 ~ ~  Btu 

niesel steam 4 . O I . ~ I O ~ ~  ~ t u  80 . S.01~10" Btu 

e l ec t r i c i ty  5 . 9 9 1 ~ 1 0 ~ ~  Btu 34 1.76~10 l2 Btu 

Total 1 x 1 0 ~ ~  Btu 2. 26x1012 Btu 

Enhanced O i l  Recovery steam 2 . 5 ~ 1 0 ~ ~  Btu 80 3 . 1 3 ~ 1 0 ~ ~  Btu 

e l ec t r i c i ty  ? . S J K ~ O ~ ~  Btu 34 2 . 2 1 ~ 1 0 ~ ~  Btu. 

Total 1x10'~ Btu 2.52x1012 Btu 
- - -- - -- - 

l~lectriei ty generated from burning of 20 percent RDF and 80 percent c0a1 .~~6.06  x 10 
11 

Btu of coal replaces required F S W  input. Total system requires 3.03 x 10 Btu'of coal. 



fossil fuel is the additional amount of fossil fuel which would be 

consumed if the described solar and conservation systems were not 

used,and is called the "fossil fuel equivalency1I of ,a system. . 

Table 1-1 shows the fossil fuel equivalency of each of the six 

systems described in this report. 
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