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This i s  the Final Report of a study ef for t  
performed for  the United States Department of 

Energy/Energy Conversion Utilization 

Technologies Off ice (DOE/ECUT) . The work was 
performed by Chem Systems Inc. under Contract 
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Administration under Contract NAS7-918. 
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ABSTRACT 

The i n i t i a l  o b j e c t i v e  o f  t h i s  work was t o  deve lop  a  methodology f o r  
* ,  

' a n a l y z i n g  t h e  impac t  o f  t e c h n o l o g i c a l  advances as a  t o o l  t o  h e l p  

e s t a b l i s h  p r i o r i t i e s  f o r  R&D o p t i o n s  i n  t h e  f i e l d  o f  b i o c a t a l y s i s .  As 

an example o f  a  b i o c a t a l y z e d  process,  b u t a n o j  /acetone f e r m e n t a t i o n  (ABE 

p rocess )  was s e l e c t e d  as t h e  s p e c i f i c  t o p i c  o f  s t u d y .  A  base c a s e  model 

c h a r a c t e r i z i n g  t h e  t e c h n o l o g y  and economics a s s o c i a t e d  w i t h  t h e  ABE 

p r o c e s s s  was deve loped i n  t 'he p r e v i o u s  f i r s t  phase o f  s t u d y .  

The p r o j e c t  o b j e c t i v e s  were broadened i n  t h i s  second phase o f  work t o  

p r o v i d e  p a r a m e t r i c  e s t i m a t e s  o f  t h e  economic and energy impac ts  o f  a 

v a r i e t y  o f  r e s e a r c h  advances i n  t h e  h y d r o l y s i s ,  f e r m e n t a t i o n  and p u r i -  

f i c a t i o n  s e c t i o n s  o f  t h e  process.  The r e s e a r c h  advances ana lyzed  i n  t h i s  
. . -  , . 

s t u d y  were based on a  comprehensive l i t e r a t u r e  r e v i e w .  

The s i x  process o p t i o n s  ana lyzed  were: 

0 Cont inuous ABE f e r m e n t a t i o n  

0 Vacuum ABE f e r m e n t a t i o n  

e Baelene s o l v e n t  e x t r a c t i o n  

0 HRI'S L i g n o l  process 

0 Improved p r e h y d r o l y s i s l d u a l  enzyme h y d r o l y s i s  

Improved m i c r o o r g a n i  sm t o 1  erance t o  bu tano l  t o x i c i t y  

O f  t h e  s i x  o p t i o n s  ana lyzed,  o n l y  improved m ic roo rgan ism t o l e r a n c e  t o  

bu tano l  t o x i c i t y  had a  s i g n i f i c a n t  p o s i t i v e  e f f e c t  on energy e f f i c i e n c y  

and economics. I T h i s  p a r t i c u l a r  b r o c e s s  o p t i o n  reduced . t h e  base case p r o -  

d u c t i o n  c o s t  ( i n c l u d i n g  10% DCF r e t u r n )  by 20% and energy consumpt ion by 16%. 
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I. EXECUTIVE SUMMARY 

The initial objective of this work was to develop a methodology for 
analyzing the impact of technological .' advances as a tool' to help 

establish priorities for R&D options in' the field of biocatalysis. As' an 
example of a biocatalyzed . process, butano,l/acetone fermentation (ABE 

process) was selected as the specific topic of study. A base case model 
characterizing the technology and. economics associated with the ABE 

process was developed in the previous first phase of study. (1) 

The project objectives were broadened in this second phase of work to 
provide parametric estimates of the economic and energy impacts of a 

variety .of research advances in the hydrolysis, fermentation and 
purification sections of the process. The research advances analyzed in 

this study were based on a comprehensive literature review, and the 
criteria employed in the selection process included information 

availability, technical feasibility, energy consumpton and economics. 
These advances were analyzed individually as well as in selected 

combinations in order to assess their overall impact relative to the base 
case. In addition, a hypothetical "best casew, combining the best 

elements of each process improvement, was constructed for the overallf 
production process. 

The six process options analyzed were as follows: 

Continuous ABE fermentation 

e Vacuum ABE fermentati'on 

Baelene solvent extraction 

11) "Technical and Lconomic ~ssessment of Processes tor the rroducrion of 
Butanol and Acetone", prepared by Chem Systems Inc. for Jet 
Propulsion Laboratory, sponsored through an agreement with NASA by 
Energy Conversion and Utilization Technologies Division, Office of 
Energy Systems Research, Uept. Of Energy, September 1982 (JPL 
9950-776). 

ES- 1 
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.'.:'.: :"'i HRI ' s Lignol process. 
. . 

Improved prehydrolysis/dual enzyme hydrolysis 
. . .. 

'<!-;:< . .. , - 
,_  ... .'. . . 

r Improved microorganism tolerance to butanol toxicity 

Of the six options analyzed, four resulted in improved process 
economics. One of these, improved microorganism tolerance to butanol 

toxicity, had a significant positive effect. As indicated *in Table 1-1, 
this particular process option reduced the base case production cost 

(including 10% DCF return) from $2.60 per gallon to $2.09 per gallon. 
The others had marginally positive effects, with resulting production 

costs in the range of $2.49 to $2.60 per gallon. Insufficient data were 
available to adequately analyze the vacuum fermentation option, and this 

was not characterized quantitatively. 

In the Phase I analysis, it was determined that the fermentation route to 
butanol and acetone resulted in energy consumption of about 5.4 trillion 

8TU for a 50 million gallon per year plant, a potential energy savings of 
nearly 40 percent relative to conventional methods of production. Each 

Of the process options was analyzed herein to determine its energy 
consumption level relative to the base case. In the case of continuous 

fermentation, no additional energy savings were found (in fact, a small 
Increase in energy requirements would result). The L igno l  prwcess 

offered savings of about 39 percent relative to the base case, due I n  
large part to the energy credit accruing f r ~ m  by-product phenol and 

benzene. The Baelene process would result in reduced energy consumption 
of about 6 percent, and the. dual enzyme system about 2 percent, relative 

t o  the base case. The savings which would accrue to increasing the 
butanol tolerance level total about 16 percent relative to the base case. 

The .factor which contributes most towards the poor economics of ABE 

fermentation compared to the conventional route in the tcxic effect of 
.-_ 

butanol on microorganism activity, which limits pruduct concentration 



TABLE 1-1 

SUMMARY OF IMPACTS OF INDIVIDUAL PROCESS OPTIONS ON ABE PROCESS ECONOMICS 
* - 

Improved 
Uu t ano 1 

Tolerance 
Continuous. Dua 1 

.Base Case Fermentat ion L i g n o l  Bae 1 ene Enzyme 

Investment, SMM 
B a t t e r y  1 irni t s  
O f f s i t e s  

To ta l  f i x e d  .investment 

Cost o f  ,product ion, $ /ga l  
Raw ma te r i a l s  
U t i l i t i e s  
Operat ing costs 
Overhead expenses 
By-product c r e d i t  

Cash cos t  o f  p roduc t ion  
Deprec ia t ion  

Net c o s t  o f  p roduc t ion  

S e l l i n g  p r i c e  a t  10% DCF 



during fermentation. This analysis examined the sensitivity effect of 

higher solvent concentrations on process economics as well as on overall 

energy consumption. Three solvent base concentrations were studied: 1.0 

percent- (0.7 percent butanol), 2.1 percent (1.2 percent butanol), and 2.9 

percent (1.7 percent butanol) . 

As the solvent concentration was increased, several relationships occur 

which contribute to decreasing the product cost: (1) battery limits 

capital cost is reduced due to the decreasing water content of the . .  

process streams, which results in reduced equipment volume requirements; 

(2) the corresponding reduction in fermenter volume results ' in reduced 

nutrient requirements; (3) the higher solvent concentration results in 

decreased steam requirements for purification. 

Overall product ion costs (including 10 percent DCF return) were 

calculated to be $2.69 per gallon for the lowest case, $2.14 per gallon 

for the middle case, and $1.95 per g'allon for the highest solvents case. 

Energy consumption levels were also impressive, exhibiting decreases of 

16 percent and 33 percent for the latter two cases relative to the base 

case. 

An assessment was also made of a "cumulative" case, incorporating the 

effects-::of ;;onti nuous fermentation, Lignol and dual enzyme hydrolysis. 

This case yielded a net production cost of $2.38 per gallon, represen-ting 

a reduction o f  about 22 cents per gallon r e l a t i v e  to the  base case. This 

is approximately equal to the sum of the individual reductions in 

production cost for each of the individual cases. A significant decrease 

. in energy consumption of about 35 percent relative to the base case 

characterized the "cumulative" case. 

The case which would offer the best economics for ABE fermentation would 
be a cornb.iriaton of a11 the potent.ia1 research improvements incorporated 

into one design. This would include continuous fermentation, Lignol and 

dual enzyme hydrolysis processing options as we11 as improved 



microorganism tolerance to butanol toxicity, bringing the solvent 

concentration in the beer to 2.9 weight percent. This level of 2.9 
1 ,  

percent solvents is arbi trari ly chosen as the maximum real isti'k 

concentration obtainable in the near future ("best case'). 

The "best case" results in a production cost of $1.84 per gallon, . $  which 

represents approximately a 20 percent price advantage over the 

conventional synthetic route. The associated energy requirement is 

calculated to be 68 percent lower than the base case and may be thought 
of as a "target" in terms of energy efficiency improvement. 

Table 1-2 summarizes required selling prices (at 1 0  percent DCF) and' 

energy consumption levels for each of the options and combinations 
analyzed. From an economic standpoint, the impact of improved enzyme 

tolerance to butanol t 0 x i c i t y . i ~  clearly the most significant potential 

improvement. This 'particular option represents the bulk of the benefit 

indicated by the ''bestn case. Similarly, the impact of improved butanol 

tolerance is clearly manifested in a significantly reduced energy 

consumption level. This improvement, when coupled with the large 

reduction in net energy requirements accruing to the Lignol process 

(largely as a result of by-product credits resulting from, production of 

phenol and benzene), yields a "best case" energy requirement of less than 

35,000 Btu per gallon of product. This is about one-third of the energy 

required in the base case design. 

The economic impact of alternative feedstock compositions for A8E 

production was examined, including a revised aspen composition, 
eucalyptus and corn stover.' The revised aspen case prcduced mixed 

solvents for about $2.70 per gal.lon, which is slightly higher than the . 

original aspen case . because of the decreased sugar potential of the 

revised composition. The eucalyptus case resulted in a production cost 

of $2.82 per sallon, also because of the lower potential sugar content of 

eucalyptus and, to a lesser extent, higher capital -related costs. The 



TABLE 1-2 

UMMARY OF REQUIRED SELLING PRICES AND ENERGY CONSUMPTION LEVELS FOR OPTIONS ANALYZED 

Improved 
Continuous Dud 1 But ano 1 

Base Case F~rmentat  ion  L iqno l  Baelene Enzyme Tolerance Cumulative - Best 

m 
Requ i red se 1 14 ng 
pr ice,  #/gal  259.8 259.5 249.4 258.0 249.3 208.5 237.5 183.6 

Energy consumption, 
MBtu/gal o f  product 107.4 l lD.4 65.4. 100.4 l06..6 .. '89.8 69.4 34.6 



corn stover case turned out. to be quite promising, with production costs 
of $2.35 per gallon. This is by virtue of the fact that corn stover is 

field dried and contains only about 30 percent water (compared to 50 

percent f o r  the wood cases). However, corn stover may be an unsuitable 
.. -. ' .  ,.:. 

year-round feedstock since it cannot be stored any. length of time because . . . . . . . . .  I . . . . . . .  . . . . .  . . . .  . . 
I 

of its sugar content. 

. . 

Finally, the overall methodology developed for analyzing the ABE system . " . . 

was applied to the production of citric acid and furfural from 

wood-derived sugars, as an alternative example. A detailed process 
' ..; ' design was developed for this system and production economics were . . 

developed based on aspen feedstock. Various sensitivities were also - _ . .)_ . . . . 

explored as part of this case analysis. 



11. INTRODUCTION 

Th is  r e p o r t  was prepared as p a r t  o f  the  Department o f  Energy 's  Energy 

Conversion and U t i l i z a t i o n  Technologies (ECUT) Program, whose o b j e c t i v e  

i s  t o  suppor t  long-term, h i g h - r i s k  app l i ed  research  and development 

necessary t o  assure t he  a v a i l a b i l i t y  o f  a  f u t u r e  technology base t h a t  

w i l l  enable a  s u b s t a n t i a l  i nc rease  i n  bo th  the  e f f i c i e n c y  o f  energy 

convers ion and u t i l i z a t i o n  equipment and t he  increased use of 

n o n - c r i t i c a l  f u e l s .  It forms a segment o f  the  B i o c a t a l y s i s  Research 

P r o j e c t  o f  t h e  Energy U t i l i z a t i o n  Technology Sub-program, which focuses 

on the  eng ineer ing  of b i oca ta l yzed  processes f o r  p roduc ing  chemicals.  

The i n i t i a l  o b j e c t i v e  o f  t h e  work was t o  develop a methodology f o r  

ana lyz ing  the impact o f  t echno log i ca l  advances as a  t o o l  t o  h e l p  

e s t a b l i s h  p r i o r i t i e s  f o r  R&D op t ions .  As an example o f  a  b i o c a t a l y z e d  

process, bu tano l  /acetone fe rmenta t  i o n  (ABE pr.ocess ) was se lec ted  as t h e  

s p e c i f i c  t o p i c  o f  study. For ease o f  comparison w i t h  conven t iona l  

p roduc t i on  p l an t s ,  a  Gu l f  Coast l o c a t i o n  was hypothesized. Process 

economics were based on a s i z e  o f  50 m i  1  l i o n  g a l l o n s  per  year  s ince  t h i s  ...; ' 

was deemed t o  be a reasonable s i z e  p l a n t  f o r  produc ing a l coho l s  f o r  t h e  

f u e l  market. A f i n a l  r e p o r t  on t h i s  f i r s t  phase o f  s tudy was pub l i shed  

i n  September, 1982 as r e p o r t  number JPL 9950-776. (1 1 

I 
The p r o j e c t  o b j e c t i v e s  were broadened i n  t h i s  second phase o f  work t o  

, , 

p r o v i d e  paramet r i c  es t imates  o f  the  economic and energy impacts o f  a 

v a r i e t y  o f  research advances i n  t he  hyd ro l ys i s ,  fe rmenta t ion  and 

p u r i f i c a t i o n  sec t i ons  o f  t he  process. The research advances analyzed i n  

t h i s  s tudy were se lec ted  on the  bas i s  o f  a  comprehensive l i t e r a t u r e  

rev iew.  The c r i t e r i a  used i n  the  s e l e c t i o n  process i nc l uded  

i n f o rma t i on  a v a i l a b i l i t y ,  t e c h n i c a l  f e a s i b i l i t y ,  energy consumption and 

economics. 

(1),7"Technical and Economic Assessment o f  Processes t o r  t he  Produc t ion  o t  
.Butan01 and Acetone," prepared by Chem Systems Inc .  f o r  J e t  
P ropu l s i on  Laboratory ,  sponsored through an agreement w i t h  NASA. by  
Energy Conversion and U t i l i z a t i o n  Technologies D i y i s i o n ,  O f f i c e  o f  
Energy Systems Research, U.S. Department o f  Energy', September, 1982 - - 

(JPL 9950-776). # 

(2 )  "Review o f  L i t e r a t u r e  Relevant  t o  ABE ~ermenta t i ' bn , "  prepared by Chem 
Systems Inc. f o r  J e t  P ropu l s i on  Laboratory ,  November 16, 1382. 



It is intended that the generic nature of this work will enable the 
parametric analysis to be a w l  icable not only to butanol/acetone 

production, but also to a wide range of chemicals which can be produced 

via similar processing routes. As an example, the methodology i s  applied 

to a specific case study as part of the analysis. 



111. DETAILED REVIEW OF RESEARCH ADVANCES 
. . 

A. . Revised Base Case 

The base case economics developed in Phase I have been revised slightly 
to reflect more realistic process conditions. Tables 111-A-1 and 111-A-2 
are cost of production estimates for the lower yield base case process, 

Table 111-A-1 using CSI utility costs and Table 111-A-2 reflecting DOE 
utility costs. These data are sumarized in Table 111-A-3. The 

modifications from the Phase I work are relatively minor; however, they 

do reflect a more realistic case than the Phase I estimate. The yield on 
total sugar has been lowered from an optimistic 30.5 percent to a more 
realistic 27.54 percent. Utility prices used in the Phase I estimate 
, 
were projections; uti 1 ities have now been updated to reflect historical 
prices for mid-1982 and are lower than the previous projections. Labor 

requirements have been increased from 46 to 60 men to reflect the greater 
complexity of operating a batch fermentation versus a continuous one. 

The overall change is slight; using CSI utility numbers the revised low 

yield, case gives a selling price at 10 percent DCF ,of 2.60 dollars per 
gallon compared to 2.58 dollars per gallon reported in the Phase I 
study. These revised figures are used as a basis for comparison 
throughout this study. 

In terms of energy consumption, the figures developed in the Phase I 
analysis are still valid. The key benchmark is the total energy 
requirement for the lower yield case, which amounts to 5.37 trillion Btu 

(assuming a power plant heat rate of 10,000 Btu/kwh and a steam 
generation efficiency of 85 percent). 



TABLE 111-A-1 

COST OF PRODUCTION E S T I M A T E  FOR ABE 
PROCESS- LOW Y I E L D  

C A P I T A L  SUMMARY --------------- 
B A S I S  ----- 
L o c a t i o n :  U . S .  G u l f  C o a s t  

C f i ~ ~ I ~ L - ~ ~ ~ I  .Sil?.',LION - - - - - - - 
B a t t e r y  L i m ~  t s  3- - .  g 

M i  d - 1 3 8 2  O f f s i  t e s  3 7 . 3  
C a p a c i t y :  5 0 . 0 0  m i l l i o n  q a I I o n s / y r  ------ 

2 2 , 6 8 0  m e t r i c  t o n s / v r  T o t a . 1  F i x e d  I n v .  l?~.  1 
S t r . T i m e :  8 0 0 0  h o u i - s  p e r  y e a r  W o r k  i n 9  C a p i t a l  1 6 . 2  

U N I T S  
RAW H A T E R I A L S  ------------- PER G A L  ------- 

; A s p e n ,  I b  6 1 . 8 0 9 6 5  
,!%- S u l f u r i c  A c i d ,  l b  . 2 7 7 9 0  

C a l c i u m  H y d r o x i d e ,  l b  , 1 9 7 9 8  
S o d i u m  H y d r o x i d e ,  l b  , 0 0 8 8 0  
C o r n ,  I h  , 9 0 8 5 0  

3 A m m o n i u m  S u l f a t s ,  I b  . 4 4 4 0 0  
S u p e r p h o s ~ h a t e i 4 i  ) , I b  1 ,91375 
C a l c i u m  C a i - b o n a t e ,  l b  , 5 8 0 3 4  
C a t a i y s t  c? C I 3 e r n i c a l s  

T O T A L  RAU H A T E R I A L S  
gIi,LJIIES 
P o w e r ,  kUH 

ANNUAL 
COST, B M  ---- so,  9'00' 

5 9 8  
138 
114 
19 

6 S d  
7 , 6 5 5  
1,189 
1 , 9 5 0  

C o o l i n g  W a t e r ,  M G a l  , 3 0 3 1 2  5 . 8  67? 
p r o c e s h  U a t e r ,  M  G a l  . 0 3 3 0 4  S O .  0  98 1 
~ ~ ~ d l l l , ~ 0  p s i ? ,  H Lb.  0 7 3 6 3  3 3 1 . 0  1 4 , 3 ? 5  
S t e a m , 2 0 0  p s i g ,  il L b  , 0 1 2 9 8  3 9 0 ~ 0  2 , 5 7 0  --------- 

T O T A L  US I L I T I E S  21,  ,534 
U P E R R T I N G  --------------- 
L a b o r ,  oiJ H e n  d 'S 2 5 , 5 0 0  
F o r e m e n ,  13 H e n  (3 B 2 9 , 0 0 0  2 H / S  377 
* s u p e r v i s i o n ,  3 M a n  @ % 3 5 , 0 0 0  3 Man  1 0 5  
H a i n t . ,  M s t e r i a l  8 L a b o r  6% o f  I S B L  5,563 - ? - - - - - - - 

T O T A L  OPERATING COST 7 , 5 9 0  
OVERHEAO EXPENSES ----------------- 
D i  t - e c t  O v e r h e i d  4C" J,. L a b .  ,3 S U P .  
G e n .  P l a n t  O v e r h e a d  AS?: O p e r .  C o s ? ~  I*, 327 

. I n s u r a n c e ,  P r o p .  T a x  1 . 5 %  T o t .  F i x .  I n u ,  2 ,851  

T O T A L  OVERHEAD EXPENSES 9 ,  6 9 4  
BY-PRODUCT C R E I I I T  -- -------------- 
C a r b o n  D i o x i d e ,  l b  
S C P ,  I b  . 0 3 0 5 1  1 5 . 0  - 7 '? 9 -- --------- 

T O T A L  BY,-PRODUCT C R E D I T  - 1 1 , 6 0 2  ---------- ---------- 
, CASH COST OF PRODUCTION 59 ., 642 

CENTS FOLL+RS/  
PER ------- GAL IIET -------- TON 

D E P R E C I A T I O N  2 0 %  I S F L  + 1 0 %  OSEL 2 3 . 2 9 0  . 56 .53 l"+?. 3Q ---------- _ _ _ _ _ _ _ _ _ _  ------ - ------.---- _-_---- ---------- 
\ 

; NET COST OF PRODUCTILSN, . ., ',...'. . . . . . 9 7 , 9 3 2  1 3 5 . 8 5  $ 3 1 3 . 0 1  
. . 

. , a  $'i!.;j::; 
. \  . .  . 
'.,I ; .--; -. . 

R E Q U I R E D  S A L E S  P R I C E  A T  1 o:! DCF '?&, . . .  2 5 9 . 3  =?I- . ., ( . , .. .: , ., . 4 1 - t  . 2  
. .  . ... . ;. ... . , .% 

. . _. . . /_ . t;. ' ' .. . . ' *...... 
s . .. . . .  .. . 

.%.., !'. . .  .. .. . <=-",:i; :.: 
-2: &" 1 .  . \ - .  . .. . . . - 



TABLE I I I - A - 2  

C O S T  OF PRODUCTION EST IHATE FOR ABE 
PROCESS- LOW Y i E L D  

CAPITAL  SUhPtARY --------------- 
EASIS  ----- ------------ CAPITAI, COST S H i L L I i j N  -------- 
L o c a t i o n :  U . S .  G u I i  C o d s t  B a t ? e r y  L i m ~ t s  3 2 . 3  

ti I d -1?82  O f f s i  t e s  9 7 . 3  
C a ~ a c  i t ~ :  5 0 . 0 0  mi  l l  i o n  q a l I o n s / y r  ------ 

2 2 , 6 8 0  ~ n e t ~  I c t o n s / y r  T o t a l  F i x e d  I n u .  1 3 0 . 1  
S t r . T i m e :  8 0 0 0  h o u r s  p e l -  y e a r  U o r k  i n q  Cap i  t a  ! 1 5 . 7  

PAW n n T E R I A L S  ------------- 
A s p e n ,  l b  

PRODUCTIOV COST SUnMGRY ....................... 
U N I T S  PRICE ,  ANi4UAL 
PER GAL cJ 'UNIT COST, arI ------- ---- ---- 

h 1 . 8 O 3 0 5  1 . 0  2 0 ,  P I ) ~  
S u I i u r  i c  A c i d ,  I b  . Z779 0 
C a l c i u m  H y d r o x i d e ,  I b  , 1 3 7 9 8  
s o d i u m  H y d r o x i d e ,  I b  , 0 0 5 8 0  
C o r n ,  I b  . 0  0850 
Ammonium S u l f a t e ,  I b  . 444O 0  
S u p e r p h o c p h a t e i 4 i  ! .  I b  1 , 9 1 3 7 5  
t d l i ~ u m  C a r b o n a t e ,  I b  . i38034 
C s t a I v s t  B C h e m i c a l s  . 

TOTAL RAW P~ATERI$S 

C o o l  i n ?  Ws te i - ,  il G a l  , 3 0 3 1 2  c .J . :j a73 
P r o c r s s  U a t e i - ,  il G a !  . 033114 $ 0 . 0  3P  1 
St1?;1n,50 p s i  q.. i i  L b  . 0 7 3 0 3  2 9 5 .  0 1 0 . 9 6 0  
S t e a 1 n , 2 0 0  ~ 5 1 9 ,  Pl L b  . 0 1 2 9 8  2 9 9 . 0  1 , ? 4 1  --------- 

T O T A L  IJTI L I ' r I E S  1 3 , 5 1 1 0  
O P E ? & T I I ~ G  COSTS --------------.- 
L e b u , - ,  #a0 Hen $ a 2 5 . 5 0 0  

2 n .. #; 
- .- - F o r e m e n .  1 3  Hen I? d 23.009 ; ; ,  

S ! l p j ~ - v i s i o n .  15 iq*n ia S :35 , I l l J l l  3 r l an  1 i j  5 
h a ~ n ! . ~  r i a t e i - i a 1  & L a b o r  ti:! o f  ISBL . $5 . 5 6 :< 

TOTAL OPERATING COST 7 . 5 3  0 
O'iEPHEAD E.'< PENSES 
D i  l - e c t  lI lvsl-h?;d k5X L d b .  A S u n .  3 ~j 5 
G e n .  P l a n t  C1ve1-head 65:: U p r r .  Costs 4  . 7 .- - .- * 

I n r u r a n c e ,  P r o p .  T a x  1.5;: T o t ,  F i  I .  I n u .  2 , 2 5 1  

TQTAL llrVE !?HllaD EXPENSES :3 . -3 4  
BY-PRODUCT CREDIT -- -------------- 
C a r b o n  i l i o i i d e ,  I b  3 .  1 2 3 1 9  2 . 3  - 1 1 , 3 7 3  
SUP. ! b  , 0 3 0 5 1  15 .1 )  - - 7 .-, - .> --------- 

TOTAL El)'-PliODl!CT CREIl I T  - l l , . , j l l 2  ---------- ----------- 
CASH COST OF PRODUCTION ..; .3 . 4  5 7 

CENTS DOLLAI?S./ 
PER GAL hET TON ------- -------- 

DEPRECIATION !, 20:: ISEl, + 10:! QSBL 28 , 271) 5 t i  , 5 Q  ~ - L A -  . . .  . - .  !87 , 

--.-------- --------.-- ------- ----.-.----.-- ------- -- ------.  -- / .  
NET COST OF PRODUCTION 9 4  7 4 7  1 9 3 . 4 8  4 1 7 7 .  ~ I J  

REQiJtRED S&LES P R I C E  AT 1 0 2  DCF -.,-a '? c '?  8 -#,* is.  d KC--  



TABLE I I I -A-3 

SUMMARY OF PROCESS ECONOMICS AND ENERGY REQUIREMENTS FOR : 
bAht CALK i O I J  Y I ti9 M E  k c;(:IENTATION 

Basis: 50MM gallyear, U.S.  Gulf Coast/Louisiana 
Mid-1982 

Investment, $MM 
Battery limits 
Off sites 

Total fixed investment 

Cost of production, $/gal 
Raw mater i a1 s 
Utilities 
Operating costs 
Overhead expenses 
i3y-product credit 

Cash cost of production 
Depreciation 
Net cost of production 

Selling price at 10% DCF 

Energy required, MEtu/gaf 
of product 

CSI Utilities DOE Utilities 

8. Vacuum Fermentation ., 

I 

Figure 111-B-1 is a conceptual flowsheet of a vacuum fermentation 

system. Vacuum fermentation is a tecnnique, which, when applied in 
ethanol fermentation, has several advantages over conventional continu6uS 

fermentation. Vacuum fermentation operates on the principle that the 

volatile components formed during fermentation can be imnediately boiled 

off in greater concentrations in the vapor phase compared to the 

remaining liquid phase when a vacuum is applied. This results i n  a 
reduction in end product (in this case ethanol) inhibition in the 
fermentation liquor, resulting in much greater fermentation volumetric 
productivities when compared to conventional continuous fermentation. In 

addition, this enables the vacuum fermentation system to be able to 

efficiently ferment very high sugar concentrations (up to 33 percent) 
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wi thout  end product  i n h i b i t i o n ,  thus r e s u l t i n g  i n  s i g n i f i c a n t l y '  reduced 

d i s t i l l a t i o n  energy requirements due t o  the reduct ion  I n  water i n  the 

system. 

The ABE-water system forms two low b o i l i n g  azeotropes on f lash ing .  The 

f i r s t ,  e thanol  -water, i s  no t  very important because the  concentrat ion o f  

ethanol  i s  so smal l  i n  the l i q u o r  t h a t  it can be considered n e g l i g i b l e .  

The second azeotrope, butanol-water, b o i l s  a t  a lower temperature than 

water, t h e o r e t i c a l l y  r e s u l t i n g  i n  butanol enrichment I n  the vapor phdse 

compared t o  the  fermentat ion l i q u o r .  The ava i l ab le  butanol-water 

azeotropic  data are sumar i zed  i n  Table I I I - B - 1 .  

TABLE I I 1-0-1 

n-BUTANOL-WATER AZEOTROPIC DATA 

Pressure W t  % W t  % 
m Hq H 20 Butanol BP OC - A- 

Therefore a t  ABE fermentat ion cond i t ions  o f  3 3 ' ~  and about 38 mn Hg, 

the  azeotropic  composit ion i s  between 45-50 weight percent butanol.  

However, a search o f  the l i t e r a t u r e  revealed no meaningful vapor pressure 

da ta  f o r  the  butanol-water azeotrope, i n d i c a t i n g  t h a t  l i t t l e  o r  no 

research has o r  i s  being performed on ABE vacuum fermentat ion. This f a c t  

a l so  prevents even a specu la t ive  analys is  from being undeftaken. 

However, i t  i s  known from p r e l i m i n a r y  experiments performed a t  JPL, t h a t  

condensate f rom a 1 percent  n-butanol s o l u t i o n  a t  3 3 ' ~  produces 

aqueous n-butanol t h a t  i s  s u b s t a n t i a l l y  ertriched i n  butanol.  



Although t h e  exac t  b e n e f i t  of ABE vacuum fe rmen ta t i on  i s  unknown a t  

present ,  t he  p o t e n t i a l  b e n e f i t  may be s i g n i f i c a n t .  The enr i chment '  o f  

butanol '  i n  t he  vapor phase w i l l  enable f e rmen ta t i on  o f  much h i ghe r  sugar 

concen t ra t ions  than a re  p o s s i b l e  under conven t iona l  non-vacuum 

cond i t i ons .  Th is  w i l l  reduce t he  water con ten t  o f  t h e  f e rmen ta t i on  beer, , 

thus  reduc ing  t he  energy requi rements  f o r  p u r i f i c a t i o n .  The e x t e n t  o f  

t h i s  r e d u c t i o n  remains t o  be seen and depends on t h e  exac t  v a p o r - l i q u i d  

e q u i l i b r i u m  concen t ra t i ons  o c c u r r i n g  du r i ng  t h e  c o n d i t i o n s  o f  vacuum 

fe rmenta t ion .  

C. Continuous Fermentat ion 

Desiqn Bas is  

The c o n d i t i o n s  f o r  cont inuous fe rmenta t ion  a re  based upon da ta  ob ta ined  

b y  Leung and Wang pub l i shed  i n  two recen t  papers ( 1 , 2 ) ,  

Leung ob ta ined  maximum vo lume t r i c  p r o d u c t i v i t y  o f  2.5 g/1-hour a t  a  

f e rmen ta t i on  res idence  t ime  o f  approx imate ly  5  hours. Th is  represen ts  

over a  300 percen t  increase compared t o  t he  p r o d u c t i v i t y  ob ta ined  f o r  a  

ba tch  fe rmenta t ion .  Continuous f e rmen ta t i on  process parameters a re  

sumnarized i n  Table  I I I - C - 1 .  

TABLE I 1  I-C-1 

Temperature 3 70C 
Sugar c o n c e n t r a t i  on 5  weight  pe rcen t  
PH 5  .o 
C e l l  mass concen t ra t i on  4.5-5 g / l i t e r  
Residence t ime 5 hours 
Vo lumet r i c  p r o d u c t i v i t y  2.5 g/1-hr 

11) ieung, J.c.Y., and Wang, D.I.C., "Droauct lon o f  Acetone and Yutanol  by 
C l o s t r i d i u m  Acetobuty l icum i n  Continuous C u l t u r e  Using Free C e l l s  and 
Immobi 1  i zed  Cel ls , "  2nd World Congress of Chemical Engineer ing and World 
Chemicals, ~ o n t r e a l ,  Oct., 1981. 

( 2 )  Leung, J.C.Y., and Wang, D.I.C., "P roduc t ion  o f  Acetone/Butanol b y  C1. 
Acetobut l i cum i n  Batch and Continuous Cu l tu res ,  72nd Annual A I ~  
b r a n c i s c o ,  Nov., 1979. 



The yield of solvents produced, sugar utilized and solvent product 
concentration are different than for the conventional batch base case. 

Product yield is 26.3 weight percent solvents produced based upon total 
sugar charged. Sugar utilization is approximately 85 percent. The end 

product slate is presented on a weight percent basis in Table 111-C-2. 

TABLE I I I -C-2 

END PRODUCT DISTRIBUTION 

Weight Percent 

Bu tan0 1 
Ace tone 
Ethano 1 

It has been assumed that the nutrient requirements for continuous 
fermentation are identical in concentration to those used in the base 

batch case. These are sumnarized in Table 111-C-3. 

TABLE I1 I -C-3 

FERMENTATION NUTRIENT REQUIREMENTS 

Nutrient Weight Percent 

(NH412504 
Superphosphate 
CaC03 

Other trace chemicals such. as FeS04 ' 7H20, and MnS04 ' 3H20 may have to 
be added; however, i n  the small quantities required they will have a 

negligible effect upon economics. C. Acetobutylicum culture growth and 
maintenance nutrient requirements are met with 5 weight percent corn mash 

medium as in the base case. 



Process Design 

A c,onceptualized flowsheet for the continuous fermentation section is 
presented in Figure 1114-1. 

The continuous fermentation scheme is similar to the batch fermentation, 

excepting the fact that the fermenters are operated continuously. The C. 
- Acetobutylicum inoculum is prepared in the same manner as in the batch 

case, except that the inoculum to the fermenters is fed continuously from 
the seed tanks. The first, second and third generation growth tanks can 

be operated batchwise as before. However, sufficient inoculum storage 

must be available in the seed tanks in order to operate the fermecters 

continuously. The fermenters are operated continuously in a concept 

similar to the continuous cascade system used in continuous ethanol 

fermentation. Three cascade trains containing two tanks each are 

utilized. Each train has a 50 percent capacity, with partial 

fermentation occurring in each tank until complete fermentation i s  

realized in the last tank. In this way two trains are active at any one 

time, with the third train down for sterilization. Fermentation time is 
approximately 5 hours. The COZ/H2 fermenter off-gas is removed 

continuously t a  recovery as before. Although not considered here, the 

fermenter beer could be centrifuged to remove the C. Acetobutylicum cells 

to be recycled to the fermenters as is done with yeast cells in 
continuous ethanol fermentation. The rest of the continuous fermentation 

proceeds the same as the batch system. 

Economics and Energy Requirements 

Cost of production estimates for the incorporation of the continuous 

fermentation block into the base case are presented in' Tables 1 1 1 4 - 4  and 

1 1 1  Table 111-C-4 shows the process economics using CSIadeveloped 
utility numbers, and Table 1114-5 utilizes DOE-derived utility numbers 

on a 1981 basis. 80th cases are on a mid-1982 basis, for a plant located 
in Louisiana/U.S. Gulf Coast producing 50 million gallons per year of 

mixed solvents. The cost of production data are summarized and compared 
against the (revised) base case figures i n  Table 1114-6. An ISBL 

investment breakdown is provided in Table 111-C-7. 





TABLE I I I -C-4 

COST OF PRODUCTION ESTIMATE FOR ARE 
PROCESS- CONTINUOUS FERMENT 

BAS I S  ----- 
L o c a t i o n :  U . S ,  G u l f  Coast 

gi4fIIeL-ggSI %r(ILLICN ------- 
B a t t e r y  L i m i t s  8 8 . 5  

tl i  d-1182 O f f s i  t e s  
C a ~ a c i  t y :  5 0 . 0 0  m i  l l i o n  g a l  l o n s / y r  

22,680 m e t r i c  t o n s i y r  
S t r . T i m e :  8000 h o u r s  p e r  y e a r  

PROIlUCTION COST SUMMARY ....................... 
Vt4ITS 

RAW HATERIALS ------------- PER GAL ------- 
Aspen, I b  64.7034? 
S u ! f u r  i c  A c i d ,  I b  .29  0 58 
Ca lc ium H y d r o x i d e ,  l b  . I 6 5 2 9  
Sodium H y d r o x i d e ,  I b  ,00930 
Corn,  I b  , 0  0892 
Ammonium S u l f a t e ,  I d  ,45208 
SUPPI-phosphate(40 ) ,  l b  1 .96554.  
C6 lc ium C a r b o n i t e ,  l b  ,90415 
C a t a l r s t  h Chemi ca I s  

TOTAL R A W  FATERIALS 

PRIZE, 
"''JJII 

1 . 0  
4 . 3  
2 . 0  

2 s .  0 
4 , s  
3.0 
8.0 
2 . 7  

3 . 2  

T o t a l  F i x e d  I n v .  1 8 7 . 3  
U o r k i n s  C a p i t a l  1 5 , 9  

ANNUAL CENTS DOLLAR5 / 

Cool in'? U ~ t e r ,  il Gal .33355 5 . 9  995 
Process  Water ,  il Gal ,03304 6 0 . 0  93 1 
Steam,S.O p s i ? ,  i.( Lb ,07702 3 8 1 . 0  15 ,057  
S?cam,200 p s i s ,  PI Lb ,01035 396 .0  2 , 0 5 1  --------- 

TOTAL UT IL IT IES  21,386 
1:lPERATItdG COSTS --------------- 
L * b o r ,  46 i-len 3 $ 25 ,500 1 11 . i-l./.S 1 ,173  
Foremen, 9 Hen 6 % 28,0011 1 H/'s 2&1  
S u p e r u i s i  on, 3 i'lan G ,5 35,000 3 Man 195 
M a i n ? .  , H a t e r i a l  Z L a b ~ i -  6;; o f  ISFL .= J .  - 210 

-.- . --- .--  
TOTAL OPERATING COST 0,34'; 

O'w'ERHEAD EXPEtJSES ----------------- 
D i r e c t  Overhead 4SZ L s b .  5 SUP. ,= ? 3 

PO.  13 1 9 7 . 0 5  

Gen. P!.ant Overhead d5 i ;  O p e ; - .  C o r t s  4 , 4 5 1  
I n s u r a n c e ,  P r o p .  Tax 1 . 5 X . T o t .  F i x .  I n u .  2 , 3 0 3  --------- 

TOTAL OVERHEAD EXPENSES 7 ,954  1 5 . 9 1  
BY-PRODUCT CREDIT -- -------------- 
Carbon D i o x i d e ,  I b  El.00157 2 . 9  '11,203 
SCP, l b  .03000 15.11 - qqe i- J --------- 

TgTAL 'E:"i-PRODUCT CREDIT '11 ;429 ' 2 2 . 5 5  '503.  E7 
-----.---.-- ---------- ------- -----.----- ------- --.------.-- 

CASH COST OF PRODUCiLON . 70 ,337 1 4 0 . 6 7  31111. :!j 

DEPRECIATION 202 ISBL + 1 0 X  OSBL 27,580 re 4,. 16 1215.  3 -  
= r a m = = = = = = =  ------- ------- ---------- ---------- 

NET COST OF PRODUCTION 37,917 135.  a2 4.517. 33 

REQUIRED SALES PRICE AT 102 DCF 253.5  5721 . 3 



14 
TABLE 111-C-5 

COST CF PRODUCTION ESTIMATE FOR ABE 
PROCESS- CONTINUOUS FERMENT 

CAPITAL  SUMMARY --------------- 
EA_SIs CAPITAL  COST ------------ t?? : [ LL ION ------- 
L o c a t i o n :  U . S .  G u l f  C o a s t  b a t t e r y  L i m i t s  :34.5 

Pl i  d - 1 9 8 2  O f f s i  t e s  ?8.3 
C a p a c  i t y :  5 0 . 0 0  m i  ( l i o n  q a l l o n s / y r  ------ 

2 2 , 5 8 0  me tr i c t o n s / y r  T o t a !  F i x e d  I n u .  l a ? .  3 
S t r . T i m e :  9 0 0 0  h o u r s  p e r  y e a r  U o r k  i n g  Cap i t a  l 1 5 . 5  

PRODUCTION COST SUflflARY ....................... 
. . 

UN ITS  
RAU n A T E 2 I A L S  ------------- PER GAL 
Asp r l n ,  I b  6cT7t2<*7 
S u l f u r ~ c  A c i d ,  l b  . 2 9  0 5 8  
C a l c ~ u m  H v d r o x i d e ,  Lb , 1 3 5 2 9  
S o d i u m  H y d r o x i d e ,  I b  . 0 0 ? 3 0  
C o r n ,  l b  . 0  0 9 9 2  
Ammon i um S u l f a t e ,  ! b  . b 5 2 0 8  
S u p c i - p h o s p h . 3 t c ( 4 b  ! ,  ! b  1 . 3 6 5 5 ' +  
C a l c ;  urn C a i - b ~ ~ n a t e ,  ! b  , 0 0 4 1 5  
C a t a  l s > s t  8 Chemi  c a  I s  

PRICE.  CEiJ r'S 
PER GAL ------- 

TOTAL RAU MATERIALS 4 5 , 0 4 6  

- -  . 
C o o l  i n q  Y a t e r ,  Pi G a l  , 3 3 3 5 5  5 ,  S 935 
PI-accs.s W a t e r ,  Pi G a l  . i ) 3304  b 0  . 0 '?$ I 
S+csm,SO p s i g ,  h L b  , 0 7 7 0 2  2 9 5 . 1 1  1 1 , 3 6 0  
Stsatn,ZOO p n  I 3 ,  M  L b  ,.O 1 0 3 5  2 3 9 ,  11 1 , 5 4 9  --------- 

TOTAL U T I L I T I E $  1 3 ,  i53 

I- . 2 1 1 p e r Q ~ l s i  o n ,  3 n a n  f$ 3 3 5 , 0 0 0  3 rtan 1  $:I 5 
P l a i n t . ,  n ~ t e r t a l  3 L 3 b t ) r  A X  o f  13fiL r - 3  

J , ., .. 3 
- - - - - - - - . -  

TOTAL OPEiiA'TING CGST ,3 . ;3 I.) *7 
13:;c?H A D  EIfPEbJSES , . frb-E ,,-.-----.,.- 
D i i - e c t  O ' ~ e r h ? a d  4 9.) a,.. L a b .  3 S U P .  - - -  - 

G e n .  P l a n t  O v ~ r h e a d  63:: O p e i - .  C o s t 2  u . u S S z  
I n s u l - i n , : ? ,  P r o p .  T 3 1  1 . 5 %  T o + .  ; = I  a .  I n v ,  1 ,  91]= - -------- 

TOTAL O:iEi?9Et?l[1 EXPENSES 7 .  '354 
BY-PFODUCT !:REDIT -- ---------.----- 
C a r b o n  D i o x i d e ,  I b  8 . n 0 1 5 7  2 . ;j - 1 1 , 2 0 3  
SCP, l b  . GJJOI) 1 .5 .0  - .,,5 - .- --------- 

TrJTbL BY-PRrJUljCT CREDIT -li . b 2 3  ---------- ---------- 
I-. - ,-sH COST OF PRODUCTION 5 7 ,  l i ~ b  

DEPRECIATION 29;: I S B L  t 10:: USPL 27,581)  .:a. 16 L c lz'i., . 05 ---------- 
--------a- 

__----- _--------- ______-  ---------- 
NET COST OF PRODUCTION '?I+ , ,j 8 4. 1 3 9 . 3 6  b171.b. 80 

.- - 
REQUIRED SALES P q I C E  AT 1 0 3  UCF 252 .5  ~166.2 



TABLE 111-C-6 

SUMMARY OF PROCESS ECONOMICS AND ENERGY REQUIREMENTS 
FOR CONTINUOUS ABE FERMENTATION PROCESS 

Basis:  50 MM ga l /y r ,  U.S. Gu l f  Coast/Louisiana 
Mid-1982 (1981 u t i l i t i e s  f o r  DOE) 

C S I  U t i l i t i e s  DOE u t i l i t i e s  
Continuous Continuous 

Fermentation - Base Fermentat ion Base - 
Investment, $MM 

B a t t e r y  l i m i t s  88.5 92.8 88.5 92.8 
O f f s i t e s  98.8 97.3 98.8 - - 97.3 - 
T o t a l  f i x e d  investment 187.3 190.1' 187.3 150.1 

Cost o f  product ion,  $ /gai  
Raw mater i a1 s 
U t i  1  i t i e s  
Operat ing cos ts  
Overhead expenses 
By-product c r e d i t  

Cash cos t  o f  p roduc t ion  
Deprec iat ion 

Net cos t  o f  p roduc t ion  

S e l l i n g  p r i c e  a t  10% DCF 

Energy requi red,  MBtu/gal 
o f  product  

TABLE I 1  I -C-7 

ISBL INVESTMENT BREAKDOWN FOR ABE CONTINUOUS FEZYENTATION 

Sect ion I n s t a l l e d  Cost, NM$ - 
Raw mate r i a l s  hand l ing  
Prehydro lys i  s  
Enzyine product i on 
Enzyme hydro 1 ys' i  s  
Fermentation 
P u r ~ i f l c a t l o n  
Heat generat ion 
C02 recovery 
Engineering & cont inyer ic ies 



As can be seen from the  data i n  Table 111-C-6, continuous fermentat ion 

o f f e r s  nea r l y  equal economics t o  the base batch case, w i t h  the c o n t i n ~ o u s  

case showing a nominal advantage.   his i s  due t o  the f a c t  t h a t  although 

continuous fe rmenta t ion  o f f e r s  ISBL c a p i t a l  advantage over batch due t o  

the  decreased fermentat ion time, t h i s  i s  o f f s e t  by the reduced y i e l d  

(26.3% versus 27.54%) repor ted  f o r  the continuous case. This  r e s u l t s  i n  

increased raw m a t e r i a l  consumption as w e l l  as s l i g h t l y  increased ISBL and 

OSBL f o r  the pret reatment  and hydro lys is  p o r t i o n  o f  the p lan t .  If 

continuous fermentat ion were t o  show a y i e l d  equal t o  t h a t  o f  the  lower 

y i e l d  batch case, it would o f f e r  a 4-5 cent per g a l l o n  advantage over the 

batch case. 

Based on the thermal equ iva len t  o f  the e l e c t r i c  power requ i red  (assumed 

t o  be 10,000 B t u / K w ~ )  p l u s  the enthalpy o f  the steam requirements 

(assuming an 85 percent generat ion e f f  i c i e n t y ) ,  1ncorpora.t~iwri u,.F 

continuous fermentat ion- would r e s u l t  i n  an annual energy consumption of 

5.52 x 1012 Btu. T h i s '  represents a very s l i g h t  increase (about 2 

percent)  over the base case i n  terms o f  energy consumption whfch, f o r  a1 1 

p r a c t i c a l  purposes, can be ignored. 

Design Basis 

Although a good deal o f  l i g n i n  chemistry i s  speculat ive, the p o t e n t i a l  

chemlcal producIs are impressive i n  number, Unfort- t~nately,  most 

processes c u r r e n t l y  being researched produce spec ia l ty ,  low volume 

chemicals and are d i f f i c u l t  t o  j u s t i f y  on an economic basis .  

One specu la t ive  rou te  which may o f f e r  c o m e r c i a l  .promise invo lves  

hydrocracking and h y d ~ o d e a l k y l a t i o n  o f  l i g n i n  t o  a ' m ix tu re  o f  phenol, 

benzene and f u e l  o i l .  Thls process has been developed by Hydrocarbon 

Research Inc. and i s  reviewed here in  as an a l t e rna t . i ve  t o  u t i l i z i n g  the  

l i g n i n  f o r  i t s  f u e l  value as was done i n  the base case. 

Lignin, as a by-product from pu lp  and paper manufacture, has been 

t r a d i t i o n a l l y  u t i l i z e d  f o r  i t s  f u e l  value i n  paper m i l l s .  The l i g n i n ,  



which comprises approximately 25 percent of the wood feed to a paper 
mill, is solubilized in the white liquor solution during pulping and 

separated from the cellulose 'fraction as black 1 iquor. The black 1 iquor 
is then concentrated and burnt as fuel; however, only 57 percent of the 

original lignin is a net fuel by-product because of furnace 
inefficiencies and utilization of .some of the heat to concentrate the 

black liquor feed to the furnace. Alternatively, due to lignin's 
structure of aromatic rings linked with propyl groups and the presence of 

hydroxy ana methoxy groups, lignin has the potential to be utilized as a 
feedstock for the production of several useful chemicals. 

The structure of lignin contains only monoar'omatics, which are almost 

exclusively derived fromi petroleum today. In addition, those aromatics 
have hydroxy and methoxy groups attached to them, which, in the case of 

petro leum-der ived monoa(romat ics, have to be attached in a speci a1 

process. Lignin, therefore,' could potentially be used as a raw material 

for producing suzh chemicals as phenol, benzene, cresols and catechols. 
I 

Hydrocarbon Research has recently developed a process proaucing phenol, 
benzene and fuel c+il frcm kraft lignin. Kraft lignin,' which is dissolved 

I 

in phenolic form in the black 'liquor, can be precipitated by 
acidification with carbon dioxide and filtered at 60-80'~ to be used 

as feed to 'the HRI Lignol Process. The lignin feed is then hydrocracked 
in an ebullated bed reactor to hydrocarbon (fael.) gases and a liquid 

mixture o f  phenols, cate~l~ulb drld other h y a r o t a r ~ b ' r t ~  (tue'l oi I ) .  The 
alkylphenols and ' liquid monoarcjmatics are then hydrodealkylated to yield 

phenol and benzene. Reported net yields are 20.2 percent to phenol, 14.4 
percent to benzene and 10.9 percent to fuel oil, based upon original 

lignin. The hydrogen requirements for hydrodeal kyl ati on and 
hydrocracking are provided from makeup hydrogen. The plant fuel 

requirement is provided by some of the fuel oil produced, 

HRI's Lignol Process has been slightly modified to handle a lignin feed 
from the ABE facility. The primary aifference is that this lignin feed 
contains no ash or sulfur (H~S); thus, the sulfur recovery section 
has been eliminated. The following assumptions and. design parameters 



have been utilized to develop the preliminary. design of the Lignol 

section: 

a Overall process yields (weight percent based upon original 

lignin) : 
20.2 to phenol 

14.1 to benzene 

13.1 to fuel gas 

29.1 to Fuel oi 1 

a Hydrogen is provided as makeup. The fuel oil and fuel gas 

produced as a by-product of the Lignol process are used as fuel 

for process steam requirements for both the Lignol process and 

other ABE plant sections. 

a Net fuel oil to be credited t o  make steam ather  than that 

required for the Lignol process is 10.9 weight percent based 

upon original lignin. The remaining fuel oil (18.2%) meets the 

bignol process s team requirements, A 1  1 fuel gas produced (13.1%) 

goes to other process steam requirements. 

Product. yields from lignin hydrocracking are presented in Tables 

111-0-1, 111-0-2 and 111-0-3. 

TABLE I f  1-0-1 

GASEOUS- HYDROCARBON C O M P O S I T I O N  

W 1  % o f  Organie Lignin 

co 

CH4 

'zH6 

C3H8 

C4H8 

'4"10 

'sH1O 

C5H12 
Total hydrocarbon gases 



TABLE I 11-0-2 

LIQUID HYDROCARBON COMPOSITION 

Hydrocarbons (c,-300'~) 
u 

Hydrocarbons (300-465 '~)  

Pheno 1 s (300-465 '~)  

Catecho ls  (465-500 '~)  

Heavies ( 5 0 0 ' ~  +) 

T o t a l  l i q u i d  hydrocarbons 

+ phenols  

To ta  1 

Hz Consumption 

W t  % o f  Organic L i g n i n  

17.9 

8.3 

5.7 

37.5 

8.7 

2.4 - 

TABLE I I 1-0-3 

FRACTION ( W t  %). COMPOSITION OF PHENOL FRACTION 

I 

Phenol 6 !, 5 
o-Creso 1 3.6, 

m-p-Creso 1 s 21.6 
2, 4 Xy leno l  7.0 

' p -E thy lpheno l  33.2 
o-n-Propylpheno 1. 7.9 
p-n-Propylphenol  20.1 

Process D e s c r i p t i o n  

F i g u r e s  111-0-1-a and 111-0-1-b are  f l o w  diagrams r e p r e s e n t i n g  t h e  L i g n o l  

p rocess  b lock.  

\ 
"1'  - .. . . . ' . .... .. -. 
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The lignin-containing streams from enzyme hydrolysis, fermentation f i l t e r  

and the s t i l l a g e  f i l t e r  are reacted with hydrogen and recycled lignin- 
derived t a r  in an ebullated bed reactor. The ebullated bed reactor 
concept enables heavy liquids and solids (fed a t  the bottan of the 
reactor) t o  be reacted in the presence of high pressure hydrogen and a 
catalyst .  The upward velocity of the gas and liquid maintains catalyst  
movement w i t h  the reaction zone containing sol ids and 1 iquid introduced 
w i t h  the feed, liquid and gaseous products, hydrogen and catalyst .  
Contact between catalyst  and reactants i s  provided by the random motion 

of the constl tuents  wi th in  the reactor. 

The liquid products, namely, phenols, hydrocarbons, catechols and lignin- 
derived t a r ,  are sent t o  a d i s t i l l a t ion  column for  fractionation. The 
lower boi 1 ing hydrocarbon fraction i s  taken overheads with successive 
higher boiling cuts taken off a t  intermediate stages. The heavy llgnln 
t a r  i s  the column bottoms which i s  recycled to  the hydrocracker. The 
overhead hydrocarbon fraction i s  uti l ized as fuel o i l  for  plant needs and 
the two intermediate cuts,  which contain the phenols, catechols and 
heavier hydrocarbons, are combined and sent to  the hydrodeal kyl ation 
reactor. The high pressure hydrodealkylation reaction produces phenol, 
benzene and fuel gas (mostly methane). The gaseous reactor products are 
condensed with the bulk of the unreacted hydrogen being recycled to  the 

hydrodealkylation reactor from the flash drum. A portion of the gas i s  
sent to a hydrogen absorber where a small portion of the feed i s  used to  
absorb benzene from the hydrogen stream ar~d  raecycled back t o  the 
reactor. The pure hydrogen stream i s  then sent to  the lignin 
hydrocracker as hydrogen makeup. 

The liquid from the f lash drum i s  preheated by exchange against reactor 
effluent and fed to  a s tab i l izer .  The s tab i l izer  operates at  200-300 
psig, which minimizes benzene losses and removes the, l ight  components as 

well as any water present in the feed. The overhead fuel gas i s  
recovered and burned to  produce steam i n  the heat generation sectfon. 
The s tab i l izer  bottoms i s  sent direct ly  to  the clay towers where trace 
impurities are removed. The effluent from the clay towers i s  sent to the 
benzene tower which produces hi gh purity benzene as the overhead 



product ., The benzene column bottoms conta i  n ing  phenol and a hydrocarbon 

f rac t i on :  i n  t he  300-465'~ b o i l i n g  range i s  sent t o  a packed bed 

absorber. Here water i s  countercur ren t ly  contacted w i t h  the  feed 

absorbing phenol. The phenol water so1 u t i  on con'sti t u t e s  the co1 umn 

b o t t m s  and i s  sent ' t o  a water s t r i p p e r  where the  water i s  removed 

overhead f rom the  phenol product. The overhead hydrocarbon from the 

absorber i s  u t i l i z e d  as f u e l  o i l  f o r  p l a n t  f u e l  requirements. 

Economics and Energy Requirements 

Tables 111-0-4 and 111-0-5 are cos t  o f  product ion est imates f o r  the base 

case ABE low y i e l d  process w i t h  the  L igno l  process step s u b s t i t u t e d  f o r  

the  u t i l i z a t i o n  o f  l i g n i n  f o r  i t s  f u e l  value as i n  the base case. Table 

111-0-4 uses CSI-deri ved u t i l i t y  costs and Table 111-0-5 uses DOE-deri ved 

u t i l i t y  costs (1981 bas is ) .  These data are summarized and compared 

against  t he  ( rev ised)  base case values i n  Table 111-0-6. The f a c i l i t i e s  

produce 50 m i l  1 i o n  ga l lons  per year mixed solvents a t  a f a c i l  i t y  loca ted  

on t h e  U.S. Gul f  Coast/Louisiana i n  mid-1982. Table 111-0-7 i s  an ISBL 
investment breakdown f o r  the low y i e l d  w i t h  L igno l  f a c i l i t y .  

As can be seen from Table 111-0-6, t h e  L igno l  case produces mixed 

solvents f o r  2.49 do1 l a r s  per ga l l on  compared t o  2.60 do1 l a r s  per g a l l o n  

f o r  the base case. This  11 cent per ga l lon  advantage f o r  t h e  L igno l  case 

i s ,  o f  course, due t o  the h lgher  by-product c r e d i t  obtained from phenol 

and benzene, which more than o f f s e t s  the  increase i n  c a p i t a l  and 

u t i l i t i e s  requ i red  f o r  the L igno l  processing step. 

Based on the  thermal equivalent  of the e l e c t r i c  power requ i red  (assumed 

t o  be 10,000 Btu/kwh) p lus  the enthalpy o f  the steam requirements 

(assuming an 85 percent generat ion e f f i c i e n c y )  m i  nus the energy c r e d i t  

accru ing from the  product ion o f  benzene and phenol as by-products, 

i nco rpo ra t i on  o f  t he  L igno l  process would r e s u l t  i n  an annual energy 

consumption o f  3.27 t r i l l i o n  Btu. This represents a decrease i n  energy 

consumption o f  about 39 percent r e l a t i v e  t o  the base case. 



COST OF PRODUCTION E S T I M A T E  FOR AEE 
PROCESS- LOU Y I E L I l i L I G N O L  

C P P I T A L  5lJMMARY --------------- 

r(!?SIS Cf iP I IAL-GQ91 %nIL_LIg !  
L o c a t i o n :  U . S .  G u l f  C o a s t  B a t t e r y  L i m i t s  1 3 5 . 6  

H i  d - 1 9 8 2  O . f i s i t e s  8 3 . 8  
C a p a c i  t ~ :  5 0 . 0 0  m i l l i o n  q s l l o n s i y r  ------ 

2 2 , 6 8 0  mc t r i c t ons i r . 1 -  T o t a l  F i x e d  I n v .  2 2 5 . 4  
S t r -  . T i m e :  8 0 0 U  h o u r s  p e l -  y e a r  U o r k  i n  g Cap  i t a I l g .  2 

PRODUCTTON COST SUMMARY ....................... 
U N I T S  

RAU M A T E R I A L S  
-- - -=--- - - - -  PER GAL ------- 

A s p e n ,  ~b 5 1 . 0 0 9 L 5  
S u l f u v l c  A c i d ,  I b  , 2 7 7 9 0  
C . a ! c i u m  H v d r o r  i d e ,  ( b  , 1 9 7 3 8  
S o d ~ u l n  H y d r ' o x i d e .  I b  .On030 
i. G i n  , I b . 0 0 8 5 0  
Amman i um S u l f a t e ,  I b  , 4 4 4 U  0  
! < u p e 1 - ~ h o s p h i + e i 4 6  :), l b  1 , 9 1 3 7 5  
C a l c i u m  C a r b o n a t e .  I b  , 8 3 0 3 4  
H Y ~ I - o q e n .  ! b  ,23878 
1:a?3!,yst  h C h e m i c d l c  

P R I C E ,  
C/ 'UNIT ---- 

1 . 0  
4 , z  
2 . 0  

2 6 . 0  
4 , s  
3 . 0  
8 . 0  
2 . 7  

4 0 . 0  

GNNUAL 
COST, %M 
--3i i ,  7oz 

5 9 8  
1 9 3  
1 1 4  

19 
6 6 6  

7,555 
1 . 1 8 9  
8 , 6 6 4  
2 , 0 0 0  --------- 

c 9 a,, ? 0 3  

CENTS 
PER GAL ------- 

IiOLLARS./ 
MET TON -------- 

TOTAL EAW M A T E R I A L S  

TOTAL U T I L I T I E S  

f o r e m e n ,  13 Men 1 2 7 ,  0 ? 0  2 i l i S  
S u r o r ! ~ i z i n n ,  3 Man 3 B 3 5 , 0 0 0  3 Man 
i - i a i n t . ?  H ~ t e i - i a l  L , j b o i  5 2  o f  TSaL 

T:.>T&L C P E R G T J N !  ::!IS T 
ij 'b: E R I ,I C el !:I E :a: E t.! ;; - - .. - - . - - - - . . - - - .- . , - - . - - - . - 
r l i ;-e#:t ua....ej-hedJ L L : ; ~  L a b .  S u p .  
h e n .  Pid1.1.l. i ~ u ? r h p : ~ ; j  .5.5:: u p p i - .  C o s t s  - 
I n s u r ~ n c e ,  P r o p .  1 . 3 ~  1 . 5 %  T O ? .  F I X .  I n u  

TOTAL CIVERHEACI E:<PEi.(SES 
E ~ - f ~ g q g g ~ - g ~ E q ~ I  
C a r h n n  O i o x i d e .  I b  

P h e n o l ,  I b  1 .152362  3 2 . 5  - 1 6 , 5 3 5  
B e n z e n e ,  I b  , 7 2 9 7 2  2 0 . 7  -7 ,553  

.--------- 

TOTAL BY-PROD~-ICT C R E i l I T  
- - 3 5 , 7 9 1 1  ---------- ---------- 

CASH COST OF PRODUCTION 5 5 , 6 8 9  

D E P R E C I A T I O N  2 0 %  I S E L  + 1 0 X  OSEL . ~ * 5  , 1 0  0  7 2 . 2 0  I s ? : !  . ':L - 
.---------- ---.- ---.--- ------- ------- --.. - -------- ------- - 

, NET COST OF PRODUCTION 9 1 , 7 8 9  193.57 11. 13 4 7 . 'i .7 
. . ..: +... . . 

.,>j ,, >/ ,.. -,- ".'-:REQuI.RED . ..> SALES P R I C E  AT 1 0 2  I lCF  2 4 9 . 4  5k-98.0 
. . , ' I '  ' . .  \ .., . (. ., . 

. . ' . ', 
t.. 



2 5 
TABLE 111-D-5 

COST OF PRODUCTION ESTIMhTE FOR ABE 
PROCESS- LOU Y.IELD/LIGNOL 

PASIS C A P I T A L  COST ------------ sPl;_Lll,oEJ 
L o c a t i o n :  U . S .  G u l f  C o a s t  B a t t e r y  L i m i t s  1 3 5 . 6  

M  i d-19R2 O f f s i  t e s  8 9 . 8  
C a p a c  i  t y :  5 0 . 0 0  m i l l i o n  q a l l o n s / y r  ------ 

22,680  m e t r  i c  t o n s / y r  T o t a l  F i x e d  I n u .  - ??5 - . 4  
S t r , T i m e :  8000 h o u r s  p e r  y e a r  U o r k  i n q  C a p i t a l  1 7 . 9  

PRODUCTION COST SUHHARY ....................... 
?INITS 

RAW MATERIALS ------------- PER GAL 
A s p e n ,  I b  6iTBZTPZ5 
S u l f u r i c  A c i d ,  I b  ,27790 
C a l c i u m  H y d r o x i d e ,  I b  . I 9 7 9 8  
S o d i u m  W y d r o x  i d e ,  I b  .00880 
C o r n ,  I b  .00850 
Ammonium S u l f a t e ,  I b  . 4 4 4  0 0 
S u p e r p h o s p h a t e ( 4 6  ) ,  I b  1 .91375  
C a l c i u m  C a r b o n a t e ,  I b  , 88  0 3 4  
H y d r o g e n ,  l b  ,28878 
C a t a l y s t  8 Chemi  ca  I s  

TOTAL RAU HATERIALS 

IJIILIILES 
P o w e r ,  kUH 

PRICE,  
c / U N I T  

'iT7i 
4 . 3  
2 . 0  

2 6 . 0  
4,s 
3 , O  
8 . 0  
2 . 7  

6 0 . 0  

ANNUAL CENTS DOLLARS/ 
COST, B E  PER-GAL MET TON 
'-38,906 

-------- 
598 
198 
114 

19  
666 

7 , 6 5 5  
1 , 1 8 9  
9 , 6 6 4  
2 ,000  --------- 

r -! 
,!&, , 0 0 9  1 0 4 . 0 1  - 7 ? G 3 , 2 0  - .. 

C o a l i n q  U a t e r ,  M  G a l  ,42232 5 . 9  1 , 2 2 5  
P r o c e s s  U a t e i - ,  il G a l  ,03304 6 0 . 0  99 1 
Steam,ZO p s i s ,  H  L b  ,06390 2 9 5 . 0  7 , 4 2 5  --------- 

TOTAL U T I L I T I E S  l * ,  654 3 3 . 3 1  
9 - i ~ 4 . 3 1  

OPERATING COSTS --------------- 
L a b o r ,  60 Men 4 8 25,500  1 3  M/S 
F o r e m e n ,  1 3  Men @ S  29 ,000  2  H.iS 
S u p e r v i s i o n ,  3 Man @ J  35,000  3 Man I  0.5 
M a i n t . ,  M a t e r i a l  R L a b o r  tZ o f  I S a L  8 ,  l3'~, --------- 

TOTAL O P E R A T I N G  %@ST l l > , l 4 8  20 . 2 9  I+U: I+: 

G e n .  P l a n t  O v e r h e a d  657: O p e ) - ,  C o s t s  6 , 5 9 6  
I n s u i - a n c e ,  P r o p .  T a x  1 . 5 %  T o t .  F i x .  I n u .  3 , 3 8 1  

TOTAL OVERHEAD EXPENSES 1 0 , 3 9 3  2 1 . 7 6  4 7 9 .  814 
g ~ - p ~ p g g c ~ - c ~ y g ~ I  
C a r b o n  D i o x i d e ,  I b  9 .1231?  2 . 8  - 1 1 , 3 7 3  
SCP, I b  ,03051 1 5 . 0  -229 
Phen.01, I b  1 .02362  3 2 . 5  ' I d :  hf? 

,72972 20 - 7  - - 
B e n z e n e ,  I b  i , 5 5 3  --------- 

TOTAL BY-PROIlUCT CREKlIT - -r 
J.J, ??? ' 71 .58  '1578 .04  ---------- ---------- ------- ----------- ------- ---------- 

CASH COST OF PRODUCTION 5 3 , 9 0 4  107 .80  2 3 7 t , .  75 - 
DEPRECIATION 20% I S B L  + 1 0 %  OSBL 36 ,100  72 .20  1 5 ~ : ~  ;;2 ---------- ---------- ------- ------ - .... ------- ---------- 

NET COST OF PROIIUCTION 9 0 ,  o n 4  190 .00  33.5~;. 4  7 

REQUIRED SALES PRICE AT 1 0 %  DCF 245.5 5 4 1 2 . 3  



TABLE I 11-0-6 

SUMMARY OF ABE FERMENTATION PROCESS ECONOMICS AND 
ENERGY REQUIREMENTS FOR LOW Y IELO/LIGNOL PROCESS 

Basis:  50MM ga l l year ,  U.S. G u l f  Coast/Louisiana, 
M i  d- 1982 

CSI U t i l i t i e s  DOE U t i l i t i e s  
1.i-qnol B ase L i  gnol Base - 

Investment, $MM 
B a t t e r y  1 i m i  t s  135.6 92.8 135.6 92.8 
O f f  s i  t e s  89.8 97.3 89.8 97.3 
To ta l  f i x e d  investment 2 2 ' 5 f  rn z?z i!zn 

Cost o f  product ion,  $/gal  
Raw ma te r i  a1 s 104.01 86.59 104.01 86.59 
U t i l i t i e s  36.88 43.37 33.31 37.00 
Operat ing cos ts  20.29 15.16 20.29 15.16 
Overhead expenses 21.76 17.37 21.76 17.37 
By-product c r e d i t  7 1 . 5 8 )  2 3 . 2 0 )  f71.58) '{;;::!) Cash cos t  o f  p roduc t ion  11.37 39.28 07.80 
Oepreci a t  i on 

Net cost  uf produc t ion  

S e l l i n g  p r i c e  a t  10% DGF 249.4 259.8 245.5 252.8 

Energy requ i red ,  MBtuIgat 
of product  65.4 107.4 65.4 107.4 

TABLE I I 1-0-7 

ISBL INVESTKNT BREAKDOgN FOR LOW YIELD/LIGNOL PROCESS 

Raw mate r i  d l s  handl ing 
Prehydro lys is  
Enzyme produc t ion  
Enzyme h y d r o l y s i s  
Fermentat ion 
P u r i f i c a t i o n  
Heat generat ion 
C02 recovery  
L i  gnol 
Overhead 
Cont ingencies 

To ta l  

MMS - 



E. Bael ene Sol vent Ex t rac t i on  

Oesiqn Basis 

Contacts w i t h  Baeol, Inc. have un fo r tuna te l y  no t  y ie lded  the  type o f  

i n f  ormation requ i red  t o  per f  o n  a  d e t a i l e d  techn ica l  and economic 
evaluat ion o f  t h e i r  so lvent  ex t rac t i on  process. Therefore, a  number o f  

assumptions have been made, and these i n  con junc t ion  w i t h  the  in fo rmat ion  

tha t  was made a v a i l a b l e  form the basis f o r  the analys is .  

The patent  in fo rmat ion  contains some e x t r a c t i o n  i n fo rma t i  on on 

butanol and ethanol i n  var ious f luorocarbon solvents but  contains no data 

fo r  acetone. Subsequent conversations w i t h  Baeol i nd i ca ted  t h a t  new data  

had been obta ined f o r  an unknown so lvent  system which e s s e n t i a l l y  

ex t rac ted  a1 1  o f  the butanol , acetone and ethanol.  Unfor tunate ly ,  t h e  

new data were bn l y  ava i l ab le  v i a  a  secrecy agreement, which would no t  

al low us t o  pub l i sh  the  r e s u l t s .  Therefore based on the in fo rmat ion  t h a t  

was made a v a i l a b l e  i n  the patent, the  f o l l o w i n g  assumptions are made: 

Baeol has i nd i  cated tha t ,  based on i n f  ormat i on rece i ved from 

experts. p rev ious l y  working i n  t he  fermentat ion ABE indus t ry ,  

fermentat ion cond i t ions  can be se t  such t h a t  e s s e n t i a l l y  a l l  the  

acetone (a long w i t h  a  subs tan t i a l  q u a n t i t y  of water and t o  a  

lesser  ex ten t  butanol and ethanol)  can be s t r i pped  from the beer 

by the  evolved C02 and H2 gases i n  a  manner s i m i l a r  t o  

vacuum fermentat ion. I n  order t o  use the fermentat ion sec t ion  

base case design, however, i t  i s  assumed t h a t  no solvents are 

evaporated dur ing  fermentat ion, and t h a t  the  feed t o  p u r i f i c a t i o n  

contains a l l  the products formed du r ing  fermentat ion.  I f  the 

acetone were evaporated dur ing f e n e n t a t i o n  along w i t h  a  

s i g n i f i c a n t  q u a n t i t y  o f  water, then t h a t  .stream would a l so  have 

t o  be p u r i f i e d  i n  some manner, e.g., by e x t r a c t i o n  o r  

d i s t i l l a t i o n .  I n  e i t h e r  case, whether the acetone i s  o r  i s  no t  

1 U.S. Patent 4,260,836, ( A p r i l  7, 1581) t o  Sidney Levy. 



evaporated, a s i m i l a r  amount o f  e x t r a c t i o n  has t o  take place, 

i.e., i d e n t i c a l  q u a n t i t i e s  o f  so lvents must be recovered i n  some 

manner. 

2. F-21, o r  monofluoro dichloromethane i s  chosen as the  solvent .  

General ethanol  and butanol e x t r a c t i o n  data are a v a i l a b l e  from 

the  patent,  and i t  i s  assumed t h a t  acetone i s  ex t rac ted  i n  a 

manner s imi  1 a r  t o  butanol . 
3. F-21 i s  0.95 weight percent  so lub le  i n  H20 and water i s  0.16 

weight percent  so lub le  i n  freon, bo th  a t  25' and 1 

atmosphere. Although these s o l u b i l i t i e s  are comparat ively low, 

i t  must be r e c a l l e d  t h a t  a very l a rge  q u a n t i t y  o f  water i s  

invo lved (about 3 m i l l i o n  pounds per hour),  making the p o t e n t i a l  

l oss  of f reon meaningful. Fo l lowing countercurrent  ex t rac t i on ,  a 

s i g n i f i c a n t  amount o f  F-21 (about 28,000 pounds per hour) i s  

t r a n s f e r r e d  t o  the  d i l u t e  aqueous phase. Since F-21 i s  

r e 1  a t i v e l y  expensive, i t  i s  economical ly u n a t t r a c t i v e  t o  prov ide 

makeup F-21 t o  account f o r  t h i s  loss.  Therefore the  F-21 must be 

recovered f rom the  d i l u t e  aqueous stream. I n  l i e u  o f  any novel 

e x t r a c t i o n  process which m i  ght  accompl i $ h  t h l  s separat ion, 

d i s t i l l a t i o n  o f  the d i l u t e  aqueous stream i s  the assumed method 

o f  recovery. 

Process Oesc r ip t i on  

A conceptual i zed  f lowf t ieet  f o r  the Baelene solvent  extraction process i s  

presented i n  F igu re  111-E-1. 

A d i l u t e  mixed so l ven t  stream con ta in ing  approximately 1.43 weight 

percent  t o t a l  s o l  vents from fermentat ion Is contacted coun te rcu r ren t l y  

w i t h  a so l ven t  i n  a two stage m i x e r - s e t t l e r  e x t r a c t i o n  system. The 

so lvent  o f  choice here i s  monof l uo ro  dichloromethane (F-2.1) which has the 

a b i l i t y  t o  e x t r a c t  ethanol ,  butanol and ( i t  i s  assumed) acetone w i t h  very 

low m i s c i b i l i t y  w i t h  water. I n  add i t ion ,  F-21 i s  extremely v o l a t i l e ,  





having a b o i l i n g  p o i n t  o f  4 8 ' ~  a t  atmospheric pressure. I n  order f o r  

the e x t r a c t i o n  t o  take  p lace i n  the l i q u i d  phase a t  70°F, the 

m i x e r - s e t t l e r  opera t ion  must be under 28 psia. 

The m i x e r - s e t t l e r  opera t ion  takes p lace as fo l lows.  The d i l u t e  beer feed 

' i s  contacted w i t h  t h e  organic phase from the  second stage, thoroughly 

mixed and decanted. The aqueous phase from the  f i r s t  stage becomes the 

feed t o  t h e  second stage which i s  contacted w i t h  f r e s h  recyc le  solvent .  

The organic phase from the f i r s t  stage i s  the e x t r a c t  and contains nea r l y  

a l l  the butanol,  e thanol  and acetone. The aqueous phase from the  second 

s e t t l e r  which conta ins  most o f  the water i s  sent t o  a solvent  recovery 

column where t h e  F-21 i s  recovered overhead. The feed t o  the  solvent  

recovery column i s  a t  7 0 ' ~  and must be heated t o  the bubble p o i n t  of 

t h e  mlxture,  which i s  e s s e n t i a l l y  a l l  water. A f i r s t  preheat ing* '  step 

uses atmospheric steam generated i n  p rehydro lys is  t o  b r i n g  the m ix tu re  t o  

94'~. Steam a t  50 p s i g  i s  used t o  b r i n g  the m ix tu re  from 9 4 ' ~  t o  

i t s  bubble po in t .  Th i s  sensib le heat requ i red  t o  preheat the  feeda,'is the 

pr imary energy consumption due t o  the volume o f  water (/L 3 m ' i l l i o n  

pounds per  houf) be lng  heated. Add i t i ona l  energy i s  requ i red  t o  d i s t i l l  

the F-21 i n  t he  recovery column; however, t h i s  i s  o n l y  a f r a c t i o n  o f  

t h a t  r r lq l l i red t o  preheat t he  feed. R e f r i g e r a t i o n  i s  requ i red  t o  condense 

the  overhead F-21 vapors t o  be re f luxed.  

I n  t h i s  opera t ion  approximately 99 percent of the butanol and acetone and 

85 percent o f  the ethanol  are recovered. in the ex t rac t .  The e x t r a c t  

conta ins approximately 8.9 percent butanol , 4.4 percent acetone' and 8 

percent ethanol  w i t h  a t race  o f  water. The remainder o f  the e x t r a c t  i s  

t h e  solvent,  F-21. 

The ex t rac t ,  which f s  a t  28 p s i a  and 70°f, i s  sent through a ser ies  

of preheat ing steps p r i o r  t o  f lash ing .  The f i r s t  preheat ing step i s  

accomplished w i t h  atmospheric steam generated i n  t he  prehydro lys is  

sect ion.  The second preheat ing step, te rminat ing  i n  a feed temperature 

o f  343 '~  i s  accompiished w i t h  200 p s i g  steam. The e x t r a c t  stream i s  

then letdown t o  atmospheric pressure where 60 percent of the  feed i s  

f 1 ashed a t  90'~. 



A relat ively pure F-21 vapor stream i s  obtained (97 percent F-21)  
containing only traces of butanol, ethanol, acetone and water, which are 
easi ly  condensed i n  a partial  condenser and separated in a drum. 

The liquid stream from the flash vessel s t i l l  contains about 68 percent 

F-21, 23 percent butanol andl 7.5 percent acetone. This stream i s  sent to  
a solvent recovery column where the remaining solvent i s  taken overhead 

and combined with the vapor stream from the separation drum. This pure 
F-21 stream i s  compressed to  28 psia, condensed and recycled w i t h  fresh 

solvent makeup to the second stage mixer-settler. 

The bottoms from the solvent recovery column i s  combined w i t h  the liquid 
condensate from the separation drum and sent to  an acetone recovery 
column. Here the acetone i s  taken overhead as d i s t i l l a t e  and sent to  
product storage. The acetone recovery column bottoms, which contains 
most of the butanol and ethanol, i s  sent to  the product recovery coiumn. 
The product recovery column separates butanol and ethanol into separate 
components, the ethanol/H20 azeotrope forming the overheads, the 
remaining water/butanol azeotrope i s  taken as an intermediate cut,  and 
butanol forms the column bottoms. 

The butanol/water azeotrope cut from the product recovery column i s  sent 
to  a butanol column where pure butanol i s  recovered as the bottoms. The 
overheads i s  a 70 percent butanol/water stream which i s  decanted. The 
organic layer (80 percent butanol) i s  r.efluxeJ Lack t o  the column, while  

the aqueous layer ( 4  ,percent butanol) i s  recycled to the product recovery 
col umn . 

Economics and Enerqy Requirements 

Tables 111-E-1 and 111-E-2 rppresent c o s t  of production estimates f o r  the 

ABE low yield case with a Baelene solvent extraction scheme as described 
above using CSI and DOE u t i l i t i e s ,  respectively. These data are 
sumarized and compared aganst the (revised) base case values in Table 
1114-3. Both cases are for a 50 million gallon per yea'r ABE f a c i l i t y  

located on the U.S. Gulf Coast in mid-1982. 



TABLE 111-E-1 

COST OF PRODUCTIOt4 ESTIMATE FOR APE 
PROCESS- LOU Y IELD 

CAPITAL SUHflARY -------.-------- 

PASIS ----- 
L o c a t i o n :  U . S .  G u l f  C o a s t  

H i d - 1 9 a 2  

@!iI?&-c!SI Lf i ILLIOiJ  ------- 
B a t t e r y  L i m i t s  1 0 2 . 4  
O f f s i t c s  8 9 . 3  

C a p a c i t y :  5 0 . 0 0  m i  l l i o n  g a l  l o n s / v r  ------ 
2 2 , 6 8 9  me tr i c t o n s / y r  T o t a l  F i x e d  I n u .  1 9 1 . 7  

S t r . T i m e :  8000  h o u r s  p e r  y e a r  U o r k  i n q  C d p i  t a l  1 6 , 4  

PRODUCTION COST SUMMARY ....................... 
CEIiTS DQLLAI?S/' 
PE? GAL MET T O ? J ~  ------- -------- 

ANNUAL 
RAU HATERIALS ------------- 
A s p e n .  I b  

PER G A L  ------- 
6 1 . 8 0 1 4 5  

s i ' l f u + i c  A c i d ,  l b  , 2 7 7 9  1) 
C a l c i u m  H y d r o x i d e ,  I b  , 1 9 7 3 8  
S o d i  urn H v d r o x  i d e ,  I b  . 0 0 8 8 0  
C o r n ,  l b  , 0 0 9 5 9  
Ammonium S u l f a t e ,  l b  . U449 0 
S u o e r ~ h o s p h a t ? ( U 6  1 ,  l b  1 . 9 1 3 7 5  
C a l c i u m  C a r b o n a t ? ,  l b  . 8 8 0 3 4  
C a t a l y s t  8 C h e m i c a l s  

TOTAL RAU MATERIALS 
U T I L I T I E S  --------- 
P o w e r ,  kUH 
C o o l i n g  U a t e r ,  tl G a l  . 1 7 1 4 9  5 , 8  4 3 7  
P r e c e s s  U a t c r ,  ?l G a l  , 0 3 3 0 4  6 0 . 0  9 9 1  
Steam,SO p s i g ,  H L b  , OU726 3 9 1 . 0  9 , 3 5 7  
S t r a m , 2 0 0  p s i q ,  H L b  . 0 2 0 9 6  3 9 . 5 . 0  4 , 1 5 0  --------- 

TOTAL U T I L I T I E S  1 9 , 5 4 6  
OPERATING COSTS --------------- 
L a b o r ,  6 0  Hen @ S 2 5 , 5 0 9  1 3  H i s  1 , 5 3 i l  
F o r e m e n ,  1 3  Hen @ % 2 9 , 0 0 0  2 f l /S 3 7 7  
S u p e r v i s i o n ,  3 Han @ 1  3 5 , 0 0 0  3 Man 1 95 
M a i n t . ,  M a t e r i a l  6 L a b o r  6 %  o f  I S E L  6 , 1 4 4  

-----.*--- 

TOTAL OPERATING COST 8 , 1 5 6  
OVERHEAD- EXPEidSES 
----------411---- 

D i r e c t  O v e r h e a d  4 5 %  L a b .  R SUP - 

Gen.  P l a n t  O v e r h e a d  65% O p e r .  C o s t s  5 , 3 0 1  
I n s u r a n c e ,  P r o p .  Tax 1 . 5 %  T o t .  F i x .  I n u .  2 , 3 7 5  --------- 

TOTAL OVERHEAD EXPENSES 9 , 0 9 2  
fJJ-p!otgcm,gEggJL 
C a r b o n  D i o x i d e .  l b  - -  - 

SCP, I b  , 0 3 0 5 1  1 5 . 0  - 2 2 9  --------- 
TOTAL BY-PRODUCT CREDIT '11,602 ---------- ---------- 

CASH COST OF PRODUCTION 5 8 , 4 7 8  

I lEPRECIATION 20% I S B L  1 0 %  OSBL 2 9 , 4 1 0  - -a--------- -------a 

NET COST OF PRODUCTION 9 7 , 9 3 3  



3 3 
TABLE I I I-E-2 

COST OF PRODUCTION E S T I M A T E  FOR ARE 
PROCESS- LOU Y I E L D  

P A S I S  ----- 
L o c a t i o n :  U . S .  G u l f  C o a s t  

C A P I T A L  COST ------------ B f l I L L I O N  ------- 
F a t t e r ~  L i m i t s  1 6 2 . 4  

PI i d -19B2 O f f s i  t e s  5 9 . 3  
C a p a c i t y :  5 0 . 0 0  m i l l i o n  g a l ! o n s / y r  ------ 

2 2 , 6 8 0  m e t r i c  t o n s / ~ ~  T o t a l  F i x c d  I n v ,  1 P 1 , 7  
S t r - T i m e :  ROO0 h o u r s  p e r  y e a r  Work  i n q  Cap i t a  l 10.2 

PRODUCTION COST SUPlilARY ....................... 

RAW MATER1AL.S ------------- 
A s p e n ,  I b  

U N I T S  P R I C E ,  ANNUAL CENTS D@LLAF!S,/ 
PER GAL c / U N I T  ---- COST, 3 M  PER GAL V E I - I C y -  

c;i:gij833 ---- ------- 
1 . 0  3 0 ,  POg 

S u l f u r i c  A c i d ,  ( b  .. 2 7 7 9  0  
C a ! c i u m  H y d r o x i d e ,  I b  , 1 9 7 9 8  
S o d i u m  H y d r o x i d e ,  I b  . 0 ? 8 8 0  
C o r n ,  l b  . 0  0 8 5 0  
Ammonium S u l f a t e ,  ! b  , 4 4 4 0  0  
S u p e r p h o s p h a t e ! 4 . 4  j ,  I b  1 , 4 1 3 7 5  
C a l c i u m  C ~ I - b o n a ? e ,  l b  a 8 8  0  3 4  
C s t a l y s t  R C h e m i c a l s  

TOTAL RAU H A T E R I A L S  4 3 , 2 9 5  R 6 . 5 9  :30?3.  ='? 
U T I L I T I E S  --------- 
P o w e l - ,  k  WH 2 . 8 4 3 9 5  4 . 3  6 . 1 1 5  . - -  

C o o l i n g  W a t e r ,  M G a l  . I 7 1 4 9  5 . e  4 9 7  
P r o c e s s  W a t e i - ,  Pi 1331 , 0 3 3 0 4  j i j  . [I 5'3 1 
S t e a m , 5 ?  p s i g ,  M L b  . I 1 4 7 3 6  2 9 5 . 0  7 , 0 5 9  
P o t e i m , Z O @  p s i g ,  H  L b  s 0 2 0 3 6  2 7 3 . 0  3 , 1 3 4  --- ------ 

TOTAI.. U T I L I T I E S  1 7 , 7 9 6  3 5 . 5 9  7 3 14 , .s .;:. 
OPERATING COSTS -------- --.----- 
L a b o i - ,  6 0  Men @ B 2 5 , 5 0 0  
F o r e m e n ,  1 3  Men O 2 3 , 0 0 0  - 2 M/'S 
S u p t i - u  i 5 i a n ,  2 t l a n  I:$ B 1 5 , 0 ? 0  3 t l i n  
M s i n t , ,  H t ; t e i - i a l  5 L a b a r  6:: o f  I .SFL  

T i l T A L  O P E P A T : [ r J i ~ ~  C O S T  
I~'~E:RI-IE,>~I E:;cpE)J3EE,z. - . - . -. -- . - - - . . - .- -- - . . - . ., . , - - - . - . 
K I i i - . i c t  Cluel-hc.a?J 4 5 Z  L a b .  ,< , ; u p .  
G r n .  P ! d n t  C!v41-he5d 65X riper-. C o c . . t ~ .  
I n c u r i n c c ,  P i - O P .  T a x  1 . 5% T o t .  F I X .  I n u  

TOTAL OVERHEAD EXPENSES 
~ ~ - ~ n q ~ g g I , g ~ g g r I  
C a r b o n  D i o x i d e ,  l b  
S C B ,  I b  , 0 3 0 5 1  1 5 . 0  - - - .  ??3 

--------- 
TOTAL BY -PWOIlUCT CEEI I IT  -11,502 - 2 3 . 2 0  -r 8 .  

.:a 1 .I .  . 5 5 ---------- ---------- ------- --------..--.. - - - - - - - - - - - - . - - - . . .- - 
CASH COST OF PRODUCTION 66 ,728 1 3 3 . 4 5  291-12 .  1 7  

DEPRECIATION 207: I S E L  + 1 0 X  OSFL 2 3 , 4 1 0  5 8 . 3 2  1 2  . 7 =; ---------- ---------- ----- -- ------ ------ - ------ 
NET COST OF PRODUCTION 9 6 , 1 3 8  1 9 2 , 2 7  4 2 7 5  , .? j, 

REQUIRE11 SALES PRICE AT 1 0 %  I lCF 



TABLE I I I -E -3 

SWMARY OF PROCESS ECONOMICS AND ENERGY REQUIREMENTS 
FOR ABE LOW Y IE LO BAELE NE SOLVENT EXTRACTION CASE I 

Basis :  50 MM g a l / y r  US G u l f  Coast 
M i  d-1982 

CSI U t i l i t i e s  DOE U t i l i t i e s  
Bael ene - Base Base Baelene 

Investment ,  MM$ 
B a t t e r y  l i m i t s  102.4 92.8 102.4 92.8 
O f f  s i t e s  89.3 97.3 89.3 97.3 

T o t a l  f i x e d  investment  TX-7 TVbTT n'I-7 imx 
Cost o f  p roduc t ion ,  4 / l b  

Raw mater  i a1 s 
U t i l i t i e s .  
Opera t ing  c o s t s  
Overhead exoenses 
~ ~ ~ ~ r o d u c t  c r e d i t  
Cash c o s t  o f  p roduc t i on  

Oep rec ia t i on  58.82 56.58 58.82 56.58 
Net c o s t  o f  p roduc t i on  m ' r 9 5 . 8 5  192.27189.48 

S e l l  l n g  p r l  ce a t  10% UCF 258.0 259.8 254.1 252.8 

Energy requi rements ,  MBtu/gal 
o f  product  100,4 167.4 100.4 107.4 

I n  comparing these  economics aga ins t  r e v i s e d  b,ase case economics, i t  can 

be seen t h a t  t h i s  s o l v e n t  e x t r a c t i o n  scheme o f f e r s  l i t t l e  advantage over  

conven t i ona l  d i s t i  11 a t i o n .  Less than  two cen ts  per ga l  l o n  separates t h e  

two processes. Th i s  i s  d1.r~ t o  t h e  f a c t  t h a t  a l though  bu tano l ,  acetone 

and e thano l  have been e x t r a c t e d  w i t h  l i t t l e  energy consumption, t h e  

r ecove ry  of t h e  F-21 s o l v e n t  f r om  t h e  d i l u t e  aqueous waste stream i s  

a lmost  as c o s t l y  i n  steam as t h e  o v e r a l l  sepa ra t i on  i n  conven t iona l  

d i s t i l l a t i o n .  Th i s  i s  caused by t he  f a c t  t h a t  t he  vas t  volume o f  water 

has t o  be heated t o  column temperature i n  bo th  cases. A l though t h e r e  i s  

a s l i g h t  sav ings  i n  steam consumption f o r  t h e  Baelene case, more power i s  

used f o r  t h e  r e f  r i g e r a t i o n  system. Th i s  r e s u l t s  i n  v i r t u a l l y  i d e n t i c a l  

economics f o r  t h e  two cases. 



Based on the  thermal  equ i va l en t  o f  t h e  e l e c t r i c  power r e q u i r e d  (assumed 

t o  be 10,000 Btu/kwh) p l u s  t h e  en tha lpy  o f  t h e  steam requi rements  

(assuming an 85 percen t  genera t ion  e f f i c i e n c y )  , i n c o r p o r a t i o n  o f  t h e  

Baelene Drocess would r e s u l t  i n  an annual energy consumption o f  about 

5.02 t r i l l i o n  Btu. Th is  represen ts  a  decrease o f  about 6 percen t  i n  

energy consumption r e l a t i v e  t o  t h e  base case. 

F. Dual Enzyme System 

Desian Basis 

I n v e s t i q a t i o n s  of m i l d  a c i d  p r e h y d r o l y s i s  as a  p re t r ea tmen t  f o r  

enzvme h y d r o l y s i s  have r e c e n t l y  a t tempted t o  op t im i ze  t h e  c o n d i t i o n s  of 

~ r e h . y d r o l v s i s  and enzyme h y d r o l y s i s .  The base case model analyzed 

p r e v i o u s l v  chose p r e h y d r o l y s i s  r e a c t o r  c o n d i t i o n s  t o  be 0.5 pe rcen t  

s u l f u r i c  ac id ,  res idence  t ime of 12 seconds and a  temperature of 

1 9 0 ~ ~ .  I t  a l s o  assumed t h a t  t h e  h y d r o l y s i s  o f  amorphous c e l l u l o s e  

and hem ice l l u l ose  occurs almost i ns tan taneous l y  w i t h  a  95 mol pe rcen t  

conversion. Th i s  p re t rea tment  r e s u l t e d  i n  an enzyme h y d r o l y s i s  y i e l d  of 

90 mol percen t  c e l l u l o s e  t o  glucose a t  a res idence  t ime  o f  24 hours,  and 

an enzyme l o a d i n g  of RUT-C-30 produced enzymes of 12.5 IU/gm c e l l u l o s e .  

More recen t  d a t a f 2 )  have r e s u l t e d  i n  s i g n i f i c a n t l y  b e t t e r  y i e l d s .  

Stud ies were conducted which compared enzyme h y d r o l y s i s  y i e l d s  a t  

d i f f e r e n t  p r e h y d r o l v s i s  c u n d i t i o n s  f o r  d j f f e r e n t  enzyme loadings and 

enzyme systems. It was found t h a t  t h e  most e f f e c t i v e  p r e h y d r o l y s i s  

c o n d i t i o n s  ( t h e  ones which made t h e  c e l l u l o s e  most access ib l e  t o  

e n z m a t i c  a t t a c k )  were a t  203O~,  0.275 percen t  H2S04 and 7.9 

second res idence  t ime.  When o n l y  RUT-C-30 c e l l u l a s e  i s  used (RUT C-30 

n a t u r a l l y  produces p r i m a r i l y  B -g lucanase w i t h  1  i t t l e  8 -g lucos idase  

f c e l  l o b i a s e l ,  q lucose y i e l d  i s  depressed because o f  the  accumulat ion of 

c e l l o b i a s e .  When a  smal l  amount of 8 -g l ucos idase  i s  added i n  t h e  form 

of a  NOVO c e l l o b i a s e  250L s o l u t i o n ,  s i g n i f i c a n t l y  h i ghe r  g lucose y i e l d s  

711 Grcl th le in,  H.E., e t  al. ,  "Annual Repor t  on Ac?d Hyd ro l ys i s  of 
Cel l u l o s i c  Biomass," March 1980-March 31, 1981. 

( ? \  Gre th le in ,  H.E., e t  al. ,  "Second Annual Report  on Ac id  Hyd ro l ys i s  of 
C e l l u l o s i c  Biomass," March 1981-August 1982. 



are realized. Quantitative yields can be obtained at about 12.5 hours 
enzyme hvdro1,ysis residence time for enzyme loadings of .61 I ~ / m l  (33.85 

IU/am solids) and . 3  IU/ml (16.92 IU/gm solids) and 88 percent yield 

after 24 hours for an enzyme loading of .05 IU/ml (2.7 IU/gm solids). 

This relations hi^ is illustrated in Figure 111-F-1. 

The prehvdrolysis conditions which result in higher glucose enzyme 

hvdrolysis yields apparently cause significant hemicellulose removal 

without extensive glucose format ion or any glucose deg.radation. 

Yemicellulose removal is approximately 70-100 percent without significant 

furfural formation which leaves a porous cel lulose structure that is 

readilv accessible to enzymatic attack. In addition, the lignin is also 

altered such that a~proximately 50 percent is soluble in ethanol 
following prehydrolysis under these conditions. 

Using these new data, modifications were made to the base case model 

changing the prehydrolysis, enzyme production and enzyme hydrolysis 

section design parameters. The design of all three sections r m a i n s  

essentially the  same as for the base case model except a two enzyme 

svstem is incorporated into the enzyme production section. The 

introduction sf 8 -glucosldase Ice1 lobi asr )  into the enzyme hydrolyzers 

is ascompl ishcd via production o f  B -glucosidase via Aspergi llus 

ohoenicis OM 329. As mentioned previously, 6 -glucosidase is an enzyme 

which catalvzes the conversion of cellobiase to glucose and prevents i t s  

accumulation, thus increasing glucose yields compared to the single 

RUT-C-30 systern. RUT-C-30 enzymes are still produced in the same manner 

as in the base case model. 

Pte new design parameters for thr! prehydrolysis, enzyme product.ion and 

enz.yme h,ydrol.ysis sections are summarized in Table 111-F-1. 

Process D e s i ~  

The process descriptions for the prehydrolysis, enzyme production and 

enz,yme hydrolvsis sections of the plant are essentially the same as for 
the base case except for some minor modifications. As mentioned in the 



F I G U R E  m-F-1 

HYDROLYSIS  OF P R E T R E A T E D  POPLAR W I T H  

C 30 C E L L U L A S E  AND N O V O  CELLOBIASE AT 0.1 ml /  IQO m l  

PRETREATMENT: 200°C, 0 . 5 0 %  ACID, 7.9 rec. (RUN 0924)  

0 . 6 1  l U / m l  

T I M E ,  (HOURS) 



TABLE I I I -F-1 

OESIGN PARAMETERS 

Prehydrol ysi s 

a Temperature 200Oc 
a Acid concentration 0.5 Wt% 
a Residence Time 7.9 seconds 

Enzyme Production 

Temperature 
PH 
Pressure 
Nutrients 
Oxygen 
Cell concentration 
Cell y ie ld  

Enzyme y ie ld  

Cell recycle 

860F 
4.8 
Atmospheric 
(11 
17,264 IUImol 02 
7 gmsl l i ter  
0.26 gms mycellium/ 

gm ce l lu lose  
1.63 gms enzyme1 

grn c e l l  ul ose based 
upon enzyme pro- 
duc t iv i ty  of  
114 IUIllhr  

.77 gmlgm c e l l  s 

86OF 
3.0 
Atmospheric 
(1) 
17,264 IU/mol 02 
7 gmsl l i ter  
0.26 gms myce 1 1 i u m l  

gmlcel 1 ul ose 
7.17 gms enzyme1 

gm ce l l  ul ose based 
upon enzyme pro- 
duct lv l ty  o f  
500 IU/l/hr 

, 7 7  grn/gm r e1  1 s 

(1)  1.0 percent ce l lu lose  
0.2 percent KH PO4 Z 0.03 percent Ca 12 
0.03 percent MgS04 7H20 
1.0 percent corn steep liquor 

Enzyne Hydrolysis 

a Temperature 1220F 
a Pressure ~ tmospher ic  
@ PH 4.8 
a Hydrolysis time 12.5 hours 
a Hydrolysis conversion 100 mol percent conversion 

c e l l  ul ose to  glucose 
Terminal sugar concentrati on 5.82 percent 

a Enzyme loading 1 7  1UIgm so l ids  



design basis, the design parameters and performance characteristics of 

these sections have been changed to 'reflect recent advances in 

prehydrolvsis pretreatment for enzyme hydrolysis. The prehydrolys i s and 

enzwne hydrolysis . sections are identical in design to the base case 

exceot for these changes in design and performance parameters. Figures 

111-F-2 and 111-F-3 are flowsheets illustrating the prehydrolysis and 

enzyme h.vdrolysis sections. The reader is referred to the base case 
(1) study for a detailed process description of these two sections . 

The enz,me production section design has been modified slightly to 

accornnodate the two enz.yme system discussed in the design basis. 

A flowsheet representing the enzyme production section reflecting the 

modifications required to. incorporate the two enzyme sys tern is presented 

in Figure 111-F-4. Essentially, the design is the same as for the base 

case except that two identical (in equipment) trains are required, one to 

produce RUT-C-30 enzynes as before, and another much smaller train to 

produce QM329 B-glucosidase. Although the equipment required for both 

trains is the same, the design parameters and performance characteristics 

are somewhat different, as discussed in the design basis. QM329 has a 

significant 1 y higher productivity compared to RUT-C-30, and since only a 

small amount o f  8-glucosidase is required to significantly increase 

enz,yme h,ydrolysis glucose yields, a much .smal ler product ion system is 

required. 

Enz,ynes for enzyme hydrolysis of cellulose are produced from a mutation 

of T. Reesei fungus, RUT-C-30. p -glucosidase is produced by the QM329 

strain of Asperqillus ohoenicis. The RUT-C-30 is used as a seed to 

produce an enzyme mixture of endo-glucanase and fi -glucosidase, and also 

to produce more cells (mycellium). QM 329 produces primari.1~ 

8-glucosidase and more cells .' Enzyme production for both systems takes 

(1) "Technical and Economic Assessment of Processes for the Production of 
Buldrlul d11d Acetone," prepaped by Chem' Sjrst2RIS IRC. f o r  Jet 
Pro~ulsion Laboratory, sponsored throuah an agreement with NASA by 
Enerqy Conversion and Uti 1 ization Technolosv Divi son. Off ice of 
€nergy Systems Research, U.S. Department of t i ~ e r - ~ ~ ,  %itember*, 1982 
( JPL 9950-776). 
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place i n  a two-stage continuous fermentation system a t  8 6 ' ~  and a pH 

of 4.8 for  RUT-C-30 and 3.0 fo r  QM329. Enzyme productivity i s  
114 IU/l/hr for  RUT-C-30 and 500 IU/l/hr for  QM329. Ligno-cellulose from 
the process i s  used as a carbon source, corn steep liquor i s  used as a 
nitrogen source and other inorganic sa l t s  are provide-d to complete the 
nutrient requirements. Air i s  sparged into the fermenters as an oxygen 
source. Recircul ation pumps provide agitation in the vessel s and 
temperature i s  maintained by steam heated coils.  

Carbon dioxide and nitrogen are vented to the atmosphere. The product 
from the enzyme fermenters i s  sent to a cell  centrifuge t o  remove most of . 

the mycell i u m  as the centrifuge bottoms. The bottoms are then repulped 
to eight percent ( 8  w t . % )  solids and f i l t e red  and washed to recover the 
enzyme remaining on the original cake. The cake i s  s p l i t  into two 
streams, one i s  recycled back to  the enzyme fermenters t o  serve as the 
enzyme seed, the other i s  recovered as single cell  protein by-product. 
The centrifuge overflow and f i l t r a t e  are combined fo r  both systems and 
sent to the enzyme receiver prior to entry into the enzyme hydrolyzers. 

Economics and Energy Requirements 

Tables 1114-1 and 111-F-2 represent cost of production estimates for  the 
ABE low yield case with the dual enzyme system; using CSI 'and DOE 

u t i l i t i e s  respectively. These data are summarized and compared against 
the (revised) base case values in Table I I I J 1 3 .  B o t h  cases ard for  a 50 

million gallon per year ABE f a c i l i t y  located on the U.S. Gulf Coast in 
mid-1982. 

In comparing these results to the revised base case economics, i t  can be 

seen that  the dual enzyme system offers superior economics. The mixed 
solvents product can be produced fgr  249.3 cents per gallon us ing  CSI 
u t i l i t i e s  and 242.2 cents per gallon using DOE u t i l i t i e s .  This i s  
approximately a 10 cent per gallon price advantage for  the dual enzyme 
system. This i s  primarily due t o  a small decrease in rtw materials cost 
afforded by the enzyme hydrolysis yield increase and a substantial 



TABLE 111-F-1 - 
COST O F  PROOUCTION ESTIMATE FGP ABE 

PROCESS- LOU YIELDi 'DUAL EdZ'it I  

B A S I S  ----- 
L o c a t i o n :  U , S .  G u l f  C o a s t  

M  i d - 1 9 8 2  

WpIISL-ggsI ."-'ILL;p? 
B a t t e r y  L i m i i n  9isl 
O f f s i  t e s  9 2 . b  

C d ~ a c i  t y :  5 0 . 0 0  m i l l i o n  q r l l o n s / y r  ------ 
22,630 m e t r i c  t o n s / y r  T o t a l  F i x e d  I n v ,  179.5 

f t r . T i m e :  8 0 0 0  h o u r s  p e r  y e a r  U o r k  i n s  C a p i t a  l 15 .5  

U N I T S  PRICE,  fir4t4UAL CENT 5 LICILLA RS,' 
PER GAL ------- 

5 9 . 7 9 6 7 5  - , - . . . . - 
S u l f u r i c  A c i d ,  l b  , 2 7 7 9 0  
C a l c i u m  H y d r o x i d e ,  I b  , 1 9 7 9 8  
S o d i u m  H y d r o x i d e ,  l b  .00800 
C o r n ,  I b  , 0 0 8 5 0  
Ammon ium S u l f a t e ,  I b  . 4 4 4 0  0 
S u ~ e r p h o ~ ~ h a t e ( 4 0  ) ,  I b  1.91375 
C a l c i c m  C a r b o n a t e ,  I b  . 8 8 0 3 4  
C a t a l y s t  S C h e m i c r ! ~  

TOTbL  RGU MATERIALS  
U T I L I T I E S  --------- 
P o u e i - .  k U H  . - -  

~ o o l i i g  U a t c r ,  H G a l  , 2 7 0 2 3  5 .  3 
P r o c e s s  U a t e r ,  il C?a\ , ljzo$a 6 6  6 
.Stcra'm,50 p s i ? ,  i.( L b  , 0 2 4 0 5  301.0 - . a ? e a m , 2 0 0  p s i s ,  il Lb . O i 3 0 9  3 7 6 . 0  

TOTAL U T I L I T I E S  
gp~~fi~~fx$,gg$~s 
L a b o r .  6 0  Hen G f 2 5 , 5 0 0  
F o r e m e n ,  13 n o "  I? S 2 9 , 0 9 0  2 n.'S - S u ~ r r u i s i o n ,  3 i i a n  8 % 3 5 , 0 0 0  a P l ~ n  
H a i ~ t . ,  i l a t e r i j l  4 L a b o r  , 6 %  o f  I S B L  

TOTAL OPEEAT I N C  COST 
OVEPWEAD EXPENSES b~~;cf-j=j;;~ini;;~-- 4 ~ - ~  a,. L a b ,  J SUP 7 0 5  

G e n .  P l a n t  O u ~ i - h e i d  65;; O p e r .  C o s t s  Lr, 460 
I n ~ u i - s n c e ,  P r o p ,  T a x  1 . 5 %  T o t . .  F i x .  I n u .  2 ,  J t B  

-- --.. & . S F " -  

16.50 - . .- 
TOTAL OVERHEAD EXPEFlSES 8 , 2 4 9  ~ a , > .  7 0  

EI-PVOSUCT _ _ _ _ _ _ _ _ _ _ _ _ - P  CREDIT  
C a r b u n  D i o x i d e ,  l b  8.12319 2 . 8  ' i 1 , 3 7 3  
SCP, !b . 0 3 0 5 1  1 5 . 0  - -?9 -- 

-..-- ------ 
TOTAL BY-PRODUCT CREDIT  - 1  1,602 -2; . 2,:4 -'s\l ,:z 

-- . .-.- -- , .  . ======= t:-'-==:=:::2=p 

5 7 ,  bO? 1 3 5 . 6 1  -: .:. ' j C) 
CASH COST OF PRODUCTION -, . - . .  61 

2 0 X  f S F L  + 1 0 X  OSaL 2&,  4 6 0  C ?  
DEPRECIATION -*, . 0 2  1I . ib .  57 

a=. - .===a= ____- . - - -  - ..-- --- .---- _ _--.. -- - ------ ---- 
MET COST '27 PROLfUCTIOEJ ? Q ,  26'3 1 3 8 ,  53' 4 1 5 6 . 4 P  

REQUIPED SALES PRICE  AT 1 0 %  IICF 2U3.3 5 4 9 5 .  ? 



TABLE 111-F-2 

CGST OF PRODUCTION ESTIHATE FOR ABE 
PROCESS- LOU 'iIELD/DUAL EN2 Y i I  

BAS I S  ----- 
L o c a t i o n :  U.S.  G u l f  Coas t  

H i d-1982 

EAClleL-EESL sfiI!-Lict, i  ------- 
B a t t e r y  L i m i t s  zc ; ,  1 

C ~ P ~ C  i t y :  5 0 0 0 0  m i  l l i o n  g a l  l o n s / y r  ------ 
22,680 m e t r  i c t o n s / y r  T o t a l  F i x e d  I n v .  1 7 3 . 5  

S t r . T i m r :  8000 h o u r s  p e r  y e a r  U o r k i n g  C a p i t a l  1 5 . 0  

PROOUCT ION COST SUMMARY ....................... 
IJNIT S PRICE, ANNUAL CEtJT S IIOLLARS/ 

RAU ilATE2IALS ------------- ------- PER GAL tilJNiI cQSI,-%lj ------- PER G A L  igI-IgE- 
Aspen, I b  59.79576 1 . 0  29,900 
S u l f u r i c  A c i d ,  i b  ,27730 4 . Z  5?8 
Ca lc ium H y d r o x i d e ,  I b  . I 9 7 9 8  
Sodium Hvdrox i d e ,  I b  .00890 
Corn, I b  ,00850 
Ammonium S u l f a t e ,  I b  ,44400 
Superphasphate(46  1 ,  I b  1;91375 
Ca lc ium C&I-bonato, I b  .83  034 
C a t a l y s t  S Chemica l s  

TOTAL RAU MATERIALS 
UT IL IT IES  --------- 
P o w e r .  kUH 
C o o l i n g  U a t e r ,  H Gal  ,27023 5  3  794 
F4-ocess U a t e r ,  tl Gal  ,02908 6 0 . 0  8 3 6  
S t c a m , S O  p s i g ,  H Lb .02405 2 0 5 . 0  3 , 5 4 7  
S+eam,100 p s i g ,  H Lb ,06309 299 .0  9 ,432  --------- 

TOTAL U T I L I T I E S  18,450 
OFEF-T ING COSTS --------------- 
Labor ,  -50 Hen d % 25,500 13 M/'S 1,530 
roremen,  13  Hen @ S 29,000 2  MIS --f 

J l *  

S u p e r u i s i  on, 3 Ean @ i 35,000 3 dan 105 
n s i n t , ,  H a t e r  i a  l a Labor  6:! o f  ISEL 5 ,166  --------- 

T6TSL OPERATING COST - - - - -  

OGERHEAD E X P E N S E S  -.---.------------- 
I l i l - e ~ t  Overhead 43% L a b ,  R Sup.  
G?n. P l i n t  Ouei-head 55;: O p e r .  C o s t s  4  , 6 .i .5 
I n s u r a n c e ,  P r o p .  Tax 1 . 3 %  T G ~ .  F i x .  I n u .  2 , S f i  --------- 

TOTAL GYERHEAD EXPENSES 
- , -  

8 ,249  16.51)  ;..;. 7 0  

SCP, ! b  .03051 1 5 . 0  '229 --------- 
TOTAL BY-FRODUCT CREDIT ' l l , i U 2  -23 .20  -I? 

.-a 1 i . SS 
-----=---= ======'=I* 
----a --- 

CASH COST OF PEPDUCTION 64,564 123 .12  , :?LI .7 . 7 ~ .  
-, P. 

~IEPPECIAT ION 202 ISEL + 10:: OSFL 26,460 5 2 . 9 2  116o . o f  
---------I - -...-- -- - ----- --== --------- _ _  __.--- ...-- ----.- 

WET COST OF PROIlUCtION 91 ,024  1 0 2 .  OU It 01? .u3  

PEQUIRED SALES PRICE AT 1 OX l l r F  2 '42 .2  C-- ~ 2 2 9 . 7  



reduc t i on  i n  c a p i t a l - r e l a t e d  expenses due t o  the decreased volume of 

m a t e r i a l  be ing  processed. Although the sugar concentrat ion obtained 

f o l l o w i n g  enzyme hyd ro l ys i s  i s  h igher  (5.8 versus 5.4%) than f o r  the base 

case, no o v e r a l l  savings i n  steam consumption i s  rea l i zed.  This i s  

because l e s s  steam i s  made from s o l i d  waste streams, s ince there  i s  no 

unconverted c e l l u l o s e  a t  100 percent y i e l d .  

TABLE I1 I-F-3 

SCMMARY OF PROCESS ECONOMICS AN0 ENERGY REQUIREMENTS 
FOR LOW Y IELD/DUAL ENZYME ABE FERMENTATION 

Basis: 50MM gal/year, U.S. Gul f  Coast, Mid-1982 

Investment, MM$ 
B a t t e r y  l i m i t s  
O f f  s i t e s  

Tota l  f i x e d  investment 

Cost of product ion, t / g a l  
Raw mater i  als 
U t i l i t i e s  
Operat ing costs 
Overhead expenses 
By-product c r e d i t  
Cash cos t  o f  p roduct ion  

Oeprec i a t  1 on 
Net cos t  o f  p roduct ion  

Enzyme Base 

OOE U t i l i t i e s  
--.* * 

~ u a r '  
Enzyme Base 

S e l l i n g  p r l c e  a t  10% OCF 249.3 259.8 242.2 252.8 

Energy requi red,  MBtu/gal 
o f  product 105.6 107.4 105.6 107.4 

Based on t h e  thermal equ iva len t  of the e l e c t r i c  power requ i red  (assumed 
t o  be 10,rMO Btu/kwh) p lus  the  enthalpy of the steam requirements 

(assuming an 85 percent generat ion e f f i c i e n c y )  , incorpora t ion  of m i l d  

a c i d  prehydro lys is  as a pretreatment f o r  enzyme hyd ro l ys i s  would r e s u l t  

i n  an annual energy consumption of about 5.28 t r i l l i o n  Btu. This 

represents a saving o f  less  than 2 percent o f  the energy consumed i n  the 

base case and, f o r  a l l  p r a c t i c a l  purposes, can be ignored. 



G .  Improved Butanol Tolerance o f  C1. Acetobutyl icum 

Oesign Basis 

The major economic l i m i t a t i o n  concerning ABE fermenta t ion  has been the  

i n h i b i t o r y  e f f e c t  o f  t he  butanol product upon microorganism a c t i v i t y  
l i m i t i n g  product concentrat ion. C1. ace tobu t~ l i cum,  which i s  used t o  

ferment c e l l u l o s i c  der ived sugars t o  acetone, butanol and ethanol, i s  
t o t a l  l y  i n h i b i t e d  a t  a butanol  concentrat ion o f  about 1.1 weight percent 

i n  t he  fermentat ion beer. This  t rans1 ates t o  approximately 1.7-1.9 

weight percent t o t a l  solvents, depending upon the  so lvent  r a t i o  

at ta ined.  Past attempts a t  s o l v i n g  the  butanol t o x i c i t y  problem have 

centered on mutation, adaptat ion and s e l e c t i o n  o f  t o l e r a n t  s t r a i n s  o f  

microorganisms. These attempts have y i e l d e d  o n l y  m a r g i n a l l y  improved 
r e s u l t s .  However, recent  research a t  Colorado S ta te  U n i v e r s i t y  has 

def ined the  mechani sm o f  butanol t o x i c i t y ,  and encouraging r e s u l t s  have 

been obtained i n  m i t i g a t i n g  the butanol t o x i c i t y  problem. 

The incorpora t ion  o f  a l i p h a t i c  alcohols, such as butanol  , i n t o  the  c e l l  

membrane a l t e r s  necessary i n te rac t i ons  between membrane-bound p r o t e i n  and 

the  f l u i d  phosphol ip id environment o f  the  membrane. The e f f e c t  o f  t he  I 

a lcohols i s  t o  I1t ightenl1 the  membrane o r  increase membrane f l u i d i t y .  The 

incorpora t ion  of unsaturated f a t t y  acids i n t o  the  membranes serves t o  

decrease membrane f l u i d i t y ,  thus h o p e f u l l y  o f f s e t t i n g  the  t o x i c  e f f e c t  o f  

the  alcohol.  A1 teration o f  the phospol i p i d  environment by s e l e c t i v e  

incorpora t ion  o f  s p e c i f i c  unsaturated f a t t y  acids, such as o l e i c  and 

e l a i d i c  acid, increased the  l e v e l  o f  butanol to le rance du r ing  ABE 
fermentat ion by C1. acetobutylicum. 

C1. acetobutyl icum supplemented w i t h  e l a i d i c  ac id  obta ined a butanol  

concentrat ion of 1.2 weight percant and a t o t a l  so lvent  concentrat ion o f  

2.1 percent a f t e r  34.5 hours o f  fermentat ion t ime w i t h  a y i e l d  of 23 

percent. This  i s  approximately 10 percent b e t t e r  than t h a t  obtained when 

no f a t t y  ac id  was added. Colorado State researchers have performed an 

ex t rapo la t i on  of the  data, which i nd i ca tes  t h a t  1.7 percent butanol and 

2.9 percent t o t a l  so lvents are ob ta inab le  a f t e r  42 hours w i t h  a y i e l d  of 



31.4 percent.  Chem Systems has not  reviewed the techn ica l  f e a s i b i l i t y  o f  

t h i s  ex t rapo la t i on ,  b u t  has considered the  economic impact ' o f  such a 
specu la t ion  i n  t h i s  analys is .  

The base case fe rmenta t ion  cond i t ions  f o r  the low y i e l d  case makes the 

f o l l o w i n g  assumptions: Butanol concentrat ion i n  t he  f a m e n t a t i o n  beer i s  

approximately 1 percent, which t rans la tes  t o  a t o t a l  so lvents 

concent ra t ion  o f  1.5 percent based upon a so lvent  r a t i o  o f  61.7:31.8:6.5, 
butanol:acetone:ethanO1. Fermentatiorr residence t ime i s  48 hours a f t e r  

which 90 percent  sugar conversion i s  a t ta ined  w i t h  an o v e r a l l  y i e l d  on 

t o t a l  sugar o f  27.5 percent. The sugar concentrat ion requ i red  i n  the . 
f ermenters t o  o b t a i n  these so lvent  concentrat ions i s  approximately 5 
weight percent.  Although the  experimental  r e s u l t s  s ta ted  above i n d i c a t e  

a t  2.1 percent  t o t a l  so lvents a y i e l d  o f  o n l y  23 percent on t o t a l  sugar 
a t  81.4 percent  conversion (28 percent y i e l d  on sugar consumed) a t  34.5 

hours, t h i s  y i e l d  i s  thought t o  be dependent p r i m a r i l y  upon fermentat ion 

time. A 23 percent  y i e l d  would be comnerci a1 l y  unacceptable; theref ore, 

i t  i s  assumed t h a t  by  a l l ow ing  the  fermentat ion t o  cont inue t o  42 hours, 

and based upon constant  so lvent  fnrmation ra tes ,  100 percent sugar 

conversion can be rea l i zed .  The o n l y  va r i ab le  which con t ro l s  butanol and 
solvent  concent ra t ion  a t  100 percent sugar conversion i n  the  fermentat ion 

beer i s  i n i t i a l  sugar concent ra t ion  (and butanol to le rance o f  t he  
microorganism). S e t t i n g  t h e  i n i t i a l  sugar concentrat ion i n  the 

f e n e n t e r s  a t  approximately 6.4 weight percent y i e l d s  a t o t a l  so lvents 

concent ra t ion  of 2.1 percent. A t  a so lvents  r a t i o  o f  60.7!36.7:2.6, 

butanol:acetone:ethanol, t h e  f i n a l  butanol concentrat ion i s  1.2 percent. 

The y i e l d  based on t o t a l  sugar i s  31.4 percent  a t  100 percent 

consumption. Th is  c o r r e l a t e s  w e l l  w i t h  the  experimental  case i n  which no 

f a t t y  a c i d  was added t o  the fermentat ion which was used as the  can t ro l .  

Under those cond i t i ons  99.3 percent sugar conversion was a t ta ined  a f t e r  

39 hours w i t h  a 32.5 percent  y i e l d  on t o t a l  sugar. This  y ie lded  1.9 

percent t a t a l  so lvents  and 1.1 percent butanol , the maximum obta inable 
before complete microorganism i n h i b i t i o n  sets in .  

As prev ious l y  mentioned if approximately 8.7 weight percent sugars 

i n i t i  a1 l y  i n  fermentat ion were ex t rapo la ted  t o  complete sugar conversion 



a t  42 hours based upon p r e v i o u s l y  a t t a i n e d  s o l v e n t  f o rma t i on  r a tes ,  2.9 

percent  t o t a l  so l ven t s  a re  ob ta ined  w i t h  1.7 percen t  bu tano l  i n  t h e  

f e rmen ta t i on  beer. Again, t h i s  e x t r a p o l a t i o n  i s  q u i t e  s p e c u l a t i v e  s i n c e  

such r e s u l t s  have n o t  been demonstrated t o  date. 

Economics and Energy Requirements 

Tables 111-G-1 and 111-G-2 rep resen t  c o s t  o f  p r o d u c t i o n  es t imates  f o r  t h e  

increased bu tano l  t o x i c i t y  case a t  2.1 percen t  t o t a l  so lven ts ,  100 

percent  sugar conversion, 42 hours f e rmen ta t i on  t ime  and a  t o t a l  y i e l d  o f  

31.4 percent .  ~ h e s e  da ta  a re  summarized and compared aga ins t  t h e  

( r e v i s e d )  base case va lues i n  Tab le  111-G-3. The cases a re  f o r  a  50 

m i l l i o n  g a l l o n  per  year  t o t a l  so l ven t s  f a c i l i t y  l o c a t e d  on t h e  U.S. G u l f  

Coast i n  mid-1983. 

As can be seen f r om Table  111-G-3, so l ven t s  can be produced f o r  209 and 

203 cents  per ga l l on ,  r e s p e c t i v e l y ,  f o r  CSI and DOE u t i l i t i e s ,  

r e s p e c t i v e l y .  Th i s  represen ts  a  s i g n i f i c a n t  decrease i n  c o s t  o f  

p roduc t i on  compared t o  t h e  base case cos t s  o f  260 and 253 cen ts  per  

ga l lon .  The p r ima ry  d i f f e r e n c e s  a re  t he  r e d u c t i o n  i n  energy consumption 

and energy-re1 a ted  c a p i t a l  expenses f o r  t h e  increased s o l  ven t  

concen t ra t i on  case. The base case assumed 1.5 percen t  t o t a l  so l ven t s  

which i n  a d d i t i o n  t o  hav ing  g rea te r  energy requi rements  f o r  p u r i f i c a t i o n ,  

s i g n i f i c a n t l y  increases fe rmente r  volume. Th i s  r e s u l t s  i n  h i ghe r  

cap i  t a l - r e 1  ated expenses and n u t r i e n t  raw ma te r i  a1 requirements. These 

e f fec ts  a re  f u r t h e r  exacerbated by t he  y i e l d  assumptions ( t h e  b$se case 

y i e l d  i s  o n l y  27.5 percent  compared t o  31.4 percen t  f o r  t h e  inc reased  

butanol  t o l e r a n c e  case)  which increases f r o n t  end c a p i t a l  as w e l l  as 

h i ghe r  wood raw m a t e r i a l  requirements.  

If, as Colorado S t a t e  has ex t rapo la ted ,  2.9 percen t  t o t a l  so l ven t s  were 

ob ta i nab le  a t  31.4 percen t  y i e l d ,  even g r e a t e r  sav ings i n  energy 

consumption, n u t r i e n t  raw m a t e r i a l s ,  and c a p i t a l - r e l a t e d  expenses w ~ u l d  

be r e a l i z e d .  A l though t h e  e f f e c t  o f  c o n t i n u i n g  inc reases  i n  s o l v e n t  

concen t ra t i on  i n  t h e  fe rmenta t ion  beer w i l l  beg in  t o  l e v e l  o f f  a t  h i ghe r  

concen t ra t ions ,  t h e  i n i t i a l  doub l ing  o r  t r i p l i n g  o f  t h a t  concen t ra t i on  

has a  pronounced p o s i t i v e  e f f e c t  on l owe r i ng  t he  c o s t  o f  p roduc t ion .  



- - 
TABLE I I I - G -  1 

COST O F  PRODUCTION ESTIMATE FOR ABE - - - 
PROCESS- IHPROVED BUTANOL TOL 

L'eszs 
L o c a t i o n :  U . S ,  G u l f  C o a s t  

Pl i d -1982 

c!!!E%,!2!SI SHILLION ------- 
B a t t e r y  L i m i t s  7 5 . 6  
O f f s i  t e s  83.7 

Capac  i t y :  5 0 . 0 0  m i l l i o n  g a l l o n s / y r  ------ 
2 2 , 6 8 0  m e t r i c  t o n s / y r  T o t a l  F i x e d  I n u .  1 5 9 . 3  

S t r . T i m e :  8000  h o u r s  p e r  y e a r  U o r k  i n 9  'Cap i t a  l 1 3 . 1  

PRODUCTION COST SUHMARY 
------em--------------- 

RAU MATERIALS 
-me--- - - - - - -  

Aspen ,  1 6 -  

UNITS 

S u l f u r i c  A c i d ,  l b  , 24739  
C a l c i u m  H y d r o x i d e ,  l b  , 1 5 1 8 9  
S o d i u m  H y d r o x i d e ,  l b  , 0 0 8 6 4  
C o r n ,  l b  , 00320  
Ammonium S u l f a t e ,  l b  , 1 5 6 6 5  
S u p e r p h o s p h a t e ( 4 6  1 ,  l b  . 7 2 b 0 9  
C a l c i u m  C a r b o n a t e ,  l b  , 3 3 3 0 8  
C a t a l y s t  R C h e m i c a l s  

, TOTAL RAU MATERIALS 
U T I L I T I E S  --------- 
Power ,  kUH 

PRICE, 
c /UNIT  ---- 

1 a 0 
4 . 3  
2 . 0  

2 6 . 0  
4 . 5  
3 . 0  
a . o  
2 . 7  

ANNUAL CENTS DOLLARS/ 
COST, ---- - $Pi PER GAL MET TON ------- -------- 

2 7 , 2 8 9  
5 3 2  
1 6 2  
112 

7 
250  

2 , 8 9 7  
b 5 0  

1 , 8 0 0  

C o o t i n g  W a t e r ,  fl G a l  , 3 1 8 6 8  5 . 8  9 2 b  
P r o c e s s  U a t e r ,  fl G a l  , 0 1 9 5 0  6 0 . 0  5 8 5  
Steam,SO p s i g ,  H Lb , 0 6 9 1 0  391 ,O 1 3 , 5 0 9  --------- 

TOTAL U T I L I T I E S  1 7 , 5 4 1  3 5 . 0 8  773 - 4 0  
OPERATING COSTS ---------.------ 
L a b o r ,  6 0  M e n  @ S 25,500 13 M / S  1 , 5 3 0  
Fo remen ,  13 Hen @ 5 2 9 , 0 0 0  2 H/S 3 7 7  
S u p e r v i s i o n ,  3 Man @ % 3 5 , 0 0 0  3 Plan 1 0 5  
H a i n t , ,  M a t e r i a l  8 L a b o r  6% o f  I S B L  4 , 5 3 6  

L-------- 

TOTAL OPERATING COST 6 , 5 4 8  1 3 . 1 0  238.71 
OVERHEAD EXPENSES ----------------- 
D i r e c t  O v e r h e a d  45% L a b ,  R SUP 9 0 5  
Gen. P l a n t  O v e r h e a d  65% O p e r ,  C o s t s  4 , 2 5 6  
I n s u r a n c e ,  P r o p .  Tax 1.3% T o t ,  F i x .  I n v .  2,307 

-.---*---- 

TOTAL OVERHEAD EXPENSES 7.551 1 5 , 1 0  3 3 2 . 9 Q  
BY-PRODUCT CREDIT -- -------------- 
C a r b o n  D i o x i d e ,  l b  7 , 7 6 4 8 8  2 . 8  - 1 0 , 0 7 1  
SCP, Ib . 03050  1 5 . 0  - 2 2 9  

TOTAL BY-PRODUCT CREDIT 

CASH cost OF PRODUCTION 

DEPRECIATION 20% 1,SEL + 10% OSEL 23 ,b90  4 6 . 9 8  1 0 3 5 . 7 2  ---------- ---------- ======= ========== 
NET COST OF PRODUCTION 7 7 , 5 2 8  1 5 5 . 0 5  3 4 1 8 . 3 5  

REQUIRED SALES PRICE AT 1 0 %  DCF 208.5 .  4 5 9 7 . 8  



TABLE 111-93 

COST OF PRODUCTION ESTIMATE FOR APE 
PROCESS- IMPROVED BUTANOL TOL 

CAPITAL SUMMARY --------------- 
PASIS ----- 
L o c a t i o n :  U.S. G u l f  Coast  

H i  d-1982 

CAPITAL COST ------------ =_nlLLl_o! 
B a t t e r y  L i m i t s  7 5 . 6  
O f f s i  t e s  8 3 . 7  

Capaci t y :  50 .00  m i l l i o n  q a I l o n s / y r  ------ 
22,680 m e t r i c  t o n s / y r  T o t a l  F i x e d  I n v .  1 5 9 , 3  

S t r . T i m e :  8000 h o u r s  p e r  year  Uork i n 9  Cap i t a  \ 1 2 . 8  

PRODUCTION COST SUMMARY ....................... 
UNITS 

RAU MATERIALS ------------- PER GAL ------- 
Aspen, l b  54.5750b 
S u l f u r i c  A c i d ,  I b  ,24739 
Ca lc ium H y d r o x i d e ,  l b  ,16189 
Sodium H y d r o x i d e ,  l b  , 0 0864 
Corn, I b  ,00320 
Ammonium S u l f a t e ,  I b  ,16665 
Supcrphosphate(46 1 ,  I b  ,72409 
Ca lc ium Carbona te ,  l b  ,33308 
C a t a l y s t  8 Chemica ls  

TOTAL RAU MATERIALS 
UTIL IT IES --------- 
Power, kUH 

PRICE, 
c/UNIT ---- 

1 . 0  
4 . 3  
2 .0  

26 .0  
4,s 
3 . 0  
8 . 0  
2 . 7  

ANNUAL CENTS IIOLLARS/ 
COST, ---- -SM PER GAL HET TON ------- -------- 

27,289 
532 
162 
112 

7 
250 

2 ,897 
450 

1, 800 --------- 

C o o l i n g  U a t e r ,  H Gal ,31868 5 . 8  924 
Process U a t e r ,  H Gal  ,01950 60 .0  585 
Steam,SO p s i s ,  H Lb ,06910 295.0  10,192 --------- 

TOTAL UTIL IT IES 15.091 3 0 . 1 8  665 .38  
OPERATING COSTS --------------- 
Labor ,  60 Men @ $ 25,500 
Foremen, 13 Men @ 8 29,000 2 M/S 377 
S u ~ e r v i s i o n ,  3 Man @ Q 35,000 3 Man 105 
M a i n t , ,  M a t e r i a l  8 ~ a b o r  6% o f  ISBL 4,536 --------- 

TOTAL OPERATING COST 6,548 13 .10  2 9 5 . 7 1  
OVERHEAD EXPENSES ----------------- 
D i r e c t  Overhead 45% Lab.  R SUP,  305 
Gen. P l a n t  Qverhead 65% Oper.  Cos ts  lc, 256 
I n s u r a n c e ,  P rop .  Tax 1 . 5 %  T o t .  F i x .  I n v .  2 ,389  --------- 

TOTAL OVERHEAD EXPENSES 7 ,551  1 5 , l O  332,94 
BY-PRODUCT CREDIT -- -------------- 
Carbon D i o x i d e ,  l b  7 .76488 2 , 8  '10,871 
SCP, l b  ,03050 15 .0  '229 --------- 

TOTAL BY-PRODUCT CREDIT '11,100 - 2 2 . 2 0  ' 4a9.  43  ---------- ---------- ------- ---------- ------- ---------- 
CASH COST O F  PRODUCTION 51,588 103 .17  2274.63 

DEPRECIATION 20% ISPL + 1 0 %  OSPL 23,490 lc6.98 1035,72 ---------- ---------- ======= =========I 
NET COST OF PRODUCTION 75,078 150.15 3310.35 

REQUIRED SALES PRICE A T  1 0 %  DCF 203.2  4479 .8  



TABLE I I I -G-3 

SUMMARY OF ABE PROCESS ECONOMICS AND ENERGY 
RLQ-~~AS : I  - E O B UTANOL TOLL RANCt 

Basis: 50 MM gal/yr, U.S. Gulf Coast, Mid-1982 

CSI Utilities OOE Utilities 
Increased 1 R C P ~ J S C ~  
Tolerance ' Base Tolerance Base 

Investment, $MM 
Battery 1 imi ts ' 75.6 92.8 75.6 92.8 
Offsites 83.7 97.3 83.7 97.3 

Total fixed investment Ex-3 rn En Err 
Cost of production,. #/gal 

Raw materi a1 s 66.99 86.59 66.99 86.59 
Utilities 35.08 43.37 30.18 37.00 
Operating costs 13.10 15.16 13.10 15.16 
Overhead expenses 15.10 17.37 15.10 17.37 
By-product credit 2 . 2  j23.20) 

Cash cost of production 108.07 139.28 
Oeprec i at i on 46.98 56.58 

46.92 E% 
56.58 

Net cost of production 155.05 195.85 150.15 189.48 

Sell ing price at 10% DCF 

Energy required, MBtukgal 
of product 89.8 107.4 89.8 107.4 

Based on the thermal equivalent of the electric power required (assumed 
to be 10,000 Btu/kwh) plus the enthalpy of the steam requirements 

(assuming an 85 percent generation efficiency) , incorporation of improved 

butanol tolerance wotrld result in an di~i~ual energy consumptisn o f  about 

4.49 trillion Btu. This represents a saving o f  abuut 16 percent o f  the 

energy required in the base case. 



A. Sensitivity of Cost of Production (COP) to Solvent 'Concentration 
in Beer 

Design Basis 

The factor which contributes most towards the poor economics of ABE 
. . 

f ementation is the toxic effect of butan01 on microorganism activity, 
which limits product concentration during fermentation. However, this 

raises the issue of what the effect on process economics would be if 
higher solvent concentrations could. be obtained', without sacrificing 

fermentation yield. The key question is to deterinine the solvent 
. . 

concentration at ihich A B E  firmintation becomes competitive with 

synthetic routes. The encouraging results obtained at colorado State 
University in understanding the mechanism of butanol toxicity and in 

increasing the solvent concentration have made this not merely a 
speculative exercise, but a.realistically obtainable goal. 

Experimental work at Colorado State has a1 ready obt ai ned butanol 
concentrations of 1.2 weight percent (and a total solvent concentration 

o f  2.1 percent) after 34.5 hours of fermentation. These results were 

obtained using C1. acetobutvli~cum supplemented with elaidic acid. The 

results are about 10 percent better'than the maximum obtained previously 
with C1. acetobutylicum, i.e.,. 1.1 .butan01 and 1.9 percent total 

solvents. However, the fatty acid-supplemented fermentation obtained 

only a 23 percent yield after. 34.5 hours, whereas the unsupplemented 

fermentation obtained 32.5 percent yield after 39 hours. This . indicates 
a decrease in microorganism ac.tivity in the presence of the ..higher 

butanol concentration, however, t h e  encouraging result is that 
microorganism activity was not completely inhi bi tea. Extrapolation of 

the experimental data indicates. thbt, if constant sol vent formation rates 

are assum&d. 1.7 percent butanol and. 2.9 percent total solvents would be 

obtained after 42 hours fermentation with a yield of 31.4 percent. 



Three p o i n t s  are a v a i l a b l e  t o  determine the  r e l a t i o n s h i p  between solvent  

beer concent ra t ion  and cos t  o f  product ion (COP) f o r  the  base case 

process. Since i t  i s  des i rab le  t o  analyze the  e f f e c t  of concentrat ion on 

COP w h i l e  ma in ta in ing  r e l a t i v e l y  h igh  fermentat ion y i e l d s ,  a y i e l d  f o r  

a l l  th ree  p o i n t s  o f  31.4 percent i s  assumed. This  co r re la tes  w e l l  wi th 

the unsuppl emented fe rmenta t ion  t s  obta ined by Colorado Sta te  as 

w e l l  as w i t h  the  maximum y i e l d  base case analyzed p rev ious l y  

(approximate ly  32.0 percent y i e l d )  f o r  c e l l u l o s i c  der ived sugars. The 

th ree  so l  vent beer concentrat ions are  1.0 percent (0.7 percent butanol ) 

which corresponds t o  the maximum y i e l d  case, 2.1 percent (1.2 percent 

bu tano l )  and 2.9 percent  (1.7 percent butanol ) .  The economics f o r  t he  

maximum y i e l d  case have been adjusted t o  r e f l e c t  a  fermentat ion t ime o f  

42 hours, ins tead o f  72 hours, t o  a l l ow  f o r  a meaningful comparison of 

t he  r e s u l t s .  The sugar concentrat ions i n i t i  a1 l y  requ i red  i n  fermentat ion 

t o  ob ta in  the var ious  solvent  concentrat ions are sumnarized i n  Table 

IV -A -1 .  

TABLE I V - A - 1  

INITIAL FERMENTATION SUGAR CONCENTRATION REQUI RE0 
FOR vKRIOUa SQL\dt l~ I FCTNC~ N T R A ~  IT%S 

Sol vent Concentrat ion Sugar Concentrat ion 
(wt  %) (wt  X )  

I n  ordsr t o  o b t a i n  the  h igher  suqar concentrat ions i n  fermentat ion, 

correspondingly  h igher  sugar concentrat ions must be obtained dur ing  

enzyme h y d r o l y s i s  by controlling - water add i t ions  a t  var ious po in t s  i n  the 

f r o n t  end of t he  process. P r i m a r i l y  t h i s  i s  done -by increas ing  enzyme 

h y d r o l y s i s  s o l i d s  concentrat ion,  decreasing water a d d i t i o n  dur ing  

repu lp ing  and by c o n t r o l l i n g  the  d i l u t i o n  e f f e c t  o f  t he  slopback 

recycle.  Therefore the  h igher  so lvent  concent ra t ion  cases have h igher  

enzyme h y d r o l y s i s  s o l i d s  concentrat ion,  lower repulp ing.  water a d d i t i o n  

and lower percentage o f  s l  opback recycle.  These parameters a f f e c t  the  



enzyme hydrolysis yield and front end capital requir'ements as well as 

nutrient raw material requirements. The higher the solvent concentration 

(and therefore, sugar concentration) the lower the capital (due to 

decreased volume throughput) and the lower nutrient raw material 

requirements (which is somewhat offset by the higher slopback obtainable 

for the di 1 ute case). 

The most important design parameters for the three solvent concentration 

cases are sumarized in Table IV-A-2. 

TABLE IV-A--2 

SUMMARY OF ABE OESIGN PARAMETERS 

Solvents, wt % 1 .O 
Butanol, wt % 0.7 
Repulping solids, wt X 8.0 
Enzyme hydrolysis solids, wt X 8.0 
Fermentation yield, % 31.4 
Fermentation time, hours 42 
Slopback, % 5 0 
Solvent ratio, wt % 72:25:3 
Sugar conversion, X 9 7* 

"Ideally, it would be desirable to compare each case at the same sugar 
conversion level. Unfortunately, the analysis is limited by the data 
available. However, the difference between 97 percent and 100 percent is 
thought to be insignificant. 

Economics and Energy Requirements 

Tables IV-A-3 through' IV-A-8 represent cost of production estimates for 

ABE fermentation a t  the three sol vent concent.rations and -. design 

parameters discussed previously: 1.0, 2.1, and 2.9 weight percent. Both 

CSI and DOE utility costs are used for each case. These data are 

sumarized in Table IV-A-9. All cases are for a 50 million gallon per 

year total solvents facility located on the U.S. Gulf Coast in mid-1982. 



TABLE I V - A - 3  

COST O F  P R O D U C T I O N  E S T I M A T E  FOR A B E  
PROCESS- M h X  Y I E L D  

C A P I T A L  COST g f l I L i I 3 ~  
bZTiZ77' tTZT ?s "'37-7 
O f i s i  t e s  li)9,3 

C a p r c i  t y :  5 0 . 0 0  m i l l i o n  g a l l o n s / y r  ---___ 
2 2 , 5 8 0  m e t r  i c t o n s / y t  T o t a l  F i x e d  I n v .  202.? 

5tr.T i m c :  8 0 0 0  h o u r s  p e r  y e a r .  U o t k  i n9  C a p i t a l  15 , 6 

P R O D U C T I O N  COST SURHARY ....................... 

RAU W T E R I A L S  ------------- 
A S P P ~ ,  l o  

U N I T S  

S u t i u r i c  A c i d ,  l b  ,2451  0 
C . , l c i u m  H y d r o x i d e ,  I . .  . I 1757  
S o d i u m  H y d r o x i d e ,  l b  ' . oOl)t84 
C o t - n ,  l b  . 0  1238 
f 4 m m o n i u m  S l ~ l f a t e ,  I b  ,35326 
S u p e r p h a s ~ h a t e  (46  ) , I b  1.557'57 
C a l c i u m  C a r b o n a t e ,  l b  . 71.a52 
Catalyst 3 Chemicals 

P R I C E ,  
r ;'UN I T ---- 

1 , o  
- 4 , 3  

2 . 0  
26,O 

4 , s  
3 . 0  
9 , o  
2 . 7  

A N N U A L  
cnsr.  en  ---- - - 

2 7 , 2 9 2  
527 
178 
102 
2 8 
537 

6,231 
S S i  

1 , 9 0 0  --------- 

CENTS 
PER G A L  ------- 

T O T G L  R A U  H A T E R I A L S  -- - ,  
. a ( ,  (82  7 5 . 5 2  1665.02 

g ~ ~ ~ ~ ~ ~ g s  
P o w e r - ,  KWH 2 . 0 5 0 3 1  .> . 2 3 . 2 a  1 - 
C o o l  i n ?  U d t r i - ,  fi G 3 !  , 

- 9- .J;312 e .., 8 3 3" 
3 

P r o c e s s  W a ! c r ,  Pl G a l  , 031121  6 0  ? 0 6  
S t e . 3 m . 5 0  psi 3 ,  k Lb , 1 0 6 2 4  375 .0  1 9 ,  322 
S ? c * m , 2 0 3  p s i g ,  H Lb . d l 1 4 1  3 8 1 . 3  2,17L --------- 

' T O T ~ ~  1 J T I L I T X E S  27 ,221)  9 4 , W  t 2 11 I) , 1 I] 
!jPEF!t;TI N!: t:125T 3 -.-------------- 
L ~ b a r ,  .:.d nen I$ 1 2 5 . 5 0 0  
F o r s m e n ,  13 H e n  l a  i 2 ? , 0 ? 0  - ? n . . ~ ' ~  3 0  i 

--- 
I- 2 u p e i - u  i s i  on ,  7 M a n  $ 1 3 5 . 0 0 0  3 i lan 1115 
k a i n t . ,  M a t ? i - r 3 l  -3 L a b o r  a% o f  ISFL p , 5 ;.? 11 --------- 

T O T A L  D P E R k T l H G  COST 7 !  532 15.13 
- - 2~4.75 

~VEPHE$P-ESPE~SES 
D 1 i - e c t  l l v c r h e a d  '4SX L a b .  S U P .  

~ - 

G e n ,  P l a n t  b u c i - h e a d  052 O p e r .  C o a t s  b ,  335 
I n s u r ~ n r e ,  P r v p .  T a x  1 , S X  T n t .  F i a ,  In?. 3 ,0b3  --------- 

T O T A L  OVE RHEAO EX PENSES 8,334 1 7 . 7 7  . 331.79 
FY-PRODUCT C R E B I T  -- -------------- 
C a r b o n  D i o x i d e ,  t b  7 . 7 6 8 0 5  2,8 ' 1 0 , 8 ? 0  
SCP,  I b  , 0 3 4 6 1  15.  0 ' 2 6 0  

----i---- 

T O T A L  BY-PRODUCT C R E D I T  '11,139 -19 - - - - I  .77 . - b a i l  . 08 
ff==t=f=lf ====sf= =========a 

CASH COST OF PROI~UCTION 70,323 1uo.04 31011 .ia 

D E P R E C I A T I O N  2 0 %  iSPL + 1 0 Z  O S E L  2 9 , 5 9 0  5 9 . 1 3  110~.63 --- - - - = = f a D J I  =0=D=f= =f=======0 

N E T  COST .  OF PRODYCTION 99,913 1 9 9 . 8 2  4 4 0 5 , 3 6  

R E Q U I R E D  S A L E S  P R I C E  AT 10% bCF 2 6 8 , 6  5 9 2 2 . 5  



TABLE IV-A-4 

COST OF PRODUCTION ESTIMATE FOR ABE 
PROCESS-  AX YIELD 

BASIS ----- EA!ZI&-SPSI 
L o c a t i o n :  U.S. Gu l f  Coast B a t t e r y  L i m i t s  33.0 

Hi d-1902 O f f s i  tes '  109.9 
Caprci  t y :  50.00 m i l l i o n  g a l l o n s / ~ r  ----__ 

22,680 a e t r i c t o n s / y r  . ~ o t o l  F i x ~ d  I n v ,  202.9 
S t r .T ime :  0000 hours  per  y e i r  Uo rk i ng  C a p i t a l  16 .1  

UNITS. PRICE, ANNUAL CENTS DOLLARS/ 
RAU MATERIALS ------------- 
Aspen, I b 

PER GAL c/UNIT COST. SM PgR-gfiL %iI~gi- ---- 
5GTSBiGB 1.0 "19,292 

S u l f u r i c  Ac id ,  I b  ,24510 
Calc ium Hydrox ide,  I b  ,17767 
Sodium Hydrox ide,  I b  , . 0 0 764 
Corn, Ib  ,01238 
Ammonium S u l f a t e ,  I b  .a4026 -* 
S u p e r ~ h o s ~ h a t e ( 4 6  ) ,  I b  1 .SS767 
Calc ium Carbonate, I b  , 7  1652 
C a t a l y s t  R Chemicals 

TOTAL RAU HATERIALS 
lJTILITIES --------- 
P o w e r ,  kUH 2,05081 
Coo l i nq  Ua te r ,  M Gal ,32312 
Process U a t c r ,  H Gal a 03021 00 , 0 906 
Steim,SO p s i p ,  M Lb .1062Y 295.0 15,672 
Stcam.200 p s i p ,  M Lb .01141 299.0 1,706 

-------i- 

TOTAL UTILITIES 23 631. 47.26 1041.92 
OPEAAIING-COSIS 
Labor,  0 0  Hen @ S 25,500 13 M / s  
Foremen, 13 Men 0 S 29,000 2 H/S 
Superu is i  on, 3 Han 8 8 35,000 3 Man 105 
f l a i n t . ,  H a t e r i a l  8 Labor 0% o f  ISBL 5,580 ---.----- 

TOTAL OPERATING COST 7 , 5 9 2  15. 18 334.15 
OVERHEAD-EXPENSES . . 
D i r e c t  Overhead 45% Lab. S S U P .  905 
Gen. P lan t  Overhe id  65% O p e r .  Costs 4 , 935 
Insur,ancc, P r o p ,  Tax 1.5% T o t ,  F i x .  Inv-. 3,043 ----.-.-- 

TOTAL OVERHEAD EXPENSES 8.884 17, i f  391.70 
E!V-f!?!2UYGI_G!!EPII 
Carbon D iox i de .  I b  

=O~I==PIDI -301111 IIIII=OIP~ 

CASH COST OF PRODUCTION 66,733 133.46 2942.40 

DEPRECIATION 20% I S ~ L  + 1 0 %  OSBL 29,590 59.10 1304.68 
l l a o a ~ i m m ~  ISIDID= so m = = 1 5 1 1 1  

NET COST OF PRODUCTION 96,323 192.64 4247.08 

REQUIRED SALES PRICE AT 1 0 %  DCF 260.8 5749.6 



T A B L E  I V - A - 5  

COST OF PRODUCTION ESTIMATE FOR ABE 
PROCESS- IMPROVE BUT TOL-2.1 

CAPITAL SUMNARY --------------- 
B,A,Sls, 
L o c a t i o n :  U.S. G u l f  Coast 

Hi  d-1982 

c ~ ~ r ~ a b - s o s ~  SnILLIUN _ _ _ _ _ _ _  
B a t t e r y  L i m i t s  7 5 .  .j 
O f f s i  t e s  93 .7  

C a ~ a c i  t ~ :  50.00 m i l l i o n  g a l I o n s / y r  ------ 
22,680 metr  i c t ons / y r  T o t a l  F i x e d  I n v .  159.3  

S t r . T i a e :  8000 hou rs  p e r  year Uork i n s  Capi t a t  1 3 . 4  

PRODUCTION COST SUHMARY ....................... 
UNITS PRICE, ANNUAL CENTS DOLLARS,/ 

RAU HATERIALS ------------- 
Aspen, l b  

PER GAL ------- 
54.57504 

S u l f u r i c  Ac id .  I b  ,26739 
Ca lc ium ~ ~ d r o x ' i d e ,  l b  . I6189  
Sodi urn Hydrox ide ,  I b  ,00864 
Corn, I b  ,01237 
Ammonium S u l f a t e ,  l b  ,28664 
Superphosphate(46 1 ,  I b  1.24623 
Ca lc ium Carbonate,  l b  ,57327 
C a t a l y s t  d Chemicals 

TOTAL RAU HATERIALS 
UTILITIES --------- 
P o w e r .  kUH 
C o o l i n g  Ua te r ,  M Gal ,31808 5 . 8  
Process Ua te r ,  M Gal , 0 1950 60.0  
S t e a m , S O  p s i g ,  tt Lb ,06910 391,O 

TOTAL UTXLXTIGB 
OPERATING _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  COSTS 
Labor ,  a0 Hen I) S 25,300 
Foremen, 13 Hen @ 1 29,000 2 H/S 
S u p e r v i s i o n ,  3 Hrn @ S 35,009 3 Han 
t t a i n t . ,  H a t e r i a l  8 Labor 6% o f  ISBL 

TOTAL OPERkTTNG COST 
OVERHEAD EXPENSES ----------------- 
D i r e c t  Overhead 4 ~ - t  4,. Lab.  R Sup. 

COST, sn ---- 
27,Zes' 

PER G A L  HE? TON ------- -------- 

Gen. P l a n t  Overhead 652 Otaer. Costs  4,256 
I nsu rance ,  P r o p ,  T 4 r  1 . S X  T e t ,  F i x .  I n v .  2 , 3 9 9  --------- 

T O T ~  OVERHEAD EXPENSES 7,591 15.10 332.74 
ev-P!o;ucI-c!E91I 
Carbon D iox i de ,  l b  7.91237 2 . 8  '11,078 
SCP. I b  ,03050 15 .0  - 229 

TOTAL BY-PRODUCT CREDIT 

CASH COST OF PRODUCTION 

DEPRECIATION 20% ISBL + 1 0 %  OSBL 23, 490 46.08 1035.12 
=1a=aaPaID a=faPaI  ========am 

NET COST OF PRODUCTION 79,935 159.86 3524. f 0 

REQUIRED SALES PRICE A T  1 0 %  DCF 213.8  4713.0 



TABLE IV-A-6 

COST OF PRODUCTION ESTIMATE FOR ABE 
PROCESS- IMPROVE BUT TOL-2 , l  

CAPITAL SUHHARY --------------- 
PAS I S  ----- CAPITAL COST ------------ Si(J_L_LI_O_N 
L o c a t i o n :  U . S .  Gu l f  Coast B a t t e r y  L i m i t s  7 5 . 6  

H i d-1982 O f f s i  t e s  8 3 . 7  
Capac i t y :  5 0 . 0 0  m i l l i o n  q a I l o n s / y r  ------ 

22,680 m e t r i c  t o n s / y r  T o t a l  F i x e d  I n u .  1 5 9 . 3  
S t r , T i m e :  8000 h o u r s  p e r  year Uork i n 9  C a p i t a l  1 3 . 0  

UNITS PRICE, ANNUAL CENTS DOLLARS/' 
RAU MATERIALS ------------- PER .GAL ~/UNIT ---- COST, sn PER GAL MET TON ---- ------- -------- 
Aspen, I b  5G""" ,57504 1 . 0  27,596 
S u l f u r i c  A c i d ,  l b  ,24739 
Ca lc ium H y d r o x i d e ,  l b  . I 6 1 8 9  
Sodi un Hydrox i dc, l b  ,00864 
Corn, l b  . 0 1237 
Ammonium S u l f a t e ,  l b  .28664 
Superphosphate(46  ) ,  l b  1 .24623 
Ca lc ium Carbona te ,  I b  ,57327 
C a t a l y s t  d Chemica ls  

TOTAL RAU MATERIALS 
IJTILITIES --------- 
Power, kUH 
c o o l  i n q  U a t e r ,  PI ~ q l  .31868 . 5 . 8  924 
Process U a t e r ,  H Gal  01950 6 0 . 0  585 
Steam,SO p s 1 9 ,  H Lb .OJ910 295 .0  10 ,132 

I --------- 
TOTAL UT IL IT IES  15.  0 9 i  30 .18  5 4 5 . 3 9  

OPERATING COSTS .--------------- 
L i b ~ i - ,  SO Men @ 3 25,500 13 ~ I S  1;530 
Foremen, 13 Men 8 S 29,000 2 M / S  .37? 
S u p e r v i s i o n ,  3 i9an (a S 33,000 3 PIan 105 
ria i n  t . : t e r  i n l d Labor  62 o f  I 68L  4.533 --------- 

TOTAL OPERATING COST J ,  549 1 3 . 1 0  233 7 1  
OVERHEAD EXPENSES ----------------- 
Di r e c t  Overhead 45% Lab .  R SUP. 
~ c n .  p l a n t  Overhead 5 S f  O p e r .  C o s t s  4, 256 
. I n s u r a n c e ,  Prop .  Tax 1 . 5 %  T o t .  F i x .  I n u .  2 ,389  --------- 

TOTAL OVERHEAD EXPENSES 7 , 5 5 1  l s , b O  332 .94  
BY-  ~iQgyg~-m~ggr~ 
e z r b o n  D i o x i d e ,  l b  7,01237 2 , s  -11 ,078 
SCP, . l b  .03050 1s. 0 ' -229  --------- 

TOTAL BY-PRODUCT CREDIT '11 .307 '22.61 '439.53 
==='='sIJt ====sf= ========am 

CASH COST OF PRODUCTION 53,995 101.98  2380 . 7.5 

DEPRECIATION 20% ISEL 1 0 %  OSEL 23, b90 Vd. 9B 1033.92  
=P= IPP=a I I  fPasIB4 O I l 3 - 4 S f 3 0  

NET COST OF'  PRODUCTION 77, 485 134.96 3415,40 

REQUIRED ShLES PRICE 6l" 1 0 %  DCF 208,  Y U595.0 



TABLE I V - A - 7  

COST OF PRODUCTION ESTIMATE FOR ABE 
PROCESS- IMPROVE BUT T O L - 2 . 9  

C A P I T A L  SUMMARY --------------- 
B A S I S  ----- 
L o c a t i o n :  U . S .  G u l f  C o a s t  

C A P I T A L  COST ------------ a!!lLLl,o,N 
B a t t e r y  L i m i t s  '71.5 
O f f s i  t e s  74.3 

C a e a c i  t ~ :  50.00 m i l l i o n  9 a l l o n s / y r  ------ 
22 ,080  o e  tr i c  t o n s / ~  T o t a l  F i x e d  I n u .  146.3 

S t r - T i m e :  aOO0 h o u r s  p e r  y e a r  U o r k i n q  C a p i ? a l  12.3 

RAU MATERIALS ------------- 
A s p e n ,  I b  

U N I T S  PR ICE .  ANNUAL CENTS DOLLARS/ 
PER GAL e / U N I T  .C_O_SI, sn PER GAL fiEI_I;?- ------- ---- ------- 

55.07302 1.0 2 7 ,  %a' 
S u l f u r i c  A c i d ,  l b  ,24739 
C a l c i u m  H y d r o x i d e ,  I b  .I6095 
S o d i u m  H y d r o x i d e ,  l b  . 0 1488 
C o r n .  l b  - 0  1237 
Ammonium S u l f a t e ,  I b  .20  530 
S u p c r p h o s p h a t e ! b 6  ) , I b  -89715 
C a ! c i u t a  C a r b o n a t e ,  ! b  .@I268 
C a t a l y s t  S C h e m i c a l s  

TOTAL R A U  MATERIALS 
l J T I L I T I E S  --------- 
P o w e r .  k l l H  
c o i ~ i i q  U a t e r ,  M G ~ I  ,30938 5 . 8  897 
P r o c e s s  U a t r r ,  PI G a !  . 01456 6 0 . 0  437 
SPeam,SO ~ s i q .  H L b  .05455 391.0 10,465 

TOTAL U T I L I T I E S  111.092 29. la ,320 . 3 ?  
OPERATING COSTS --------------- 
L a b o r ,  i 0  Hen i.4 3 25,509 
F o r e m e n ,  13 H e n  4 S 29,000 2 M/S 377 
S u p e r u i s i o n ,  3 Man d 3 33,000 3 Han  10.5 
f l a i n t . ?  M a t e r i a l  3 L a b o r  6% o f  I S B L  4.290 --------- 

TOTAL.. OPERATING COST 6 :  302 12.60 277.37 
OVERHESQ-EZPEWSES 
O i  r e c t  O v c l - h e a d  457: L a b .  d Sup.  
G e n .  P l a n t  O v e r h e a d  05% O ~ c r .  C o s t 3  4,006 
Insurance,  C r o p .  T i a  1 ; S X  T o t .  F i r .  IAV, 7,19b --------- 

TOTAL OVERHEAD EXPENSES 7,196 1b .  39 317.29 
BY-PRODUCT CREDIT  -- -------------- 
C a r b o n  D i o x i d e ,  I b  
SCP, l b  ,03050 -15. 0 - 229 --------- 

TOTAL BY-PRODUCT CREDIT  - 1 1  307 '22.61 '4?9.53 
a========= =------ ------ -=-------= - ------- 

CASH COST OF PRODUCTION 50,981 101 .?o 2247. 85 

DEPRECIATION 202 I S b L  + 10: OSPL 21,780 b3.5ei 950.32 
f'DOffaarn P=f==PP=f= 

NET COST UF PRODUCTION 72,763 145.51 3203.13 

REQUIRED SALES P R I C E  AT 1 0 %  DCF 19b. 5 4288.3 



TABLE I V - A - 8  

COST OF PRODUCTION ESTIHATE FOR ABE 
PROCESS- IHPROVE.BUT TOL-2.9 

CAPITAL SUMMARY --------------- 
BASIS ----- ------------ CAPITAL COST s n r ~ ~ r e _ ~  
L o c a t i o n :  U.S.  G u l f  Coast B a t t e r y  L i m i t s  7 1 . 5  

B i d-1982 O f f s i  t e s  74.8 
C ~ P ~ C  i t y  : 50 :00 n i 1'1 i on qa I l ons/v r  ------ 

22,680 me tr i c t o n s / v r  T 'ota l  F i x e d  I n v .  146.3  
S ? r . T i m e :  8000 h o u r s  p e r  year Uork i n ?  Cap i t a  I. 1 2 . 1  

PRODUCTION COST SUMMARY ....................... 
RAU HAYERIALS ------------- 
Aspen, ! b  

UNITS - - -  

PER GAL ------- 
rc 
JJ.  07302 

S u l f u r i c  A c i d ,  I b  ,24739 
Ca lc ium Hvdrox ide ,  I b  ,15095 
Sodium Hydrox ide ,  l b  . 0 1488 
Corn, I b  . 0 1237 
Ammonium S u l f a t e ,  I b  ,20636 
Superphosphate i46  ) ,  I b  ,99715 
Ca lc ium Carbonate ,  tb . 4 1200 
C a t a l y s t  8 Chemica ls  

TOTAL RAU MATERIALS 
!JTTLITIES --------- 
P o w e r ,  kUH 

PRICE, 
e/UNIT --- 
13 
4 . 3  
2 . 0  

2 6 ;  0 
4 .  S 
3 . 0  
8 . 0  
2 . 7  

ANNUAL CENTS DOLLARS/ 
COST, - - - - SM ------- PER G A L  HET TON -------- 

27,53g 

C o o l  i n 9  U a t e r ,  M Gal .30938 5 . 8  a97 
Process U d t e r ,  H G a l  , ill 454 6 0 . 0  -437 
Steam,SJ p s i s !  H Lb .05455 295 .0  8 ,046  --------- 

TOTAL UTIL IT IES 12,179 
OPERATING COSTS --------------- 
Labor ,  ~ I J  Hen i? O 25,500 
Foremen. 13 Hen @ S 29,000 2 H i s  377 
P ~ u ~ c r u c s i o n ,  3 Man S 35,000 3 Man 105 
n a i n t . ,  B a t e r i a l  8 L a b o i  A X  o f  ISBL 4 .290 --------- 

TOTAL OPERATING COST 6,302 
OVERHEAD EXPENSES ----------------- 
D i r e c t  overhead 45% Lab.  8 SUP.  
Gen. P l a n t  Overhead 65% O ~ e r .  Costs  4 ,096 
I n s u r r n c e ,  P rop .  Tax 1 .5Z  T o ? .  F i x .  I n v .  2,194 --------- 

TOTAL OVERHEAD EXPENSES 7,196 14 .39  317.29 
BY-PRODUCT CREDIT -- -------------- 
Carbon D i o x i d e ,  tb 7,91237 2 . 8  '1 1 ,078 
SCP, l b  ,93050 15.0 ' 229 --------- 

TOTAL BY-PRODUCT CREDIT '11,307 ' 2 2 . 6 l  " 4 9 6 . 5 3  
1===PIIPPm =====1= f f I P = = = f P D  

CASH COST OF PRODUCTION 49,079 98 15 2153.93 

DEPRECIATION 20Z ISPL + 102 OSPL 21,700 43.56 960.32 
=p====a=a= nn=tu=a= =IIIII-I== 

NET COST OF PRODUCTION 70,  a39 l b l  71 3124.30 

REQUIRED SALES PRICE AT 1 0 %  DCF 



TABLE IV-A-9 

SUMMARY OF ABE FERK NTATION PROCESS ECONOMICS AN0 E N E R G Y  REQUIREME N'TS 

Basis: U.S. Gulf Coast, mid-1982, 50 million gallons per year. 

Fermenter Effluent Product Concentration 
1.0 Percent 2 .1  Percent 2 .9  Percent 
Sol vents Solvents So 1 vents 

Investment, MM9 , . 
Battery 1 imi ts 
Qff s i t e s  

Total fixed investment 
Cost of production, $/gal 

Raw materi a1 s 
Ut i l i t i e s  
Operating costs 
Overhead expenses 
By-product c redi t  

Cash cost of production 
Oeprec i at  i on 

Net cost of production 

Selling price a t  10% OCF 268.6 213.8 194.5 

Energy required, MBtu/gal - - .  

of product 145.6 89.8 71.6 

As can be seen from Table IV-Aa9, COP i s  reduced from 268.6 cents per 
gallon a t  1.0 percent solvents, t o  213.8 cents per gallon a t  2.1 percent 
solvent, to 194.5 a t  2.9 percent. These values represent the sales price 
required a t  10 percent OCF, using CSI u t i l i t y  values. As solvent 
concentration i s  increased there are several re1 ationshi ps that occur 
which contribute to  the decreasing cost of production: 

Inside Battery Limits (1SBL) capital i s  reduced due t o  the 
decreasing water content of the process streams, which resul ts  i n  

reduced equipment volume requirements. 

e The corresponding reducti.on in fermenter volume resul ts  in 
reduced nutrient requirements for  the higher solvent 
concentration cases, although t h i s  i s  somewhat offset  by the 
larger slopback percentage ( t h u s  recycling nutr ients)  for  the 1.0 
percent case. 



The decreased steam requirement du r ing  p u r i f i c a t i o n  due t o  the  

h igher  so lvent  concentrat ions r e s u l t s  i n  redu,ced u t i l i t y  cos t  and 

Outside B a t t e r y  L i m i t s  (OSBL) c a p i t a l  ( i  .e., smal le r  coa l - f  i r e d  

steam system requ i red) .  

The o v e r a l l  decreased c a p i t a l  r e s u l t s  i n  an across-the-board 

reduc t i on  i n  cap i  t a l - r e 1  ated expenses (ope ra t i ng  costs, 

overheads, deprec ia t ion  and OCF r e t u r n ) .  

Aspen wood raw m a t e r i a l  requirements are e s s e n t i a l l y  t h e  same f o r  a l l  

cases due t o  the  assumed constant enzyme hyd ro l ys i s  and fe rmenta t ion  

y i e l d ,  however, there  are  some s l i g h t  v a r i a t i o n s  due t o  sugar recovery 

d i f ferences f o r  d i f f e r e n t  repu lp ing  s o l i d s  concentrat ions. 

F igure  I V - A - 1  represents the  r e 1  a t i onsh ip  between t o t a l  s o l  vent 

concent ra t ion  and sales p r i c e  a t  10 percent  OCF f o r  ABE fermentat ion 

given the  design basis  o u t l i n e d  prev ious ly .  The graph i nd i ca tes  t h a t  t h e  

greates t  savings per  u n i t  o f  increase i n  so lvent  concent ra t ion  are  

a f fo rded i n  t h e  low concent ra t ion  range, between 0.5 and around 2.5 
percent t o t a l  solvents. A t  g rea ter  than 2.5 percent  t he  e f f e c t  o f  

inc reas ing  solvents concentrat ion begins t o  l e v e l  o f f ,  al though i t  does 
cont inue t o  decrease. For example, a t  3.5 percent,  COP i s  approximately 

186.0 cents per gal lon,  o n l y  8.5 cents per  g a l l o n  lower than a t  2.9 

percent,   ow ever, if the r e s u l t s  of t h i s  ana lys i s  are compared t o  the  

COP o f  syn the t i c  butanol and acetone, i t  i s  seen t h a t  ABE fe rmenta t ion  

becomes compet i t i ve  a t  around 2.1 percent so lvents,  and a t  2.9 percent  

so lvents o f f e r s  a s i g n i f i c a n t  advantage over t he  syn the t i c  route.  

Based on the thermal equ iva len t  o f  the e l e c t r i c  power requ i red  (assumed 

t o  be 10,000 Btu/kwh) p lus  the  en tha lpy  of t he  steam requirements 

(assuming an 85 percent generat ion e f f i c i e n c y ) ,  improving the  butanol  

to le rance t o  t h e  l e v e l s  examined he re in  would r e s u l t  i n  annual energy 

consumption l e v e l s  as fo l lows:  

Fermenter E f f l uen t  Product Concentrat ion 
1.0 Percent 2.1 Percent 2.9 Percent 

Annual ener 13 consmpti On . (Btu x 10 ) 
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Reca l l i ng  t h a t  the base case ( i  .e., lower y i e l d  case) e x h i b i t e d  an annual 

energy consumption l e v e l  o f  5.37 t r i l l i o n  Btu, the  specu la t ive  2.9 

percent t o t a l  so lvents case e x h i b i t s  an impressive saving o f  one t h i r d  o f  

t he  t o t a l  energy requ i red  i n  the base case. 

B. Cumulative E f f e c t  o f  Most Promising Research Options 

Uesign Basis 

S i x  areas o f  p o t e n t i a l  process improvements were selected and analyzed i n  

Sect ion I11 r e l a t i v e  t o  t h e i r  e f f e c t  on ABE process economics. This  

analys is  was based on the  most recent  research data a v a i l a b l e  w i t h  the  

o b j e c t i v e  being the  se lec t i on  o f  the  most promising research areas which 

could have the  greates t  impact on ABE process economics. The opt ions 

analyzed were as fo l lows:  

a Continuous ABE fermentat ion 

a Vacuum ABE fermentat ion 

e Baelene solvent  e x t r a c t i o n  

e HRIts L igno l  Process 

a Improved prehydro lys is ldua l  enzyme hyd ro l ys i s  

a Improved nicroorganisrn to le rance t o  butanoi t o x i c i t y  

Of the  s i x  op t ions  analyzed, f o u r  r e s u l t e d  i n  improved process 

economics. , One o f  these, improved microorganism to le rance t o  butanol 

t o x i c i t y ,  ,had a s i g n i f i c a n t  p o s i t i v e  e f f e c t  and i s  analyzed separate ly .  

The other  three, continuous fermentat ion, L igno l  and prehydrolys is /dual  

enzyme hyd ro l ys i s ,  each had o n l y  a marg ina l l y  p o s i t i v e  e f f e c t  on 

economics. However, a new ABE fermentat ion f a c i l i t y  could incorpora te  

a l l  th ree  o f  these process improvements t o  take advantage s f  the 

cumul at1 ve e f f e c t  o f  each. 

An ana lys is  o f  the base case low y i e l d  case i nco rpo ra t i ng  continuous 

fermentat ion, L igno l  and dual enzyme hyd ro l ys i s  has been performed. This 
case has an i n i t i a l  sugar concentrat ion i n  fermentat ion o f  5.2 percent, 

which r e s u l t s  i n  a t o t a l  so lvents concentrat ion o f  1.4 percent. Slopback 
recyc le  1s about 8 percent. 



The des ign parameters f o r  t h i s  case are summarized i n  Tables IV-0-1 and 

IV-0-2 and a re  i d e n t i c a l  t o  t he  i n d i v i d u a l  cases analyzed p r e v i o u s l y  i n  

Sec t ion  111. 

Economics and Energy Requirements 

Tab1 es IV-0-3 and IV-0-4 represen t  cos t  o f  p roduc t i on  es t imates  f o r  the 

"cumul a t i  ve" case, i n c o r p o r a t i n g  cont inuous f e m e n t a t i o n ,  L i g n o l  and dual 

enzyme process op t i ons  a t  1.4 percent  t o t a l  so lven ts  i n  t h e  f e rmen ta t i on  

beer, u s i n g  CSI and DOE u t i l i t i e s ,  r e s p e c t i v e l y .  These da ta  are 

sumnarized and compared aga ins t  ( r e v i s e d )  base case values i n  Table 

IV-0-5. Th i s  case i s  f o r  a f a c i l i t y  produc ing 50 m i l l i o n  ga l l ons  per 

year  o f  t o t a l  so l ven t s  a t  a p l a n t  l oca ted  on t he  U.S. Gu l f  Coast i n  

m i  J-1302. 

TABLE IV-8-5 

S ~ M A R Y  OF ABE PROCESS ECONOMICS AND ENERGY REQUIREMENTS, 
C O N T T R U O U ~  ~ ~ R ~ G E T ~ O N ,  LIGiiOL, UUAL ENZYME 

Basis: U.S. Gu l f  Coast, mid-1982, 50 m l l l l o n  ga l l ons  per  year.  

C5I U t i l i t i e s  DOE_-Uti 1 i t i e s- 
Cunul a t i  ve 3ase --- Cbrnul a_t_i& Base 

Investment,  MM$ 
B a t t e r y  l i m i t s  
O f f  s i t e s  

To ta l  f i x e d  investment  

Cost o f  p roduc t ion ,  $ /ga l  
Raw ma te r i  a1 s 
U t i l i t i e s  
Opera t ing  cos t s  
Uverhead expenses 
By-product c r e d i t  

Cash c o s t  o f  p roduc t i on  
Ueprec i a t  i on 

Net c o s t  o f  p roduc t i on  

S e l l  i n g  p r i c e  a t  10% OCF 237.5 259.8 233.0 252.8 

Energy requ i red ,  MBtu/gal 
of product  69.4 107.4 69.4 107.4 



TABLE rv-a-1 

DESIGN PARAMETERS 

0 Teoerature 
0 Acid concentration 

Residence time 

E n z m e  oroduction 

T m e r a t u r e  
OH 
Pressure 
Nutrients 
Oxygen 
Cell concentration 
Cell vleld 

Enzvme yield 

Cell recvcle 

200oc 
0.5 Ut% 
7.9 seconds 

Atmosoheric 
111 
17,264 IU/mol O2 
7 gms/liter 
0.26 gms mycelliuml 
gm cellulose 

1.53 qms enzyme/ 
gm cellulose based 
uoon enzyme orgduc- 
tivitv of 114 IU/l/hr 

0.77 gm/qm cells 

r l r  !.O oercent cellulose 
O.? oercent K H ? P O ~  
6.03 Dercent Cat12 
0.03 oercent %SO4 . 7 H?O 
l..O percent corn steep lfquor 

Enzvme ~ G r o l v s i s  

Temerature 
0 Pressure 

OH 
0 Hvdrolvsis time 

Hvdrolvsis conversion 

0 Terminal suqar concentration 
0 Enzvme loadina 

Atmospheric 
(1) 
17,254 I'J/mol 02 
7 gms/liter 
0.26 gms mycellium/ 
gm cellulose 
7.17 gms enzyme/ 
gm cellulose based 
uDon ?nzyme produc- 
tivity of 114 IU/l/hr 

0.77 gm/gm cells 

12Z°F 
Atmospheric 
4.8 
12.5 hours 
!OO mol percent conversion 
cellulose to glucxe 

5.92 Derccnt 
1 7  i i l /qm solids 

Cont i nuaus f e ~ n e n t  arion 

Suqar utilization 95 ~ercent 
Solvent vleld 26.3 ~ ercent 
Temerature 37OC 
Sugar concentration 52 it% 
OH 5.0 
Cell mass concentration 4.5-5 g/llter 
Residence time 5 hours 
Volumctrii productlvfty 3.5 g / l - h r  

End Product ijlstrlhut~on 

Ut Percent 

Du t A I ~ O  1 
Acetone 
Ethanol 



TABLE IV-8-2 

LIGNOL PROCESS DESIGN PARAMETERS 

a Overa l l  process y i e l d s :  (weight  percent  based ,upon o r i g i n a l  1 i g n i n )  

20.2 t o  phenol 
14.1 t o  benzene 
13.1 t o  f u e l  gas 
29.1 t o  f u e l  o i l  

Gaseous Hydrocarbon Composit ion 

Organic L i g n i n  (Wt %) 

CO 3.9 
co2 1.8 
CH4 6.6 
C2H6 1.9 
C3H8 9 . 3  
C4H8 1 .O 
C4H1.0 1 .O 
C5Hl0 0.7 
C5H12 1 .O 
T o t a l  hydrocarbon gases 2xZ 

L i q u i d  Hydrocarbon Composit ion 

Organic L i g n i n  (Wt %)  .= 

"20 17.9 
Hydrocarbons (C -3000F) 8 8.3 
Hydrocarbons ( 3  0-4650F) 5.7 
Pheno 1 s ( 300-4650F) 36.5 
Catechol s (465-5000~)  8.7 
Heavies ( 5 0 0 0 ~  +) - 2.4 

T o t a l  1 i q u i d  hydrocarbons + 
pheno 1 s 62.6 

T o t a l  
H2 consumption 

F r a c t i o n  (Wt %)  composit ion o f  Phenol F r a c t i o n  

Phenol 
a-Ctesol 
m-p-Cresol s 
2.4 Xylenol  
p-E thy1 phenol 
o-n-Propylphenol 
p-n-Propyl phenol 
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TABLE I V - B - 3  

COST OF PRODUCTION ESTIHATE FOR APE 
PROCESS- CUMULATIVE 

&SZ s CAPIIAL-CESI o l n i ~ ~ ~ g p  
L o c a t i o n :  U . S .  G u t f  C o a s t  B a t t e r y  L i m i t s  1 1 8 . 4  

M  i  d-1982 O f f s i  t e s  88.3 
C a p a c i t y :  50.00 m i  l l i o n  q a l l o n s i y r  ------ 

22,680 m e t r  i c t o n s / y r  T o t a l  F i x e d  I n u .  205,7 
S t r . T i m e :  9000 h o u r c  p e r  y e a r  U o r k  i n q  C a p i t a l  1 6 . 7  

PROOUCTION COST SUMMARY ....................... 
U N I T S  PRICE,  ANNUAL CENTS DOLLARS./' 

PAU MATERIALS ------------- 
A s p e n ,  I b  

PER GAL c i U N I T  COST, SM PER GAL MET TON 
6iTZ848Z 

---- ---- ------- -------- 
1 . 0  30, 

S u l f u r i c  A c i d ,  l b  ,27669 
C a l c i u m  H y d r o x i d e ,  l b  ,17499 
S o d i u m  H y d r o x i d e ,  1.b ,00880 
C o r n ,  I b  . 0 1237 
Ammonium S u l f a t e ,  l b  .45208 
S u p e r p h o s p h a t e ( 4 6  ) ,  l b  1.96554 
C a l c i u m  C a r b o n a t e ,  I b  ,90415 
H r d r o q e n ,  I b  ,28878 
C a t a l y s t  R C h e m i c a l s  

TOTAL RAU HATERIALS 
!ILLiLLES 
P o w e r ,  kUH 
C o o l  i n s  W a t e r ,  M  G a l .  ,39068 r .I . 8 
P r o c e s s  Ua t e r  , PI Ga l ,03360 60,0 
S t e a m , 5 0  p s i s ,  tl Lb ,06845 235.0 

TOTAL U T I L I T I E S  
OPER5IING-COSIS 
L a b o r ,  60 Men @ % 25,500 13 M/S 
F o r e m e n ,  13 Men @ 3 2?,.000 2 M/S 
S u ~ e r v i s i o n ,  3 Man 4 5 35,000 3 M6n 
Ma i n  t . . M a t  e r  i a l B L a b o r  6% u f  I S E L  

TOTAL OPERATING COST 
OVERHEAD EXPENSES ----.------------- 
D i r e c t  O v e r h e a d  457: L a b .  S S U P .  
Gen .  P l a n t  O v e r h e a d  65X O p e r .  C o s t s  
I n s u r a n c e ,  P r o p .  Tax  1.5% T o t .  F i x .  I n v  

TOTAL OVERHEAD EXPENSES 
g ~ - p g p g y c ~ - c ~ E p r J  
C a r b o n  D i o x i d e ,  I b  8. ?n1'57 2 , 8  - 1 1 , 2 0 3  
SCP, I b  ,03000 15,O -195 L i 

1.01930 P h e n o l ,  l b  32.5 -15,555 
,72666 ' 20 . ?  .. - B e n z e n e ,  , l b  i ,521 --------- 

TOTAL BY-PRODUCT CREI l IT  -35,514, -71,02 - 1 ~  atl-1 . ' = ,  G.T ---------- ---------- ------- ---------- ------- ---------- 
CASH COST OF PROIlUCTION 52,964 105.92 2 3 3 5 ,  :,:I 

DEPRECIATION 20% I S B L  + 10% OSEL 32,510 65.02 1433.43 ---------- ---------- ------- ---------- ------- ---------- 
I NET COST OF PRODUCTION 85,47b 170.94 

+ . -- -.--.. - 
3768.73 

..-- .- , . 

REQUIRED SALES PRICE.AT 1 . q ~  ~ C F  233.0 5137.6 



TABLE IV-0-4 

COST OF PRODUCTION ESTIMATE FOR ABE 
PROCESS- CUMULATIVE 

E_ASIS 
L o c a t i o n :  U . S .  G u l f  C o a s t  

fl i  d-1082 
C a p a c i  t v  : 5 0 . 0 0  m i l l i o n  g a ! l o n s i y r  

2 2 , 6 8 0  m e t r i c  t o n s i y r  
S t r . T i m e :  3000 h o u r s  p e r  y e a r  

, 
PPOIIUCTION COST SlJMMkRY ....................... 

RAW MATERIALS ------------- 
C~spen,  l b  

UNITS 
PER G A L  

sTTZii483 
S u l f u r i c  A c i d ,  l b  o 27669 
C ~ l c i u m  H y d r o x i d e ,  l b  - 1 7 4 9 0  
Sodium H y d i - o x i d e ,  l b  , 0 0 8 8 ?  
C o r n ,  l b  - 0  1237  
Ammonium S u l f a t e ,  l b  ,45208  
C a u p e r p h o s p h a + e < 4 6  ) ,  l b  1 . 9 6 5 5 4  

C a l c i u m  C a r b o n a t e ,  l b  ,90415  
H y d r o g e n ,  t b  ,23879  
C a t s  l y s t  8 .Chemi c a ! s  

TOTAL R A U  riATERIALS 
U T I L I T I E S  --------- 
Power ,  k U H  

C A P I I A L - C O S I  .b)i;~~;g? 
B a t t e r y  L i m i t s  1 1 3 . 4  
O f f s i  t e s  88.3 

------ 
T O ? ~ (  F i x e d  I n v .  2 0 . 5 ,  7 
W o r k i n s  C a p i t a !  1 7 . 0  

PRICE, 
c /UNIT ---- 

1 , o  
4 . 3  
2 . 0  

2 8 . 0  
4 . 5  
3 , O  
8 . 0  
2 . 7  

6 0 .  0 

ANNUAL 
COST. 3il ---- 

30, S o i i  
595 
175 
114 

2 5 
678 

7 , 8 6 3  
1 , 2 2 1  
8 , 6 6 4  
2 ,200  --------- 

5 2 , 3 4 2  

C o o l  i n q  U a t e r ,  H G a !  .39068  5 , 8  1 , 1 3 3  
P r o c e s s  Water , Pi G a  l ,03360  5 0 , O  1 , 0 0 8  
Steam,S? p s i g ,  fl Lb , 0 6 8 4 5  3 8 1 . 0  1 3 . 3 8 2  --------- 

TOTAL UTIL ITTEF I.?. 134 
Q ~ ~ ~ f i T I N G - c ~ ~ I S  
L a b o r ,  60 Hen 4 B 2 5 , 5 0 0  
F o r  emen, 13 Men @ b 2 9 , 0 0 0  - 3 n ,.# s 
P o u p e r v  i s i o n ,  3 Man @ 6 35 ,000  3 Han 105 
M a i n t , ,  M j t e r i a l  K L i b o r  G% o f  I S F L  7 ,  1134 - . - - - .- - .- - - 

TOTAL CIPER~:NTING COST 9 , 1. 1 .:in 
C)VE"m[l E : A , P ~ Z ~ J S E S  - - . - - - - - - - - - - - - - - -  
D i r e c t  Ouerhesd  45X L a b .  8 S u p .  9 0 5 
B e l l .  P l a n t  O l ~ ~ i - h c s d  1 5 X  @ p e r ,  C o s t 5  5 , 3 2 5  
I n s u r a n c e ,  P r o p .  T i x  1 , 5 X  T s t .  F i x .  I n v .  3 , 1 0 0  --------- 

TOTAL OVERHEAD EXPENSES 9,  ?31 
PY-PREPECL-GREPII 
Carbon  D i o x i d e ,  I b  
SCP, I b  , 03000  1 5 . 0  - 7 - c  

6- J 

1 . 0 1 3 3 0  Pheno l ,  l b  3 2 , 5  ' 16 ,565  
Benzene,  I b  ,72660 2 0 . 7  - 7 , 5 2 1  --------- 

TOTAL BY-PRODUCT CREDIT --c 
S J ,  514 ---------- ---------- 

CASH COST OF PROIlUCTION 5 5 , 0 0 9  

DEPRECIATION 20X ISPL + 10% OSBL 32 ,510  ---------- ---------- 
'NET COST OF PRO~IUCTION 9 7 , 5 1 9  

CENTS IlClLiAiJS /' 
PER G A L  MET T!3tJ ------* -------- 

REQUIRED SALES PRICE CIT 1 0 %  IlCF 



As can be seen f rom Table I V - 8 - 5 ,  mixed solvents can be produced f o r  

237.5 and 233.0 cents per ga l l on  a t  10 percent DCF, respect ively, .  f o r  the 

cumulat ive case. This  i s  a reduc t ion  o f  approximately 22.0 cents per 

g a l l o n  from the base case low y i e l d  COP o f  258.5 cents per gal lon,  and i s  

approximately equal t o  the  sum of the  reduct ions  i n  COP f o r  each o f  t h e  

i n d i v i d u a l  cases analyzed prev iously .  

Based on the thermal equivalent  o f  the e l e c t r i c  power requ i red  (assumed 

t o  be 10,000 Btu/kwh) p lus  the  enthalpy o f  t h e  steam requirements 

(assuming an 85 percent generat ion e f f i c i e n c y ) ,  m i  nus the energy c r e d i t  

accru ing from the product ion of benzene and phenol as by-products o f  t he  

L igno l  process, i nco rpo ra t i on  of the "cumulat ive" case would r e s u l t  i n  an 

annual energy consumption o f  3.47 t r i l l i o n  Btu. This  represents a 

s i g n i f i c a n t  decrease i n  energy consumption o f  35 percent r e l a t i v e  t o  the 

base case. 

"Best Case" - Cumulative Research Options Plus 2.9 Percent Solvents 

Oesign Basis i 

The case which would o f f e r  the best economics f o r  ABE fermentat ion would 

be a combination of a11 the  p o t e n t i a l  research improvements incorporated 
i n t o  one design. This  would inc lude continuous fermentation, L igno l  and 

dual enzyme hyd ro l ys i s  processing opt ions as w e l l  as improved 

microorganism to le rance t o  butanol t o x i c i t y ,  b r i n g i n g  the  solvent  

concentrat ion i n  t he  beer t o  2.9 weight percent. This l e v e l  o f  2.9 

percent so lvents i s  a r b i t r a r i l y  chosen as the maximum r e a l i s t i c  

concentrat ion obtd i r ldb le i n  the  near f u tu re .  A11 the design parameters 

f rom the previous ana lys is  o f  these process opt ions are i d e n t i c a l ,  except 

. t h a t  It i s  assumed t h a t  continuous fermentat ion can achieve a y i e l d  o f  

31.4 percent ( i ns tead  o f  26.3 percent)  a t  100 percent sugar conversion i n  

t he  5 hours p rev ious l y  used f o r  continuous fermentat ion. I n i t i a l  sugar 
concentrat ion i s  8.7 percent i n  fermentat ion and 9.0 percent slopback 

recyc le  i s  used. 



Economics an'd Enerqy Requirements 

Tables I V - C - 1  and IV-C-2 represen t  a  c o s t  o f  p roduc t i on  (COP) es t imate  

f o r  t h e  "bes t  case" ABE fe rmen ta t i on  u s i n g  C S I  and DOE u t i l i t y  costs ,  

r e s p e c t i v e l y .  These da ta  a re  sumnarized and compared aga ins t  ( r e v i s e d )  

base case va lues i n  Table IV-C-3. The a n a l y s i s  i s  f o r  a  f a c i l i t y  

p roduc ing  50 m i l l i o n  g a l l o n s  per  year o f  mixed so l ven t s  a t  a  U.S. Gu l f  

Coast l o c a t i o n  i n  mid-1982. 

TABLE IV-C-3 

SUMMARY OF ABE FERMENTATION PROCESS ECONOMICS AN0 
ENERGY RtQU?RtMNT3, BtST CASE 

Basis:  U.S. G u l f  Coast, mid-1982, 50 m i l l i o n  ga l l ons  per  year.  

C S I  U t i l i t i e s  DOE U t i l i t i e s  
"Best"  Base "Best"  Base - - 

Investment,  MMb 
B a t t e r y  l i m i t s  99.8 92.8 99.8 92.8 
O f f  s f t e s  65 .O 97.3 65 .O 97.3 

T o t a l  f i x e d  investment  .164.8 l-!Kr xiTx T!xrr 
Cost o f  p roduc t ion ,  $ /ga l  

Raw ma te r i  a1 s . .  . . . . .  .. 83 ..1.6 , 86-39 ~ . . *  , B3.16 : , 86.59 
. , .  U t i l i t i e s  , :  ' .29.91 43.37 ' . 28.28 3 7.00 

Operat i  ng cos t s  16 .OO 15.16 16 .OO 15.16 
Overhead expenses 17.15 17.37 17.15 17.37 
By-product c r e d i t  (64.04) (23.20) (64.04) (23.20) 

Cash c o s t  o f . p roduc t i on  82.18 139.28 80.55 ,132.91 
Oepreci a t i  on 

Net c o s t  o f  p roduc t i on  . 

S e l l i n g  p r i c e  a t  10% OCF 183.6 259.8 181.8 252.8 

Energy requ i red ,  MBtu/gal 
o f  p roduc t  34.6 107.4 34.6 107.4 

As can be seen f r om Tab le  IV-C-3, t he  bes t  case improvements a f f o r d  an I1 
cen t  per g a l l o n  sav ings over t h e  2.9 percen t  solvent. .  c.ase w. i thout the  

a d d i t i o n a l  improvements p r e v i o u s l y  analyzed. More impo r tan t l y ,  a t  183.6 

cen t s  per  ga l l on ,  t h e  "best  case" ABE fe rmen ta t i on  process o f f e r s  

approx imate ly  a  20 percen t  p r i c e  advantage over  t h e  convent ional  

s y n t h e t i c  rou tes .  



CCST OF PROC5CTTON E S T I M T E  FOR APE 
PROCESS- PEST 

CAPITAL SUf'iMARY --------------- 
BAS I S  ----- CAPITAL COST ------------ tMILLI 'Jt. !  -----.-- 
L o c a t i o n :  U . S .  G u l f  C o a s t  b a t t e r y  L i n l i P s  ' I.? 9 . 3 

I1 i II-1-982 W f f s i  tcs 6 5 . 0  
C a p a c i t y :  5 0 , 0 0  m i l l i o n  s a l I o n s / y r  -.----- 

22,680 ~ n e t r  i c  t o n s / y r  To t 3 I  F i x e d  1.11~. 101,. 3 
S t r . T i m c :  8000 h o u r s  p e r  y e a r  W o r k  i n q  Cap i t a  I 13 . ?  

PRODUCTION COST SUMMARY ....................... 
UNITS PRICE, ANNUAL CEHTS T!OLLARS/' 

R:>W H:ITERIALS ------------- PER GAL ------- 
A s p e n ,  I b  52.67715 
S u l f u r i c  G c i d ,  l b  .23659 
C a l c i u m  H y d r o x i d e ,  I b  . I 5 4 3 3  
S o d i u m  H y d r o x i d e ,  l b  , 0 1302 
C o r n ,  I b  . 0 1257 
A n ~ m o n i u n ~  S u l f a l c . ,  I b  ,2224 3 
S u p t r r ~ ~ i \ o . ; p i ~ a t e ! ' + o  ? ,  I b  .96705 
Ca l r i u n ~  Carbu r la  t e ,  I L  . 411.1k86 
H r d r o s e n ,  I b  . ?I!. - 5 8 9  
C a t a l y c . 1  .?, C t ~ c n ~ i c d I ! s  

TOTAL RAW iIATER IALS 
U T I L I T I E S  --------- 
P o w e r ,  ltWH 

cQSI,,$e PER ------- GAL CgL-IgG- 
26,31+ 0 

c o o l i n g  W a t e r ,  i 4  G a i  .35 15B 5 # 9  1 ,020  
P r o c e s s  W a t e r ,  hi G a l  , 12999 50 . O  3 , 9 0 0  
S t e a m , S O  ~ s i q ,  i4 L b  ,03703 391,O 7 , 2 3 9  

--------.- 

TOTAL U T I L I T I E S  1'1,955 2 9 . 0 1  
OPERATING COSTS --------------- 
L a b o r ,  60 Men @ S 25,500 13 H/S 1  ,530 
Fore laen ,  13 Hen I? 29,000 2 n/s 377 
S u p e r v i s i o n ,  3  Man 1 35,000 3  Karl 105 
H a ~ n t . ,  H a t e r l a \  B L a b o r  6% o f  I S E L  5 , 9 9 8  --------- 

TOTAL OPERATING COST 9 ,000  15 .00  
OVFRHEAD EXPENSES ----------------- 
D i r e c t  O v e r h e a d  45% L a b .  R S u r .  PO5 
Gen. P l a n t  O v e r h e a d  65% O p e r .  Coqi ts 5 , 2 0 0  
I r l s u r a r ~ c e ,  P r o p .  Tax 1.5;: T o t .  F i x .  I n v ,  2,1!72 --------- 

TOThL OVERHE:$D EXPENSES 9 . 5 7 7  1 7 . 1 5  
BY-PRODUCT CEEriIT -- ------.-------- 
C a r b o n  D i o x i d e ,  t b  8 , 0 0 i 5 f  2 . 9  ' ? I  .2?3 
SCP.  I b  .03000 1 5 . 0  - -,?e 

-a. d 

B e n z c n c ,  l b  .62 127 2 0 . 7  -;j , I,! 29 ---.---.--- 
TOTAL BY-2XODUCT CREDIT ' 3 2 . 0 2 0  '51t.0t4. - l i ~ i ! . . 3 y i  . .......... - .... -. .. - ... - ..... -- - .--- - .-. - . - - .- ..... .___._.- -. ._-....--.. .---.*-l....- -.. --.-.- 

: CASH COSY OF P R O D U C T ~ O N  .:. ' . 
, . . 91 , '3'93 ... . 82  4.3 . . '  131.1 .29 . :  . . .  - .. - .  . . . . . " ,  , .. :, , , a  :! 

. . 
'LEPR'ECIEITION  OX ISOL + 10% ~ S B L  26,1160' . 5 2 . 9 2  

. . . . . . . . . . . . . . .  
1166 a 07 

--.- .-. - - - -- - - -.- --.- ----a -----.I- - - . - - . - - - m e '  --- ---. -- --..-- - -.--.a:: 
NET COST OF PRODUCTION .'67,553 135.10 2 9 7 8 , 5 6  

REOUtREP SALES PRICE AT 10%,DCf 1'83 . 6  11 047.1 



COST OF PRODUCTION EST IHQTE f O R  ABE 
PROCESS- BEST 

C A P I T A L  S U t l M A R Y  --------------- 
BASIS ----- 
L o c a t i o n :  U , S .  G u l f  C o a s t  

C A P I T A L  COST ------------ 6NILLIOI.(  - - -- - - -. - 
B a l t e r y  L i m i t s  0 9 , Q  

M i J-1992 O f f s i  t cs  bZ,O 
C a p a c i  t y :  5 0 . 0 0  m i  l l i o n  sa  l l o n s / y r  ------ 

22,680 m e t r i c  t o n s / y r  T o t a l  F i x e d  I n u .  1611 , :3 
S t l - . T i m e :  8 0 0 0  h o u r s  p e r  y e a r  W o r k i n g  C a p i t a l  1 3 . 7  

PRODUCTION COST SUHiIr$RY ....................... 
UI4 ITS P R I C E ,  CIb!NUAL CENTS 11 O L L i) R E .' 

RAW MATERIALS  ------------- 
A s p e n .  l b  
s u . l f u i i c  A c i c i ,  I G  ,23659 
C a l c i u m  H y d r o x i d e ,  l b  154.39 
S o d i u m  H y d r o x i d e ,  I b  , 0 1 3 0 2  
C o r ! ~ ,  I b  ,01237 
An~nrcrnium S u l f a t e . ,  I b  ,22243 
S u p e l - p h o s p h a t c ( b 6  1 ,  l b  , 3 5 7 0 8  
C s  l c i  urn C a r b o n a t e ,  Ib , ' I  4 486 
H - y d r o r e n ,  l b  .24 .58?  
C a t a l y s t  3 C t ~ e m i r a  l s  

TOTAL RAW MATERIALS  
U T I L I T I E S  --------- 
P o w e r ,  I:UH 

COSI. -$H PER ------- G A L  ?lET TCr~1- ------- 
2 6 ,  3 4 8  

C o o l i n y  U a t ? r ,  H  G a l  , .35 153 5 . 3  1 , 0 2 0  
3 , 9 0 0  P r o c e s s  W a t e r ,  H G a l  , 1 2 9 9 9  bi) . 0  

9 t e a m , 3 0  p s i s ,  H Lb ,03783 2 7 5 . 0  LJ , 1462 --------- 
TOTAL U T I L I T I E S  14, 1 4 0  2 8 , 2 3  623,46 

OPERf iT ING COSTS --------------- 
L a b o r ,  6 0  H e n  @ S 2 5 , 5 0 0  1 3  M/S 1 , 5 3 0  
F o r e m e n ,  13 H e n  @ 4 2 9 , 0 0 0  2 M/S 3 7 7  
S u p e r v i s i o n ,  3 N a n  @ S 3 5 , 0 0 0  3 Man 105 
H a i n t . ,  H a t e r i a l  R L a b o r  6 %  o f  I S B L  5 , 9 8 3  ---------- 

TOTAL OPERATING COST a ,  0 0 9  t 5 .  0 0  - F -, 
J.2. .. , 711 

OVERHEAD -EXPENSES 
- - - d - , " , . m - - - - - - - - . - -  

D i r e c t  O v e r t l e a d  45% L a b ,  t S U P ,  
G c n ,  P l a n t  O v e r h e a d  6 5 2  O:io)', C o s t : $  5,2?0 

3 1172 I n s u r z n c e ,  P r o p ,  T a x  A . Z X  T o t .  F i  ):. .II.IV. - ,  
----.---.-.- 

TOTAL OVERHEAD EXPEi'!SE? 3 , 5 7 7  1 7 . 1 5  2 i 3 . 1 5 )  
-, - 

BY-PROCUCT CREDIT  -- ---.----------.- 
C a r b o n  D i o x i d e ,  I b  
SCP, I b  . 0 3 0 0 0  1 5 . 0  - CI?? -.. J 

P h e n o l ,  l b  .37111 5 2 2 . 5  - 111 , 1 5 2  
B e n z e n e ,  I b  .62127 2 0 . 7  '5 4 3 0  

-----.---- 

TOTAL BY-PRODUCT C R E D I T  
- - a 2 , 0 2 0  -411 , O'?  - il!.l 1 . a:< 

--------...- -.-..-.--.----- .--- .----. ...--. - .. .--.---. .---...--..-.-. -...--.-.. -.-- -.- 

CASH COST OF PRODUCTION 49,277 3 0 , 5 5  1 7 7 5  ,?O 

DEPRECIAT ION 20% I S B L  + 1 0 %  OSBL 26,1+60 52 .92  1 1 6 6 . 6 7  -.-----.--- - --.---*.--.- .. .- --.- .- -- ..--------.- - ---..-.-.....- ,-- ---.-..--.-.- 
NET COST OF PRODUCTION 6 6 , 7 3 7  133, b 7  2942.58 



I 

Based on the thermal equivalent of the e lec t r ic  power required (assumed 
t o  be 10,000 B t u / k w h )  plus the enthalpy of the steam requirements 
(assuming an 85 percent generation efficiency) , minus the energy credits 
accruing as a resul t  of the production of phenal and benzene as 
by-products of the Lignol process, incorporation of the speculative 
"best" case would resul t  in an annual energy consumption of 1.73 t r i l l  ion 
B t u .  This represents an impressive saving of about 68 percent in energy 
consumption relative to the base case and may be thought of as a "target" 
in terms of improving energy efficiency. 



V. SENSITIVITY OF ABE FERENTATION PROCESS ECONOMICS 

TO VARIATION IN FEEDSTOCK COST * 

Several c e l l u l o s i c  sources were considered as p o t e n t i  a1 feedstocks f o r  

the  ABE fe rmenta t ion  process. The fac tors  which determine feedstock 

d e s i r a b i l i t y  a re  p r i ce ,  a v a i l a b i l  i t y ,  h igh  p o t e n t i a l  sugars, and 

p o t e n t i  a1 f o r  rap id ,  h i g h  y i e l d  growth. Aspen wood (Popul us t remulo ides)  

was ,chosen f o r  t h e  base case because o f  i t s  h igh  p o t e n t i a l  sugar content, 

abundance i n  Nor th  America and p o t e n t i a l  f o r  rap id ,  h igh  y i e l d  

r e f  o r e s t a t i o n  (especi a1 l y  some o f  t he  new h y b r i d  pop1 a rs )  . Other woods 

considered p o t e n t i  a1 l y  good c e l l u l o s i c  sources are b l  ack cottonwoo.d, 

eas tern  cottonwood and eucalyptus, a l l  hardwoods. Softwoods were no t  

considered because, i n  an enzyme hyd ro l ys i s  process, softwoods are 

r e 1  a t i v e l y  . impervious . t o  pretreatment. Th is  r e s u l t s  i n  low enzyme 

hyd ro l ys i s  y i e l d s  compared t o  hardwoods. Since the cottonwoods are a1 so 

members o f  t h e  pop lar  genus, t hey  were considered too  s i m i l a r  i n  

c h a r a c t e r i s t i c s  t o  aspen. Eucalyptus, being a species tha t  grows i n  

abundance i n  t h e  southern Uni ted States and having been shown t o  be very 

inexpensive t o  grow and haruest,(') was chosen ds a p ~ t t n t i a l  

feedstock. A g r l c u l  t u r a l  wastes another potenl; i d l  source o f  

c e l l u l o s i c s ,  and corn  s tover  has been selected as a rep resen ta t i ve  o f  

t h i s  group. 

I n  each case examined herein, i d e n t i c a l  feedstock p r i c e s  were assumed. 

Th i s  enabled t h e  ana lys i s  t o  consider s t r i c t l y  composi t i o n a l  e f f e c t s  

associated w i t h  t h e  d i f f e r e n t  feedstocks. 

I t  should be noted . t h a t  repor ted  wood composit ions are o f  very uncer ta in  

accuracy. Compositions o f  i n d i v i d u a l  wood species can vary by as much as 

5-10 percent  from t r e e  t o  t ree.  As a r e s u l t ,  repor ted  wood composit ions 

va ry  f rom source t o  source, and the  best approach i s  t o  take an average 

value w i t h i n  the  repo r ted  range. 

11) M i t r e  Technical Report NO. 7347, ~ i l v i ' c u l t u r a l  Biomass Farms, Volume 
11: "The Biomass Po ten t i a , .  o f  Short -Rotat ion Farms," May 1977. 



The aspen wood composit ion which was used t o  generate the  base cases has 

been rev i sed  t o  r e f l e c t  a more d e t a i l e d  breakdown of i t s  hemicel lu lose 

content, and i s  inc luded as p a r t  o f  the feedstock v a r i a t i o n  analys is .  

A. Revised Aspen (Populus tremuloides) 

Design Basis 

The o r i g i n a l  aspen feedstock composit ion showed the  hemicel l u l o s e  

component t o  be composed o f  xylan and hexosan. The xy lan was thought t o  
be composed e n t i r e l y  o f '  0-xylose, a f i v e  carbon sugar, and hexosan, a 

m ix tu re  o f  0-glucose, 0-mannose and 0-galactan, a l l  s i x  carbon sugars. 

I n  r e a l i t y ,  t he  xy lan and hexosan f r a c t i o n s  o f  the  hemicel lu lose con ta in  

add i t i ona l  components. Xylan, i n  a d d i t i o n  t o  0-xylose, conta ins 

g lucuron ic  a c i d  and acety l  groups attached i n t e r m i t t e n t l y  t o  the 0-xylose 

groups. The hemicel l u l o s e  hexoses (0-glucose, gal  actose and mannose) 

a l so  con ta in  attached acety l  groups. Table V-A-1 sumar i zes  the  o r i g i n a l  

aspen composit ion used and the  rev ised aspen composit ion which r e f l e c t s  
these a d d i t i o n a l  . hemicel lu lose components. The rev i sed  aspen 

composition, i n  e f f e c t  , has decreased the percentage o f  p o t e n t i  a1 x y l  ose, 
and p o t e n t i a l  hemicel lu lose-der ived .hexose, w h i l e  adding the acety l  and 

g l  ucuronic ac id  groups. Quant i  t a t 1  v e l y  t h i s  t rans1 ates t o  an o v e r a l l  

decrease i n  t o t a l  p o t e n t i a l  sugars from 39.7 percent t o  37.7 percent. 

The cost  o f  product ion ana lys is  f o r  the feedstock v a r i a t i o n  cases are 

performed on the  base case low y i e l d  process w i t h  5.0 percent sugars i n  

fermentat ion, 27.54 percent y i e l d  and 1.4 percent so lvents i n  the beer. 

The rev ised aspen composit ion case does not  use any recyc le  slopback. 

Th is  i s  due t o  the  t o t a l  p o t e n t i a l  sugar being reduced, such t h a t  any 

recyc le  would d i l u t e  the sugar stream below 5.0 percent.  

Economi cs 

Tables V-A-2 and V-A-3 represent  cost  of p roduct ion  (COP)  est imates f o r  
0 

the  rev ised aspen feedstock case us ing  CSI and O O E ' , u t i l i t y  costs, 



r e s p e c t i v e l y .  These da ta  a re  s u m a r i z e d  and compared aga ins t  t he  

( r e v i s e d )  base case values i n  Table V-A-4. Th is  ana lys i s  i s  f o r  a 

f a c i l i t y  p roduc ing 50 m i l l i o n  ga l l ons  per year o f  mixed so l ven ts  on t h e  

U.S. Gu l f  Coast i n  mid-1982. 

TABLE V-A-1  

SUMMARY OF POPULUS TREMULOIDES COMPOSITIONS 
(Weight Percent, Green Wood) 

O r i g i n a l  Revised 

Water 50 .O 50.0 
C r y s t a l l i n e  c e l l u l o s e  20.7 22 .O 
Amorphous c e l l u l o s e  3.7 3.9 
L i g n i n  8.3 7.9 
Ash 0.1 0.1 
E x t r a c t i v e s  ' 1.9 1.5 
Hemice l lu lose Cg* 10.9 7.9 
Hemice l lu lose Cgn 4.4 3.5 
0-g lucuron ic  a c ~  d - 1.6 
o-acety l  

T o t a l  m h  & 
*Hemice1 1 ~ 1 0 s e  Cg sugars are:  0-xylose and 0-arabinose. 

*Hemice1 l u l o s e  Cg sugars are: 0-91 ucose, 0-mannose, and 
0-gal actose . 

TABLE V-A-4 

SIMPWRY OF ABE PROCESS ECONOMICS 
REVISED ASPEN COrciPOSITIObJ 

Basis: U.S. Gulf Coast, mid-1982, 50 m i l l i o n  ga l l ons  per year. 

CSI U t i  1 i t i e s  OOE U t i l i t i e s  
Revi.s*d Base Revised Base -- 

Investment, MM$ 
B a t t e r y  1 i m i  t s  98.7 92.8 98.7 92.8 
O f f s i t e s  98.4 97.3 98.4 97.3 m m - - T o t a l  f i x e d  investment 197.1 190.1 

Cost o f  p roduc t i o r~ ,  $ /ga l  
Raw m a t e r i a l s  93.44 86.59 93.44 86.59 
U t l l  i t i e s  41.62 43.37 36.91 37.00 
Operat ing  cos ts  15.87 15.16 15.87 15.16 
Overhead expenses 18.04 17.37 18.04 17.37 
By-product c r e d i t  . yi:?!) {gl:;:) fi::;:) {:;:;:) Cash co:t o f  p roduc t i on  
Oeprec i a t  I on 59.16 56.58 59.16 54.58 

Net c o s t  o f  p roduc t i on  m 7 9 5 . 8 5  2 - U Z n T m  

S e l l  l n g  p r i c e  a t  10% OCF 270.7 259.8 265.5 252.8 



TABLE V-A-2 

COST OF PRODUCTION ESTIMATE FOR ABE 
PROCESS - LOW YIELD/REV POPLAR 

P,A,SIS CAPILAL-GOSI sEIL,L,LGN, 
Location: U.S .  Gu l f  Coast B a t t e r y  L i m i t s  9 8 , 7  

M I  d-1982 O f f s i  t e s  98.4 .  
Capact t ~ :  50.00 a i l l i o n  ga l tons / ' y r  ------ 

22,680 m e t r i c  tons /v r  T o t a l  F i x e d  I n u .  1 9 7 . 1  
Str .7 i . r :  8000 hou rs  p e r  year U o r k i n g  C a p i t a l  16.8  

PRODUCTION COST SURHARY ....................... 
UNITS PRICE, ANNUAL CENTS DOLLARS/ 

R A U  MATERIALS ------------- 
Aspen. I b 

PER GAL t /UNIT SgSI, SM PER GAL HET TON 
6ZTSf i 3F  ---- 3Jl387 ------- -------- 

1 . 0  
S u l f u r i c  Ac i d ,  I b  .28 158 
Co(cium Hvdrox ide ,  l b  . I7009  
Sodium Hydrox ide ,  tb .00900 
Corn, I b  . 0 1237 
Anmofilum S u l f a t e ,  I b  .48907 
Superphosphate(46 ) ,  I b  2.12553 
Calc ium Carbonate,  I b  ,97772 
C a t a l y s t  8 Chemicals 

TOTAL RAU MATERIALS 46,720 93.44 2059.98 
UTILITIES --------- 
P o u e r  , kUH 1.862YO 3 . 2  2,98 0 
C o o l i n q  U i t e r ,  H Gal . 3  1468 c a. 8 901 
Process Ua te r ,  H Gal ,03670 61). 0 1 , 1 0 1  
Steam,SO p s i g ,  H Lb . O8b41 373.0  15,827 

TOTAL 
E_E!!?II_N_G- 
Labor ,  60 

UTILITIES 20,809 41 .62  917.51 
COSTS 

> - - - - -  

Hen @ S 25,500 13 MIS 1,530 
Foremen, 13 Men @ S 29,000 2 M/S 377 
Supe ru i s i on ,  3 Man @ S 35,000 3 Man 105 
h i n t . ,  H a t e r i a l  & L a b o r  6X o f  ISBL C a, 922 

TOTAL OPERATING COST 
OVERHEAD EXPENSES ----------------- 
D i r e c t  Overherd 45% Lab. &,SUP.  - - 

Gen. P l a n t  Overhead 65% Oper. c o s t s  5 ,151 
I n s u r r n c e ,  P r o p .  Tax 1 .5% T o t .  F i x .  I n u .  2,956 --------- 

TOTAL OVERHEAD EXPENSES 9,019 18 .04  397.67 
BY-PRODUCT -------------- CREDIT 
Carbon D iox i de ,  l b  8,12319 2 . 8  '11,373 
SCP, Lb .03051 15.0 -229 --------- 

TOTAL BY-PRODUCT CREDIT '11,602 '23.20 '511.55 
==IP~XPPPI = n ~ r r ~ ~  1~1~=0=1i i  

CASH COST OF PRODUCTION 72,880 145.75 3213.43 

DEPRECIATION 20X ISBL + 1 0 %  OSBL 29,580 59.16 130b. 24 
'====PI=== PI===== IIallllta= 

NET COST OF PROOUCTION 102,460 204.91 4517.67 

REQUIRED SALES PRICE A T  1 0 %  DCF 270.7 5 9 6 7 . 7  



TABLE V-A-3 

COST OF PRODUCTION ESTIMATE FOR ABE 
PROCESS - LOW YIELD/REV POPLAR 

E-A,SLS 
L o c a t i o n :  U . S .  G u l f  C o a s t  

~e PLI~L-E~SI SELL~LF 
B a t t e r y  L i m i  t o  9 8 . 7  

H i  d-1982 O f f r i t e r  9 8 .  r 
C a p a c  i t y  : 5 0 . 0 0  m i  I l i o n  9 a l l o n r / y r  ------ 

2 2 , 6 8 0  r e  tr i c t o n s / y r  T o t a l  F i x e d  I n v .  1 9 7 . 1  
S t r . T i r e :  0 0 0 0  h o u r s  p e r  y e a r  U o r k i n q C a p i t a l  1 6 . 5  

PROflUCTION COST SUMtlARY ----------------------. 
U N I T S  P R I C E ,  ANNUAL CENTS I IOLLARS.~  

R A U  MATERIALS ------------- 
A s p e n ,  l b  

PER GAL ------- 
6 6 . 5 7 1 3 9  

S u l f u r i c  A c i d ,  I b  .28138 
C a l c i u m  H y d r o x i d e ,  l b  , 1 7 6 0 9  
S o d i u m  H y d r o x i d e ,  I b  . 0 0 9 0 0  
C o r n ,  l b  , 0 1 2 3 7  
A m r o n i u m  S u l f a t e ,  I b  , 4 8 9 0 7  
S u p e r p h o s p h a t e ( Y 6  ), l b  2.12553 
C a l c i u m  C a r b o n a t e ,  I b  . ,97772 
C a t a l y s t  6 C h e m i c a l s  

TOTAL R A U  MATERIALS  
U T I L I T I E S  --------- 
P o u e r ,  kUH  1 . 8 6 2 U O  4 .3  
C o o l  i n q  U a t e r .  H G a l  , 3 1 0 6 8  5 . 8  

TOTAL U T I L I T I E S  
OPERATING COSTS --------------- 
L d b o r .  6 0  Men f3 S 2 3 , 3 0 0  
F o r e m e n ,  13 m e n  B S  29,600 2 h /S  
S u p e r v i s i o n ,  3 H a n  6 S 3 5 , 0 0 0  3 H a n  
H r ~ n t . ,  n a t e r i r l  & L a b o r  6 %  o f  I S B L  

TOTAL OPERhTING COST - - -  - - -  

OVERHEAD EXPENSES ----------------- 
D i r e c t  O v e r h e a d  4 5 %  L a b .  6 S u p .  

cgSL, Sfl  PER-G4L BET TON -------- 
3 3 , 5 8 7  

4, OOY 
9 0 1  

1 , 1 0 1  
12,450 --------- 
18, 457 3 6 - 9 1  

G e n .  P l a n t  O v e r h e a d  . 6 5 X  O p c r ,  C o s t s  3,157 
I n s u r a n c e ,  P r o p .  T a x  1 . 5 %  J o t .  F i x .  I n v .  2,936 

TOTAL OVERHEAD EXPENSES 9 , 0 1 9  1 8 . 0 4  3 9 7 . 6 7  
~ ~ - ? R O b U C f  -------.------ CREDIT 
. C a r b o n  D i o x i d e ,  l b  8.12319 2 .8  11,373 
SCP, l b  . 0 3 0 3 1  1 5 . 0  '229 

TOTAL BY-PRODUCT CREDIT  

CASH COST OF PRODUCTION 

DEPRECIATION 20% I S B L  + 1 0 %  OSBL 2 9 , 5 8 0  39.16 1 3 0 4 . 2 U  
1a11=01113 PI===== af f=afa=IQ 

NET COST OF PRODUCTION l O O , l O 8  2 0 0 . 2 1  ~ 4 1 3 . 9 7  

REQUIRED SALES P R I C E  AT 1 0 %  DCF 
1' 

a 263. S 5054.5 



As can be seen from Table V-A-4, the revised aspen composition case 

produces mixed solvents for 270.7 and 265.5 cents per gallon, 

respectively. This is about 12 cents per gallon higher than the original 

aspen composition case and is due primarily to the increased raw 

materials cost associated with the decreased sugar potenti a1 of the 

revised composition. 

B. Eucalyptus 

Oesiqn Basis 

The genus Eucalyptus contains over 500 identifiable species which grow in 
some 50 countries including the United States. Eucalyptus are . 

broad-leaved evergreen trees which are highly adaptable to climate and 
site. Despite this, in general, this genus does not do well, in areas 
where rapid drops in temperature occur. Therefore, Eucalyptus species 

grown for energy use would do best in Northern California (E. qlobulus) 

and the Southeastern United States. Table V-B-1 represents a composition 

for a typical Eucalyptus species, namely E. globulus. (1) 

TABLE V-B-1 

COMPOSITION OF E. GLOBULUS 
, 

 reen en iWoo,d, Wt % Total W O O ~ J  

i 
, .  Percent 

Water 
Crystalline cellulose 
Amorphous cellulose 
Lignin 
Ash 
Extractives 
Hemicel lulose C5-- 
Hemicell~lose C6 
0-glucuronic acid 

o-acetfl Tota 

n) Oillner 8.. et al. "The Breeding of E. globulus on the a a s i ~  of Wood 
Oensl ty, Chemical Composition and Growth Rate," Symposi um on the 
Production and Industrial Utilization of Eucalyptus, Lisbon, 
Portugal, 1970. 



The Eucalyptus wood contains 32.7 percent t o t a l  p o t e n t i  a1 sugars, 

sign>f i c a n t l y  lower than the  aspen wood. The Eucalyptus case i s  

performed on t h e  same basis  as the  aspen cases ( low y i e l d ) ;  however, 

slopback r e c y c l e  i s  2.3 percent. 

Economi cs 

Tables V-8-2 and V-8-3 represent  cost  o f  product ion (COP) est imates f o r  

t h e  low y i e l d  case us ing Eucalyptus wood feedstock w i t h  CSI and DOE 

u t i  1 i t i e s ,  respec t i ve l y .  These data  are sumnarized and compared against  

t he  rev i sed  aspen composit ion case (Table V-A-4)  i n  Table V-8-4. This  

case i s  f o r  a f ac i  1 i t y  producing 50 m i  11 i o n  ga l lons  per year o f  mixed 

solvents on t h e  U.S. Gul f  Coast i n  mid-1982. 

TABLE V-B-4 

SUMMARY OF ABE PROCESS ECONOMICS USING EUCALYPTUS WOO0 

Basis: U.S. Gu l f  Coast, mid-1982, 50 m i l l i o n  ga l lons  per year,  

CSi U t i  1 4 t i e s  O M :  U t l l l t l e s  
Euca- Revised Euca- Revised 

l yp tus  Aspen l y p t u s  Aspen 

Investment, MM$ 
B a t t e r y  1 im i  t s  
O f f s i t e s  

To ta l  f i x e d  investment 

Cost o f  product ion, t / g a l  
Raw mater i  a1 s 
U t i l i t i e s  
Operat l ng c o ~  t s  
Overhead expenses 
By-product c r e d i t  

Cash cos t  o f  product ion 
Oeprec i a t  i on 

Net cos t  o f  product ion 

S e l l  i n g  p r i c e  a t  10% OCF 



TABLE V - B - 2  

C O S T  O F  P U O D U C T I O N  E S T I M A T E  FOR A B E  
P R O C E S S -  L O U  Y ! E L D / E U C A L Y P T U S  

C A P I T A L  SUPlPlARY --------------- 
B A S I S  ----- 
L o c a t ~ o n :  U . S .  G u l f  C o a s t  

C A P I T A L  C O S T  ------------ % M I L L I E N  ------- 
B a t t e r y  L i m ~ t s  1 0 6 .  0  

M I  d - 1 9 8 2  O f f s i  t e s  1 0 0 . 3  
C a p a c i  t y :  5 0 , 0 0  m i l l i o n  q a l l o n s / y r  ------ 

2 2 , 6 8 0  m e  tr i c t o n s / r r  T o t a l  F i x c d  I n v .  2 0 6 . 3  
S t r . T i m e :  8 0 0 0  h o u r s  p e r  y e a r  U o r k  i n q  C a p  i t a  l 1 7 . 4  

P R O D U C T I O N  C O S T  SUMMARY ....................... 
U N I T S  

RPU M A T E R I A L S  ------------- PER G A L  
E u c a l ~ ~ t u s  u o o d ,  ~b 73TGiG5Z 
S u l f u r i c  A c i d ,  I b  , 3 2 1 0 8  
C a l c i u m  H y d r o r i d e ,  l b  . I 9 9 3 9  
S o d l u m  H y d r o x i d e ,  l b  . 0  1 7 5 0  
C o r n ,  l b  . 0  1237 
A m m o n i u m  S u l f a t e ,  !b ,47787 
S u p e r p h o s ~ h d t e ( 4 6  ) ,  ( b  2 . 0 7 6 5 9  
C a l c i u m  C a r b o n a t e ,  I b  ,95515 
C a t a l y s t  R C h e m i c a  I s  

T O T A L  R A U  M A T E R I A L S  

IIII,LIII,ES 
P o w e r ,  k U H  

P R I C E ,  
C / U N I T  ---- 

1 . 0  
4 , 3  
2 . 0  

2 6 . 0  
4 . 5  
3 . 0  
8 . 0  
2 . 7  

C o o l i n q  U a t e r ,  fl G a l  - 3 6  0  58 5 . 8  
P r o c e s s  U a t c r ,  fl G a l  . 0 3 7 1 2  6 0 . 0  
S t e a m , 5 0  p s i  9, .fl Lb , 0 6 6 5 0  3 7 5 . 0  - 

T O T A L  U T I L I T I E S  
O P E R A T I N G  C O S T S  --------------- 
L J ~ o ~ ,  Ju f l c n  $ s 2 5 , 5 0 0  
F o ~ * e m e n .  13 f l e n  @ S 2 9 . ,  0 0 0  2 f l / S  
S u ~ c r v i s ~ o n ,  3 P lan  @ 9 3 5 , 0 0 0  3 M a n  
Ma I n +  ; , H d t c i -  I a I % L a b o r  6 %  o f  I S B L  

T O T A L  O P E R A T I N G  C O S T  
O V E R H E A D  E X P E N S E S  ----------------- 
I l i r e c t  O v e r h e a d  4 5 %  L a b .  R S u p .  
G e n .  P l a n t  O v e r h e a d  5 5 %  O p e r .  C o s t s  
I n s u r a n c e ,  P r o p .  T a x  1 .5% T o t .  F i x ,  I n u .  

T O T A L  O V E R H E A D  EXPENSES 
BY-PROI IUCT C R E I l I T  -- -------------- 
C a r b o n  D i o x i d e ,  l b  8.12319 2 . 8  
S C P ,  I b  . 0 3 0 5 1  1 5 . 0  

T O T A L  B Y - P R O D U C T  C R E D I T  

C A S H  C O S T  O F  P R O D U C T I O N  

A N N U A L  C E N T S  D O L L A i 7 S /  
CESI, SH P E 4  ------- G A L  MET T O N '  

3 8 , 2 0 9  
-------- 

D E P R E C I A T I O N  2 0 %  I S B L  + 1 O X  O S P L  3 1 , 2 3 0  6 2 , Y 6  1 3 7 6 , 9 ?  
===nrn=rra =a====i  =a======== 

NET C O S T  OF PRODUCTII~N 1 0 6 , 7 9 1  213.57 4 7 0 8 . 6 3  

REQUIRED S A L E S  P R I C E  AT 1 0 %  DCF 2 0 1 . 6  6 2 0 8 . 0  



TABLE V-0-3 

COST OF PRODUCTION ESTIMATE FOR ABE 
PROCESS - LOW Y IELD/EUCALYPTUS ' 

CAPITAL SUflMARY --------- ------ 
FASIS ----- ESPlIab-EOSI S?~,LLL~,N 
L o c a t ~ o n :  U .S .  G u l f  C o a s t  b a t t e r y  L i a i  t s  106 .0  

H i  d-1982 O f f s i  tes  1 0 0 . 3  
C a p a c i t y :  5 0 . 0 0  m i l l i o n  9 a l l o n s i y r  ------ 

22 ,680  m e t r i c  t o n s f y r  T o t a l  F i x e d  I n v .  206 .3  
S t r . T i m e :  8 0 0 0  h o u r s  p e r  y e a r  U o r k i n g  C a p i t a l  1 7 . 2  

PRODUCTION COST SUMMARY ....................... 
UNITS 

!~L!f!lf fih?lLS PER G4L 
E u c a I v p t u s  ~ o o d ,  ( b  7ZTETESZ 
S u l f u r i c  A c i d ,  I b  , 3 2 1  08 
C a l c i u m  H y d r o x i d e ,  l b  ,19939 
Sodium H y d r o x i d e ,  I b  .01750 
Co rn ,  l b  . 0  1237  
Ammonium S ~ l f a t r ,  I b  . b7787 
S u p e r p h o s p h a t r ( Y 6  1 ,  I b  2 .07659  
C a l c i u m  C a r b o n a t e ,  I b  .9551S 
C a t a l y s t  8 Chen i  c r l r  

TOTAL RAU MATERIALS 
UIILIII5S 
Power,  k U H  

PRICE, 
e / U N I T  - - - - 

1 . 0  
'4.3 
2 .0  

2 6 . 0  
4 . 3  
3 . 0  
8,O 
2.7 

C o o l i n q  U a t e t ,  Pl Ga l  . ?6050 5 . 8  
P r o c e s s  U d t e r ,  Pl Ga I  . 03712 6 0 . 4  
Steam,SO p s 1 9 ,  il L b  ,06650 2 9 5 . 0  

TOTAL U T I L I T I E S  
OPERATING COSTS --------------- 
L d b o r ,  6 0  M i n  O $ 23,SQO 
Foremen,  13 t lcn @ S 29 ,000  2  n/s 
S u ~ e r v  i s i o n ,  3 Man @ S 35,000  3 Plan 
M a i n t . ,  H a t e r i a l  8 L a b o r  6% o f  ISBL 

TOTAL OPERAtING COST 
OVERHEAD EXPENSES ----------------- 
D i r e c t  O u e r h e r d  bSX L a b ,  8 S U P .  

ANNUAL CENTS DOLLARS,' 
GXJST, sn PER . . ..  - GAL, EET TON 

3 6 , 2 0 9  

Geo. P l a n t  Overhead 65% O ~ e r .  C o s t s  3 , 4 4 2  
I n s u r a n c e ,  P r o p .  Tax 1 . 5 %  T o t ,  F i x .  I n v .  3 , 0 9 4  --------- 

TOTAL OVERHEAD EXPUNI IS  , 9.  u42 1f3.88 916.30 
sI-P!?oL'ucI,c!?~~zI 
Carbon D i o x i d e ,  I b  
SCP, I b  . 0 3 0 S l  l Z 6 Q  '229 --------_ 

TOTAL BY-PRODUCT CREDIT '11 ,602  '33 .20  ' 511 .55  
a=====aaa1 aPIaPaa ¶ ' P = = D f a P I  

CASH COST OF PRODUCTION 73,968 1 4 7 . 9 3  3261  .bO 

. . 
K~EPRECIATION 20% ISPL + 1 0 %  OSBL .31 ,230  6 2 . 4 6  1 3 7 6 , 9 9  

t l P f l = P l l O  =¶=¶¶a1 f f P I = = P f O l  

MET COST OF PRODUCTION 105 ,198  210 .38  4638 .39  

REQUIRED SALES P R I C E  AT 10% DCF 278 .1  6131 .3  



As can be seen f r o m  Table  V-0-4, mixed so l ven t s  can be produced frm 

~ u c e l ~ p t u s  v i a  ABE fe rmen ta t i on  f o r  281.6 and 278.1 cen ts  per ga l l on ,  

r e s p e c t i v e l y .  These values represen t  t h e  sa les  p r i c e  a t  10 percen t  OCF. 

Th i s  i s  about 11 cen ts  per  g a l l o n  h i ghe r  than t h e  c o s t  o f  p roduc t i on  

us i ng  aspen wood ( r e v i s e d  case) as t h e  feedstock.  T h i s  i s  due p r i m a r i l y  

t o  t he  i nc rease  i n  raw m a t e r i a l s  c o s t  f o r  Euca lyp tus  assoc ia ted  w i t h  i t s  

l owe r -  p o t e n t i a l  sugar con ten t  and, t o  a  l e s s e r  ex ten t ,  t he  h i ghe r  

c a p i t a l - r e l a t e d  expenses assoc ia ted  w i t h  t h e  g r e a t e r  vo l ume t r i c  

throughput  r equ i r ed .  These disadvantages a re  somewhat o f f s e t  by  t h e  f a c t  

t h a t  Euca lyp tus  con ta i ns  more l i g n i n  than aspen, r e s u l t i n g  i n  more 

by-product steam be ing  produced, thus decreas ing u t i l i t y  cos ts .  

C. Corn Stover  

Oesiqn Bas is  

Corn s tove r  i s  an a g r i c u l t u r a l  waste which i nc l udes  a l l  p a r t s  o f  the  co rn  

p l a n t  e x c l u d i n g  t h e  corn  ke rne ls .  Corn s tove r  i s  composed o f  t h e  

f o l l o w i n g  corn  p l a n t  components by weight,  as shown i n  Table  V - C - 1 .  

TABLE V - C - 1  

COMPOSITION OF CORN STOVER PLANT 

Corn Stover  
- ( W t ' - X )  

Cob 
Leaf 
Husk 
S t a l k  

F o l l o w i n g  t h e  h a r v e s t i n g  o f  corn, p a r t  o f  t he  rema in ing  corn  s t ove r  

plowed under t o  be used as f e r t i l i z e r .  The r e s t  i s  c o l l e c t e d  as waste, 

u s u a l l y  i n  a  f i e l d  d r i e d  s t a t e  which reduces t h e  water con ten t  f rom about 

50 percen t  t o  30 percent .  Th is  i s  assumed t o  be t he  s t a t e  o f  the  co rn  

s t ove r  feedstock t o  be used !n t h e  ABE f a c l l  i t y .  



A typical corn stover composition for field dried material is presented 

in Table V-C-2. For comparison, green corn stover (50 percent water) 

composition is also given. 

TABLE V-C-2 

C3RN STOVER COMPOSITION 
(Weight Percent) 

Wate'r 
Crystalline cellulose 
Amorphous cellulose 
Lignin 
Ash 
Extract i ves 
Hemicellul~ose Cg 
Hemice1 1ulose C6 
Sucrose 
.Soluble protein 
Insoluble protein 

Field Oried Green - 

Table V-C-2 indicates that corn stover is quite different in composition 

from hardwoods. Corn stover contains several components not present in 
significant quantities in woods. These are soluble and insoluble 

proteins as well as sucrose. Sucrose, or natural plant sugar, is a 
disaccharide (Cl2HZ4Ol2) which hydrolyzes very easi ly to d-gl ucose and 
d-fructose. Therefore, corn stover contains. an additional potenti a1 

Sugar component compared to wood, wt~iclr brhings its total potential sugar 
content (on a 50 percent water basis) to 39 percent. 

Because of the fact that field dried corn stover has much, less water than 

green wood, the sugar concentrations obtainable with corn.stover in the 

base case design are very high. For example, the sugar concentration 
after enzyme hydrolysis for the wood cases is only about 5.0 percent, but 

for the corn stover case it is 6.4 percent. Therefore, to maintain 
consistency during fermentation, at 5.0 percent sugar the corn stover 

case must be diluted. This is accomplished by using a 25.3 percent 
slopback recycle, which also recycles nutrients. 



Economics 

Table  V-C-3 and Tab le  V-C-4 represen t  c o s t  o f  p roduc t i on  (COP) es t imates  

f o r  ABE fe rmen ta t i on  w i t h  co rn  s t ove r  as t h e  feedstock u s i n g  CSI and DOE 

u t i  1  i t i e s ,  r e s p e c t i v e l y .  These da ta  are summarized and compared aga ins t  

t h e  r e v i s e d  aspen composi t ion case (Tab le  V-A-4) i n  Tab le  V-C-5. Th i s  

a n a l y s i s  i s  f o r  a f a c i l i t y  p roduc ing  50 m i l l i o n  ga l l ons  per year  o f  mixed 

so l ven t s  on t h e  U.S. G u l f  Coast i n  mid-1982. 

TABLE V-C-5 

SWMARY OF ABE PROCESS ECONOMICS 
CORN S T O V t  A t t t  05 I CCK 

Basis:  U.S. G u l f  Coast, mid-1982, 50 m i l l i o n  ga l l ons  per  year .  

Investment,  MMb 
B a t t e r y  1  i m i  t s  
O f f s i t e s  

T o t a l  f i x e d  investment 

Cost o f  p roduc t ion ,  $ /ga l  
Raw m a t e r i  a1 s  
U t i l i t i e s  
O p e r a t i ~ g  cos t s  
Overhead exoenses 

C S I  U t i  1  i t i e s  

Corn Revised 
S tover  Aspen 

DOE U t i l i t i e s  

Corn Revised 
Stover  As pen 

By-product c r e d i t  123.20) ) if::::) p::!) 
Cash c o s t  o f  p roduc t i on  119.11 

Oeprec i a t  i on 54.98 59.16 54.98 59.16 
Net c o s t  o f  p roduc t i on  174.08 204.91 168.13 200.21 

S e l l i n g  p r i c e  a t  10% OCF 235.7 270.7 229.2 265.5 

The corn  s t ove r  based ABE fe rmenta t ion  process produces mixed so lven ts  

f o r  2 3 5 . 7  and 2 2 9 . 2  cen ts  per ga l l on .  These values rep resen t  the  sa les 

p r i c e  a t  a 10 percen t  OCF r a t e  o f  r e t u r n .  Th is  i s  about 40 cents  per  

g a l l o n  b e t t e r  t han  t he  r e v l s e d  aspen case, a significant decrease. Th i s  

i s  by  v i r t u e  o f  t h e  f a c t  t h a t  t h e  co rn  s t ove r  i s  f i e l d  d r i e d  and con ta i ns  

o n l y  30.7 percen t  water compared t o  50 percen t  f o r  t h e  wood cases. Th i s  



TABLE V-C-3 

COST OF PRODUCTION ESTIMATE FOR ABE 
PROCESS - LOW Y IELD/CORN STOVE 

b A S  IS . - - - - -  C A P I T A L  ------------ COST sfi!&?!2! 
L o c a r ~ o n :  U . S .  G u l f  C o e s t  B a t t e r y  L I ~ I  ts 8 5 . 8  

H I  d - 1 9 8 2  O f f s i  t e s  9 7 . 3  
C ~ P ~ C  I + Y :  5 0 . 0 0  r n l  I l i o n  g a l l o n s / y r  -----a 

2 2 , 6 8 0  me tr I c t a n s / y r  T o  tr I .  F I x e d  I n v .  1 8 6 . 1  
S t i - . T  i m e :  8 0 0 0  h o u r s  p e r  y e a r  U o r k i n q  C a p i t a l  14  5 

U N I T S  P R I C E ,  ANNUAL CENTS L I O L L A R S /  
aeu MATERIALS ------------- 
C o t - n  S t o v e r ,  I b  

PER G A L  e / y h ~ L I  CPZI, Sfi PER G A L  M I  T O N  ------- ------- 
4 4 .  SloL)? 1 . 0  2 2 , 2 5 ?  

S u l f u r l c  A c l d ,  I b  . 2 4 3 6 9  
C a l c ~ u m  H y d r o x i d e ,  l b  , 1 5 9 6 3  
S o d i u m  H y d r o r l d e ,  l b  , 0 0 7 9 0  
C o r n ,  l b  . 0  1 2 3 7  
f i m m o n i u m  S u l f a t e ,  I b  .36538, 
S u p e r p h o s p h a t e ( Y 6  ) ,  l b  1 . 5 8 7 7 1  
Calcium C a r b o n a t e ,  I b  . 7 3 0 2 6  
C a t a l y s t  6 C h e m i c a l s  . 

T O T A L  RAU H A T E R I A L S  

IrIILII1ES 
P o w e r ,  k UH 
C o o l i n g  W a t e r ,  Pi G a l  ,381a3 5 . 8  
P r o c e s s  U a t e r ,  fl Ga l . 0 3 0 3 0  6 0 . 0  
S t e a r n , S O  p s i g ,  fl Lb . 0 9 6 1 9  2 3 5 , O  

T O T A L  U T I L I T I E S  
O P E R A T I N C  C O 5 T S  --------------- 
L a b o r ,  6 0  H e n  @ S 2 5 , 5 0 0  13 H I S  
F o r e m e n ,  1 3  H e n  @ 1 2 9 , 0 0 0  2 H/'S 
Supervision, 3 M a n  @ S 3 5 , 0 0 0  3 n a n  
M a ~ n t . ,  H a t e r i a l  d L a b o r  6 2  o f  I S b L  

TOTAL OPERATING COST 

OVERHEAL1-EXPENSES 
D i r e c t  O v e r h e a d  b5% L a b .  & S u p .  
G e n .  P l a n t  O v e r h e a d  65% O p e r .  C o s t s  
I n s u r a n c e ,  P r o p .  T a x  1 . 5 %  T o t .  F i x .  I n v  

T O T A L  OVERHEAD EXPENSES 
BY-PRODUCT C R E D I T  -- -------------- 
C a r b o n  D l o x ~ d e ,  Lb 8 a 1 2 3 1 9  2 . 8  - 1 1 , 3 7 3  
SCP, l b  , 0 3 0  31 1 5 , O  - 229 --------_ 

T O T b L  BY-PRODUCT C R E D I T  ' 1 1 , 0 0 2  ' 2 3 , 2 0  ' 5 1 1 . 5 5  --- ---=====a= ------- --------- ------- ---------= 
CASH Ci .ST OF PROI IUCTION 5 6 , 6 0 5  1 1 3 # 2 0  2 4 9 5 . 9 5  

D E P R E C I A T I O N  2 0 %  I S F L  + 1 0 %  BSEL 2 7 , 4 9 0  S4.9d 1 2 1 1 . 0 9  
===P==PP'p ------- -------- ----- -- ----I-,-- ==a 

N E T  COST, OF PROI lUCTION 8 4 , 0 9 5  1 6 8 . 1 8  3 7 0 7 . 9 4  

REQUIRED SALES PRICE.  A 1  197; DCF 2 2 3 . 2  5 0 5 b . 3  
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r e s u l t s  i n  a  s i g n i f i c a n t  decrease i n  raw ma te r ia l  expenses associated 

w i t h  the decreased raw ma te r ia l  requi red.  To a  lesser  ex ten t  there  i s  a  

decrease i n  c a p i t a l  r e l a t e d  expenses due t o  the  smal ler  f r o n t  end 

equipment requirements associated w i t h  the smal ler  feed. However, i t  

should be noted t h a t  corn s tover  may be an unsu i tab le  year round 

feedstock s ince  i t  cannot be s to red any l eng th  o f  t ime because o f  i t s  

sugar content. As a  r e s u l t ,  a  t r u l y  r e a l i s t i c  assessment would have t o  

modify the hypo the t i ca l  p lan t  design i n  one o f  two ways: e i t h e r  the 

p l a n t  would have t o  be designed several  t imes l a r g e r  t o  produce the  same 

annual output  i n  a  sho r te r  t ime period, o r  i t  would have t o  be designed 

t o  a l l ow  f o r  use o f  a  d i f f e r e n t  feedstock du r ing  seasons when corn stover  

i s  unavai lable.  I nco rpo ra t i on  of e i t h e r  o f  these two a1 t e r n a t i v e s  would 

undoubtedly r e s u l t  i n  c a p i t a l  costs s u f f i c i e n t l y  h igh  as t o  make the  

p l  ant non-competi t i  ve. 

0. Aspen Feedstock P r i c e  S e n s i t i v i t y  

Design Basis 

The p r i c e  o f  aspen feedstock (as we l l  as c e l l u l o s e  feedstocks)  which has 

been used f o r  a l l  cases heretofore i s  1.0 cents per pound ( o r  $20 per 

tun) wet. Subsequent in fo rmat ion  has i nd i ca ted  t h a t  aspen wood i s  

considered t o  be o f  very  low q u a l i t y  and value by most of the paper and 

pu lp  indus t ry ,  and i t s  est imated cos t  i s  $40-50 per cord, del  ivered.  A 

cord conta ins approximately 2.6-3.0 tons o f  wet wood. A t  2.6 tons per 

cord, the range o f  wood cos t  i s  515.4 per ton (0.. 77 cents per pound) a t  

$40 per cord  t o  $19.2 per t on  (0.96 cents per pound) a t  950 per cord. 

Recognizing t h a t  the  2.6 tons per cord i s  a  conservat ive number, the  r e a l  

p r i c e  range o f  aspen wood i s  probably about U.5-1.0 cents per pound. 

The aspen feedstock p r i c e  s e n s i t i v i t y  analys is  was conducted by s e l e c t i n g  

t h r e e  wood p r i c e s  and running cos t  o f  product ion est imates on the  low 

y i e l d  base case a t  those pr ices .  The three p r i ces  were 0.5 cents per 

pound, 1.0 cents per pound, and 1.5 cents per pound f o r  green wood. The 

o r i g i n a l  aspen wood composit ion was used. 



Economics 

Tables V-0-1 t h r o u g h  V-0-6 r e p r e s e n t  c o s t  o f  p r o d u c t i o n  (COP) e s t i m a t e s  

f o r  ABE f e r m e n t a t i o n  a t  t h r e e  d i f f e r e n t  aspen wood p r i c e s  u s i n g  CSI and 
DOE u t i  1  i t i e s ,  r e s p e c t i v e l y .  These d a t a  a r e  summarized i n  Tab le  V-0-7. 

T h i s  a n a l y s i s  i s  f o r  a  f a c i l i t y  p roduc ing  50 m i l l i o n  g a l l o n s  p e r  year  

mixed s o l v e n t s  on t h e  U.S. G u l f  Coast i n  mid-1982. 

TABLE V-0-7 

SUMMARY OF ABE FERENTATION PROCESS ECONOMICS 
ASPEN WOO0 PRICE SENSITIVITY 

Bases: 50 m i l l i o n  g a l l o n s  p e r  year,  U.S. G u l f  Coast, mid-1982. 

c s I ( 1 )  oE(1) csI(2) ooE(2) c s r ( 3 )  ooE(3) 
U t i 1 .  U t i l ' .  U t i l .  U t i l .  U t i l .  U t i l .  

Investment ,  MM$ 
B a t t e r y  l i m i t s  92.8 92.8 92.8 92.8 92.8 92.8 
O f f  s i t e s  97.6 97.6 97.6 97.6 97.6 97.6 

T o t a l  f i x e d  investment  ~ ~ ~ . 4 ~ ~ 9 ~  

Cost o f  p roduc t ion ,  $ / g a l  
Raw m a t e r i  a1 s  55.70 55.70 86.60 86.60 117.51 117.51 
U t i l i t i e s  41.99 35.04 41.99 35.04 41.99 35.04 
O p e r a t i n g  c o s t s  15.16 15.16 15.16 15.16 15.16 15.16 
Overhead expenses ' 17.38 17.38 17.38- 17.38 17.38 17.38 
By-product  c r e d i t  423.20) l23 .20)  l23.2.0) E:il {Ei(gl g3.::) 

Cash c o s t  o f  p r o d u c t i o n  07.02 00.07 37.93 b . b  
O e g r e c i a t i o n  . 6  56.64. 56.64 56.64 

Net c o s t  o f  p r o d u c t i o n  1194.57 6I 

S e l l  i n g  p r i c e  a t  10% DCF 225.20 217.4 - 258.5 250.9 292.0 284.4 

( 1 )  Aspen wood a t  0.5Q/lb. 
( 2 )  Aspen wood a t  l .O$ / lb  (base case).  
( 3 )  Aspen wood a t  1.5$/ lb.  

As can 'be seen f r o m  Tab le  V-u-7, t h e  range of COPS a t  10 p e r c e n t  OCF i s  

225.0 c e n t s  pe r  g a l l o n  a t  0.5 cen ts  pe r  pound t o  292.0 c e n t s  pe r  g a l l o n  

a t  1.5 cen ts  p e r  pound. An i nc rease  i n  feeds tock  p r i c e  o f  1.0 c e n t s  per  

pound inereases t h e  c o s t  of p r o d u c t i o n .  6 7  c e n t s  p e r  g a l l o n  o r  

approx ima te ly  30 percen t .  F i g u r e  V - U - 1  i 1 l u s t r a t e s  t h e  r e l a t i o n s h i p  

between aspen wood feedstock and sa les  p r i c e  a t  1 0  p e r c e n t  OCF. 



TABLE V-D- 1 

COST OF PRODUCTION ESTIMATE FOR ABE 
PROCESS- LOU YIELD 

Pa_SlS 
L o c a t  I on :  U .S .  Gul ' f  Coas t  

CAPiTAL COST ------------ TfiILLION ----___ 
B a t t e r y  L i m i t s  9 2 . 3  

H i  d-1982 O f f s i t e s  9 7 . 6  
C a p a c i t y :  . 5 0 . 0 0  r a i  I l i o n  g a l  l o n s / y r  ------ 

22.680 ,me tr i c t ons /y r  T o t a l  F i x c d  I n u .  1 9 0 . 4  
S t r . T i n e :  8000 h o u r s  p e r  y e a r  U o r k  i n 9  Cap1 t a t  1 4 . 5  

PRODUCTION COST SUMMARY ....................... 
UNITS 

RAU MATERIALS ------------- PER GAL ------- 
Aspen.  I b  ~ 1 . 8 0 9 6 5  
S u l f u r l c  A c ~ d ,  I b  ,27790 
C a l c l u m  H y d r o x i d e ,  I b  ,19799 
Sod ium'Hydrox  t d c ,  I b  . 0  0880 
Corn ,  I b  - 0  1237 
Ammonium S u l f a t e ,  I b  .444O 0 
5 1 1 ~ a r ~ h o s ~ h i t  ~ ( 4 4  ) , I b  1 . 9 1 3 7 5  
Ca l C I  um Cai-bonatc,  !b  ,88034 
C a t a l v s t  .3 Chemica ts  

PRICE, 
e /UN I T ---- 

C . J 

4 # 3  
2 . 0  

2 6 . 0  
4 . 5  
3 . 0  
8.0 

TOTAL RAU MATERIALS 
U T I L I T I E S  --------- 
P o w e i -  , kUH 1 . 7 8 0 6 9  3 . 2  
C O O ! I A ~  U a t e r ,  6-i Gal -30312  5 . 8  
P + a c e e s  U a t e r ,  H G a l  .0330V 5U .i) 
Steam,50 p s ~ q ,  H Lb ,07363 375.0  
Stcsm,ZOO p s 1 9 ,  H Lb -91299  381,O 

TOTAL UT IL IT IES  
LIPERATING SOSTS --------------- 
L s b o r ,  el l  den 1.3 % 25 ,500 IS MIS 
Foremen, 13 d e n  4 S 29,000 2  il /' S 
S ~ i p a r u l s i o n ,  3 Man J S 35,000 5 Man 
n a l n t . ,  M a t e i i h l  Labo r  6 %  o f  I 3BL  

TOTAL OPERATING COST 
OVERHEAD EXPENSES ----------------- 
D ~ r e c *  Overhead 45% L a b .  d S U P .  

ANNUAL CENTS flgLL~t?S/' 
COST, ---- - %H - EEE-sfiL FET TEN -------- 

15,  b53 
598 
198 
114 
2  9  

600 
7 , 0 5 5  
1 , 1 8 9  
1,950 --------- 

27 ,951  5 5 . 7 0  1 2 2 9 . 0 0  

G t n .  P l s n t  Ouei-head 55X O p e t .  C o s t s  y ,317 
I n s u r d n c c ,  P r o p .  Tar 1 . 5 X  T o t .  F i x .  I n u .  2 ,  ti56 --------- 

TOTAL OVERHEAD EXPENSES 3 .  & 9 S  1 7 . 3 8  .383.0'9 
BY-PRODUCT CREDIT -- -------------- 
Carbon D l o x l d e ,  !b 8 .12319  2 . a  '11 ,373 
SCP, I b  , 03051  1 5 . 0  - 22" --------- 

TUTAL BY-PRODUCT CREDIT '11 ,502 '23 .20  ' 5 1 1 . 5 5  
a = = = = = = = = =  ======= = = = a = = = = = =  

CASH COST OF PRODUCTION 53,515 107 .02  2353  - 5 0  

DEPRECIATION 20% ISBL + 1 0 X  OSBL 28,320 5 6 .  64 12ba.  69 ---------- ---------- ===1=== ===**==a== 

NET COST OF PRODUCTION 31,835 153.66 3008 .28  

REQUIRED SALES P R I C E  A T  1 0 %  DCF 2 2 3 . 0  49159.9 



TABLE V - D - 2  

COST OF PRODUCTION ESTIMATE FOR ABE 
PROCESS- LOU YIELD 

E S L S  
L o c r t ~ o n :  U . S .  Gu l f  Coast  

EAPLI%-COSI s ~ ~ ~ ~ : ~ ~  
b a t t e r y  L i m ~ t s  9 2 . 6  

r( i d-1982 O f f s i  t r s  97 .  C; 

C a ~ a c  i t y :  5 0 . 0 0  m i l l i o n  q a l l o n s / y r  ------ 
22,680 m e  tr i c  t o n s / y r  T o t a l  F i x e d  I n v .  1 9 1 . 4  

S t t . T i m e :  8000 h o u r s  p e r  year  U o r k i n g  C d ~ l t a l  i b . :  

PRODUCTION COST SUHHARY ----------------------- 

RAU HATERiALS ------------- 
Aspen, I b  

UNITS PRICE, ANNUAL 
PER GAL e/UNIT CgSI, SM ------- ---- 

61.80965 1 a 0 30,9'0z 
S u l f u r i c  A c i d ,  I b  .2779 0 
Ca l c ium H y d r o x i d e ,  I b  ,19798 
S o d i u m  H v d r o x i d r ,  I b  .00880 
Corn,  I b  . i) 1237 
Ammonium S u l f a t e ,  I b  ,444 0 0 
S u ~ e r p h o s ~ h a t e ( 4 6  1 ,  l b  1 .91375 
Ca l c ium Carbonate ,  !b .88034 
C a t a l y s t  R C h e m ~ c a l s  

TOTAL RAU HATERIALS 
UTIL IT IES --------- 
P o u e r  , k UH 
C o o l ~ n q  U a t e r ,  H Gal ,30312 5 . 8  879 
Process  U a t e r ,  M Gal  ,03304 8 0 .  O 99 1 
Sterm,SO p s i s ,  H Lb ,073.63 3 7 5 . 0  13,806 
Stcrm,ZOO p s i g ,  H Lb ,01298 381 0 2 ,473  --------- 

TOTAL UT IL IT IES  20,998 

?PERAII!!G_COSI5 
L a b o r ,  0 0  Hen @ S 25,500 13 fl/S 1,530 
Foremen, 13 Hen d 9 29,000 2 H / S  377 
S u p m r u t s ! o n .  3 Hrn @ 9 35,000 3 Man 105 
H r i n t . ,  H a t e r i a l  d Labor  6% o f  ISFL 5 ,568  --------- 

TOTAL  OPERATING COST ' i ,seo 
OVERHEAD EXPENSES ----------------- 
D i r e c t  Overhead 45X L a b .  0 SUP. 9 0 5 
Gen. P l a n t  Overhead 65% O p e r .  Cos ts  4 ,927 
I n s u r a n c e ,  P rop .  Tax 1 . 5 %  T o t .  F i  x .  I n v .  2 ,858  --------- 

TOTAL OVERHEAD EXPENSES 8 ,688  
BY-PRODUCT CREDIT -- -------------- 
Carbon D I O X I ~ ~ ,  ~b 8 .12319  2 .  a '11 ,373 
SCP, I b .03051 1 5 . 0  ' 2 2 9  --------- 

TOTAL BY-PRODUCT C R E D I T  '11 ,602 ----- -----==a== 

CASH COST OF PRODUCTION 68,969 

CENTS 
PER ------- GAL 

DOLLARS,' 
MET -------- TZN 

DEPRECIATION 202 ISBL + 10% OSBL 28 ,320  &? 4 6 - 0 4  i 3 a .  ~9 
===¶=191DI 1=¶=1¶& = ¶ ¶ = = = P I 0 0  

NET COST OF PRODUCTION 97,289 19U. 57 4289.65  

REQUIRED SALES PRICE AT 1 0 %  bCF 2 5 8 . 5  5698.6 



TABLE V-b-3 

COST OF PRODUCTION ESTIMfiTE F O R  ABE 
PROCESS- LOU YIELD . 

. -  CAPITAL SUHtlfiRY --------------- 
E,9SIS 
L o c a t i o n :  U .S .  G u l f  Coast  

CAPITAL COST ------------ r n r L L I o N  ------- 
B a t t e r y  L i m i  t S  3 2 . a  
O f f s i  t e s  9 7 . 6  

Capac i t v :  5 0 . 0 0  ni  I l i o n  g d l I o n s / y r  ------ 
22,680 m e  tr i c t o n s / ~ ~  T o t a l  F i x e d  I n u .  1911. U 

S t r . T i m e :  9000 h o u r s  p e r  yea r  , U o r k i n g  C a p i t a l  1 7 . 6  

PRQPIJGTION COST SUMMARY ---- ma--------------- 

UNITS PRICE. ANNUAL CENTS ~ I O L L ~ R S , '  
RAU MATERIALS ------------- PER GAL ------- 
Aspen, I b  61 .80965  
S u l f u r i c  A c i d ,  I b  ,27790 
C a l c i u m  H y d r o x i d e ,  I b  .1?7?9 
Sodium H y d r o t i d e ,  I b  . 0 0880 
Corn ,  I b  . 0 1237 
Ammon~um S u l f a t e ,  !b  . '4440 U 
S u p e r p h o s ~ h a  t e  ( 4 6  ) , I b  1 .91375 
C a l c i u m  Carbona te ,  !b . 8 8  0 34 
C a t a l y s t  13 C h e m ~ c a l s  . . .  

TOTAL RAU MATERIALS 

~ s I ,  SM PER GAL MET TON ------- -------- 
46.56; 

I JT IL IT IES --------- 
P o w e r ,  k U H  
C o o l l n q  Uatc i - ,  M Gal  d 30312 5 . 9  873 
P rocess  U a t e r ,  M G d !  .0330:, 6 0 . 0  39 1 
Steam,SO ~ 9 1 9 .  H Lb ,07363 3 7 5 . 0  13,9116 
S ~ c d m , 1 0 0  p r i g ,  14 Lb ,012?0 3 8 1 ~ 0  2,1+73 --------- 

T O T ~ L  UTILITIES ? n ,  9 9 s  +I,?? 9 : s .  3~ 
OPEPArING COSTS ---- - - - - - - - - . - - -  
L a b o r ,  60 men 8 Q 25,900 13 M / S  1,530 
Foremen, 13 Hen @ S 29,000 2 MIS 377 

S u p o r u ~ s i o n ,  3 M a n  @ S 3 5 , 0 0 0  3 f l a n  135 
Ha ~ n t . ,  mator  i a l  & Labor  6% o f  ISBL 5 ,  5.58 --------- 

TOTAL OPERATING COST 7 , 5 6 0  13-15 3 - k .  12 
- .- 

OVEqHEAD EXPENSES ----------------- 
i l l  r o c ?  Ouerhcad &e-. a/. L a b ,  d SUP 

Y ,  ,227 Cen. P l a n t  Overhead S 5 %  Oper .  C o s t s  
I n s u r a n c e ,  P r o p .  Tzr  1 . 5 %  T o t ,  F i x ,  I n v ,  2 ,  a56 --------- 

TOTAL OVERHEAD EXPENSES 9 ,338 1 7 . 3 8  
- -. .- 
.,a,, . J 3  

BY-PRODUCT CREDIT -- -------------- 
Carbon D ~ o r ~ d e ,  I b  9 .12319  2 . 9  '11,373 
SCP, I b  .03091 1 5 . 0  ' 229 

am------- 

. TOTAL BY-PRODUCT CREDIT '11.552 ' 23 .20  - 5 1 1 . 5 5  
==s======= ======= ========== 

- - .  
CASH COST OF PRODUCTION 34, u22 163 .'33 > ; 2 ~ . . 3 r j  

DEPRECIATION 20% ISEL + 1 3 %  OSBL 28,320 s 6 . 0 ~  1 . 2 ~ 8 . 3 9  ------ ------a=== ======= ========== 
NET COST OF PRODUCTION 112,742 225 .47  b'!71 . 9 1  

REQUIRED SALES PRICE AT 1 0 %  DCF 202.  0 6431.3 



TABLE V-D-4  

COST OF 'PRODUCTION ESTIMATE FOR ABE 
PROCESS- . . LOU YIELD 

BASIS ----- 
L o c a t i o n :  U . S .  G u l f  C o a s t  

!EE%-E?I l M I L L I O N  ------- 
B a t t e r y  L i m i t s  3 2 . 8  

H i  d-1092 O f f  s  i t c s  ? 7 , 5  
C a ~ a c i  t ~ :  5 0 . 0 0  m i l l i o n  g a l  ! o n s / y r  ------ 

2 2 , 0 8 0  me tr i c ? o n s / y r  T o t a l  F i x e d  I n v .  1 9 0 , 4  
S t r . T i m e :  8000 h o u r s  p e r  y e a r  Uork  i n 9  Cap i t a  l 1 4 . 1 1  

RAU MATERIALS ------------- 
Aspen .  I b  

?INITS PRICE. 
PER GCL r . / ' g U I  ------- 

j 1 . 8 0 9 6 5  . 5  
S u l f u r i c  A c i d ,  ! b  . I f  790  4 . 3  
C s l c i u m  H y d r o x i d e ,  ! b  . l ? 7 ? 8  2 . 0  
Sod ium H y d r o x i d e ,  l b  , 0 0 8 8 0  2 6 .  0  
C o r n ,  l b  , 0 1 2 3 7  4 . 5  
Ammonium S u l i a ? e ,  !b . 4440 0  3 . 0  
S u p e r p h o s ~ h a t c i b 6  !, I b  1.913595 9 . 0  
C a ! c ~ u m  C a r b o n a t e ,  !b .83 0  34 2 . 7  
C s ? a l ~ s t  8 C h e m i c a l s  

TOTAL RAU HATERIALS 
UIILIIIES 
Power-. kUH 
C o o l i n g  U a t e r ,  H Ga l  , 3 0 3 1 2  c , 8 
P r o c e s s  U a ? e r ,  M Ga! , 0 3 3 9 4  6 0 . 0  
Steam,SO p s i s ,  M Lb . 0 7 3 6 3  2 9 5 . 0  
S?eam.ZOO p s i s ,  H L b  - 0  1209  289 .11  

TOTAL U T I L I T I E S  
OPERATING COSTS --.------------- 
L a b o r ,  00 Men 4 a 2 5 . 5 0 0  - - 

Fo remen.  1 3  Men $ % 2 0 ,  0110 2  MI'S 
S u p e r v i s i o n .  3  ?Ian d S 3 5 , 0 0 0  3  Man 
r i ~ i n t . ,  M a t e r i a l  3 L a b o r  6% o f  I S E L  

TOTAL OPERATIPG COST . ,  

GVEEtjEEP-EXPEeSES 
D i r e c t  O ~ ~ e l - h e a d  45%. L a b .  R S U P .  
Gen, P ! a n t  O v e r h e a d  65% @ p e r .  C o s t s  
I n s u r a n c e ,  P r o p .  Tdx 1 . 5 %  T o t .  F i x .  I n v .  

ANNUAL CENTS DOLLARS/ 
m s l ,  o n  P E R - ~ ~ L  f i ~ ~  TON -------- 

IS, 45Z 

TOTAL OVERHEAD EXPENSES 8 , 5 6 8  
g i ~ - E m g ~ g c I - g E E q  
C a r b o n  D i o x i d e ,  I b  
S C P ,  l b  . 0 3 0 5 1  1 5 . 0  - 7 7 0  - - .  

TOTAL BY-PRODUCT CREDIT 

CASH COST OF PRODUCTION 

DEPRECIATION 2 0 %  I S B L  + 10:: OSFL 2 8 , 3 2 0  
===-====== 

NET COST OF PROIlUCTION 78,358 

REQUIRED SALES PRICE AT 1 0 %  DCF 



TABLE V - D - 5  

COST OF . PROIlUCTION ESTIMATE FOR 'APE 
PROCESS- LUU YIELD 1 

CAPITAL SUMMARY --------------- 
PASIS ----- 
L o c a t i o n :  U . S .  Gul  i C o a s t  

rl i  d-1'?82 O i i s ~  t o s  37 . j  
C J P ~ C ~  t ~ :  5 0 . 0 0  m i  I !  i o n  q a ! ! o n s i v r  ------ 

2 2 , 5 9 0  ~ n e  t r  i c t o n s / r r  T o t j !  F i x e d  I n u .  1711.4 
S t r . T i m e :  81100 haul-3 psi- v e j r  ' !Jol-k i n q  Cap I t d  1 15 .  5 

2AU hATEPIALS ------------- 
A S D  e n .  I b 

IJ I? I T S PRICE, 
FER G A L  ------ 

.51  . :30?*3 - .  . . 

S u ! i ~ l r  i  c  A c i d ,  ! b  .277?r)  
C a l c ~ u r n  H y d r o x ~ d c ,  I b  , 1 0 7 9 8  
3 o d i  urn H v d r o x  I d e  ., ! b  , 13 Q388 
C o r n .  ! t . ? 1 2 3 7  
Ammonium S u l f a t e .  !b , 4 k Y  0  0 
S t i p e t - p h o z p h ~ t e i 4 6  ' I ,  ! b  1.917'5 
1 l . i  I c i urn i:ai'bon.atc, ! b  .89 0 34 
C 3 + 4 l . ? c *  .?$ !:hemlc3!s 

TOTAL HGU f i A T E O I A L S  
g:lL;IzE2 
P o w s r ,  k W l l  1 . 7 9 C e 3  3 . 2  
C o n l l n q  U a t c i - ,  PI 1 3 j I  . 3 0 3 1 2  5 . :3 
P r o c e s s  U a t t i - .  !I G a !  . 0Z304 611. 0  
:3 lo?1n,50 p r - i g ,  PI I,b . .0730.3 ,235 . O 
S t ? i m , Z O O  p s i s ,  Pl Lb ,I] 1293 z ? ? .  0 

QPEReIIFG-CQSIZ 
L a b o r .  .:.O Hen 5 15,5110 
F o r e m a n ,  1 3  k e n  13 & 23,00? 2 t i i  s - . 5 1 1 p ~ t - ~ i t ; ? n .  3 ,dan  $ f 35.1)1)0 2 riirn 
i i ~ i n t . ,  i 7 - 3 t e i - 1 j l  L b b o ~  -57: o f  153L 

TnTAI, OPERATIPJG COST 
OVERHEAD EXPENSES ----------------- 
1 1 1  i ? C ?  1 j u e r n e 3 d  145: L a b ,  d S u p .  
Gen.  P l a n t  d u e i - h e j d  457; O P ~ I - .  C o s t s  
I~~UPG~GP,  P r g p .  T ~ R  1 5:: T n t .  F i x .  IAV. 

TOTAL OVERHEAD EY PENSES 
BY -PRODllCT CREDIT -- -------------- 
C a f b o n  Di o:4 i d e ,  l b  
SCP. I b  . 0 3 0 5 1  15 . O  

TOTAL BY-PPODUCT CREDIT 

CASH COST OF PRODUCT ION 

aNiJUAL 
C O S T ,  3i i  ---- 3 0 , 3 0 ;  

5?g 
1?9  
1 1 4  

2 3 
.; .$ & - . ( ,  ,555 

1. 1.39 
1 , 3 5 0  

DEPSECISTTON ZOX I S B L  ' 1 0 X  11SFL 29 . 3'2 0 a . .+ C ' izL(tj .  q'? 

========== ------ - ----- - . - - - -  ------- ---------- 
NET COST OF ?RODUCTTGN 0 3  . 3 1.1 137.51 l + l ? * .  3 2  

REOIJIRED SALES PRICE AT l 0 Z  DCF 
7 0  
- J Q .  ? 5531.1 



TABLE V-D-6  

COST OF PRODUCTION E S T I M P t E  FOR ARE 
PROCESS- LOU Y I E L D  

B A S I S  ----- G ~ l I f i & - g ~ ~ ~  5 5 1 i l - 1 2 J  
L o c a t i o n :  U . S .  G u l f  C o a s t  B a t t ~ i - Y  L i m ~  t s  3 2 ,  e 

ir I d-l?e? O i i s  i  t e s  97, .j 
C a ~ a c i  t ~ :  5 0 . 0 0  m i l l i o n  g a l l o n s / y r  ------ 

2 2 . 6 8 0  me tr i c  t o n s / y r  T o t a l  F i r e d  I n v .  l?Q. LL 
S ! r . T i m e :  8 0 0 0  h o u r s  p e r  y e a r  UOI-k  i n 7  C a p i t a l  1 7 . 1  

R A W  H A T E R I A L S  ------------- 
A s p e n ,  ! b  

PRODUCTInN C O S f  5UMflF3Y ....................... 
U N I T S  P R I C E ,  AH H U  A  L 

S u l f u r i c  A c i d ,  l b  
C a l c i u m  H y d r o x i d e ,  I b  
S o d i u m  H v d r a x i d c ,  l b  
C o r n ,  I b  
Ammon i  tlm S u  l ' i a  t e  . ! b  
S u p e r p h o s ~ h a t c i 4 d  I ,  I b  
Ca I c i  urn C a r b o n a t e ,  ! b  
C a t j ! v s t  A C h e m ~ c j l s  . 

TOTAL EAU H A T E R I A L S  

PER G A L  c i U N I T  C 3 S f .  I H  ------- ---- ---- 
6 1 . 9 0 3 6 5  1 . 5  4 6 , 5 6 5  

I,IIILJILE_S 
P o w e r ,  k U M  
C o o l i n q  U a t e r ,  fl G a l  , 3 0 3 1 2 .  , . 3  :3 7  ? C 

P r o c e s s  U a t e r ,  iY 1 G 3 l  , 0 3 3 0 4  6 0 . 0  99 1 
S + e a m , S O  p s i %  fl L b  ,07383 2 ? 5 .  0  1 0 , 9 6 0  
' i t e i m , Z O O  p c i q ,  rl L b  . 0  1 2 9 9  2?? . 0  1.. 9'41 --------- 

TOTAL U T I L I T I E S  1 7 . 5 2 1  
Q p ~ p ~ I I Y ~ , ~ ~ s ~ ~  
, L a t n r ,  j l j  R o n  1) .f 2 5 , 5 0 0  

? fl .,.' 'j - - 9 F o r e m e n ,  1 3  men 13 3 2 9 , 0 0 9  - 2 ; ;  

S u p e ~ - ! ~ i z  I o n ,  7 Man 9 S 35, 0 0 0  ' 3  r l i n  135 
f q d ~ n l . ,  1 1 a r c l - 1 3 1  8 L d b o r  6% of 19BL r c -  

c . ,* a :! --------- 
TOTAL OPERATTiJG COST 7 . 5 8 0  

OVERHEAD EXPENSES ----------------- 
D i r e c t  O V ~ I - h e a i  4 5 %  L a b .  d S U P .  
G e n ,  P l a n t  O u ~ r h e a d  65% O P C I - .  C o ' t s  k .  327 
I n s u r a n c e ,  P i - o p .  T a x  1  . S X  T o t .  F i x .  , I n v .  " - ,  QZQ --------- 

TOTAL OS,;ERHEAD EXPENSES 8 ,  .388 
BY-l;li.ODUCT C R E I l I T  -- -------------- 
C a r b o n  D t o x ~ d e ,  I b  
S C P .  I b  . 0 3 0 5 1  15.0 - 7 - q  - - .  --------- 

T n T A L  B'f -PRODUC.T C S E I l I T  -11,602 ---------- ---------- 
CASH COST OF PRODUCTION 9 0  , ' 9 4 4  

CENTS 
PEI? G A L  ------- 

DOLLARS, '  
nE- 7351 -------- 

I l E P R E C I A T I O N  2 0 %  I S B L  + 1 0 X  OSBL 29 .320 76 .  cb 12!+8. 5 ?  ---------- ---------- _------ ---------- ___---_ ---------- 
NET COST OF PRODUCTION 1 0 9 , 2 6 4  2 1 8 , 5 2  4 8  17.60 

RFrJllTRFn qOl.,.ES P R I C E  AT 1 0 %  I l C F  2 g b .  l, i z 9 . 3  





E. Rev ised Conven t iona l  S y n t h e t i c  Routes t o  3 u t a n o l  and Acetone ( 1  

Economics 

Tables V-E-1 t h r o u g h  V-E-4 r e p r e s e n t  c o s t  o f  p r o d u c t i o n  (COP) e s t i m a t e s  

f o r  p ropy lene-based s y n t h e t i c  r o u t e s  t o  b u t a n o l  and acetone u s i n g  CSI and 

OOE u t i l i t y  c o s t s ,  r e s p e c t i v e l y .  These d a t a  a r e  surmar izecl  i n  T a b l e  

V-E-5. A l l  cases produce 50 m i l l i o n  g a l l o n s  p e r  y e a r  o f  p r o d u c t s  a t  a  

f a c i l i t y  l o c a t e d  on t h e  U.S. G u l f  Coast i n  mid-1982. 

TABLE V-E-5 

SINVARY OF PROPYLE NE -BASE 0 SYNTHETIC ROUTES TO 3UTANOL AND ACETONE 

Bas is :  50 m i l l i o n  g a l l o n s  pe r  year ,  U.S. G u l f  Coast, mid-1982. 

Bu tano l  Acetone 
C S I OOE CSI OOE 

u t i l i t i e s  --- U t i l i t i e s  U t i l i t i e s  U t i l i t i e s  

Inves tmen t ,  MMB 
B a t t e r y  1  i m i  t s  61.2 61.2 41  ;2 41.2 
O f f s i t e s  35.1 35.1 44.5 44.5 

T o t a l  f i x e d  i nves tmen t  96.3 K T  K - 7  85.7 

Cost  o f  p r o d u c t i o n ,  t / g a l  
Raw m a t e r i a l s  150.24 150.24 
U t i l i t i e s  5.13 3.96 
O p e r a t i n g  c o s t s  9.45 9.45 
Overhead expenses 9.98 9.98 
By-product  c r e d i t  

Cash c o s t  o f  p r o d u c t i o n  
Oeprec i a t  i on 

M) 
31.50 31.50 

Net  c o s t  o f  p r o d u c t i o n  185.05 

S e l l i n g  p r i c e  a t  10% OCF 221.0 2 1 9 - 5  ' 217.9 214.3 

'(1) Note  t h a t  t hese  r e v i s i o n s  were made i n  o r d e r  t o  incorporate more 
up- to-date  f e e d s t o c k  and u t i  1  i t y  va lues  c o n s i s t e n t  w i t h  t h e  a n a l y s i s  
t h a t  was per formed f o r  t h e  biomass-based cases. 



TAELE V - E - 1  

L O S T  O F  P R O O U C T I O N  E S T I M A T E  F O R  B U T A N O L  
P R O C E S S -  P R O P Y L E N E  C A H B O N Y L A T  

C A P I T A L  SU i lP lARY --------------- 
E i A S I S  ----- 
L s c a t  ~ o n :  U . S .  G u t f  C o a s t  

i? I d-1982 

C A P I T A L  C O S T  ------------ 5 d I L L I C J N  --.----- 
E a ? t e r y  L I ~ I ? S  21.2 

O f f s i  tes Z5.1 
C i ~ a c i  t y :  50.00 m i  l l i o n  q a l  l o n s / . f r  ------ 

'7 ? ,, ,580 me tr I c t o n s / v r  T o t a l  F i x e d  I n v .  .? 3 . 3 
S t r . T ~ m r :  8000 h o u r s  p e r  y e a r  U o r k  i n q  C a p  I t a  l 1 - .-. 1 

P R O D U C T I O N  C O S T  SUMHAHY ....................... 
U N I T S  P R I C E ,  A N N U A L  

C ~ y n t h c s ~ s  G s s ,  t l S C F  . Oa525 240 - 9  10,230 
H y d r o g e n ,  n S C F  ,03732 323.0 6,124 
i & t s l y s t  J C h e m i c a l s  1 , 4 0 0  --------- 

T ~ T A L  R A U  M A 7 E R I A L 5  75 ,125  
U T I L I T I E S  --------- 
P o w e l - ,  k U H  ,65486 3 . 2  1,047 
C o o l  ~ n g  U a t e r ,  fl G a l  .05513 5.3 1.53 
I n e r t  O j s ,  n S C F  , 110135 1 . 11 

.. - 1 
F u e l ,  nr! S T U  ' . 0 2 f 7 2  Z 2 S . O  s, 271 
5 t + s m , s Q O  p s 1 . 3 ,  tl Lb . OZlsl 4 2 8 . 0  4.625 --------- 

T O T A L  U T I L I T I E S  2 ,564  
O P E R G T I t J G  C O S T S  . - - - - - - - - - - - - - - -  
L d b o i - ,  32 n e n  @ B 25,500 
F o . 1 - e m e n .  7 M e n  i! 5 2'9, U O O  1 n,.'5 2 11 3 
S u p e i - v i s ~ s n ,  1 n i n  8 % 3 5 , 0 0 4  1 d i n  55 
n a ~ n ? . ,  f l ~ t e i - i a l  d L a b o r  5;: o f  I S B L  2 , 3 7 2  

---------- 
'T!:'TAL 3 i 'ERA TING C O S T  I+, 7 - 2 ~  

Q'VE ?HEAD EXPENSES .-- - - - - - -  --------- 
i l l  r ? c t  : Jve l .ne ;a  4 5 X  L a b .  R S U P .  4 74 
G e n .  P i s n  t d v e r h e s d  &5X O p e r .  C o s t s  3 , 0 7 2  
I n s u r i n c e ,  T s . t  1 .S% T o t .  F i  X .  I n v .  1 ,  k 4 4  

TI:ITAL O V E R H E A D  E X P E N S E S  4 , 9 9 1  
L { Y , - P R O D U C T  C R E D I T  -- -------------- 
I s o b u t ~ n a  1 Lb 

T O T A L  BY - P R O D U C T  C R E D I T  

CASH C O S T  O F  P R O n U C T I O N  

C E N T S  OCLL;I ~ 3 ,  
P E R  G A L  i?CT TSrc ------- -------- 

D E P R E C I A T I O N  20X I S B L  + 1 O X  C S B L  15.750 31.50 ,."+ . y s  ---------- ---------- ------- -----.----a ------- -- - - - .  .------ 

N E T  C O S T  O F  P R O D U C T I O N  9 2 , 5 3 2  195.05 I+ ~j :.? . , j  2 

R E Q U I R E D  S A L E S  P R I C E  AT 10:: DCF 221 . O  4871.  3 



TABLE V - E - 2  

COST OF PROOUC-TION E S T I M A T E  FOR ACEf ONE 
PROCESS- I P A  DEHYDROGENATION 

B A S I S  ----- 
L o c a t i o n :  U . S .  G u l f  C o a s t  

CAPITAL ------------ COST se I L L ~ O ~ ~  ------- 
B a t t e r y  L I ~ I  ?s U i . 2  

R  I d - 1 9 9 2  O f f s i  t e s  4 4 . 5  
~ a p a . c  i t y  : SJ.90  nill lion q a l l o n s / y r  ------ 

2 2 , 5 8 0  ~ n e t r i c  t o n s / y r  T o t a l  f i r e d  I n u .  :35.? 
S t r . T i m e :  3 0 0 0  h o u r s  p e r  y e a r  U o r k  l n q  CJP i t a  l 11 . o  

PRODUCTION COST SUMhhRY ....................... 
U N I T S  P R I C E ,  AN.(NUAL lCEk4TS D O L L A R S / "  

R G u  M A T E R I A L S  ------------- Psi! 5 A L  c / l J N I T  COST, sn PER .31;i, I-ET T;J~-J ------- 
F = P C -  

---- - ZiTS ------- -------- 
P r o p ~  l e n e  iPS::), L b  a , a f a - 0  5 0 , 1 S a ?  
C a t a l y s t  A C h e l n l  c a l s  

TOTAL RAU R A T E R I A L S  
U T I L I T I E S  --------- 
P a w e r .  kUH - - -  . 
C o o i i n ?  U a t e r ,  H G d i  '391j . -  - s. a 2.65 
P r o c e s s  U a t e r ,  ri Ga I . 0I)OolI ,5 9 . 11 1 9  
S t d i r n , 2 0 i )  P S I  y ,  n La . 0 3 ? 0 a  3 3 1 .  0 7 , 5 5 9  --------- 

TOTAL U T I L I i I E 3  1 0 , 0 5 4  2 0 . 0 7  (+ I+ 2 , I+ z 
UPERATING COSTS --------------- 
Ld~ tJ i - ,  32 n e n  $ S 2 5 , 5 5 0  
F o r e m e n ,  7 i3en 1) C 2 ? . 0 0 0  1 r(:'S 2 0 3  
S u p z r v i s i o n ,  1 i i a n  d 3 5 , 0 0 0  1 rtan - .= > J 

? t a i n t . ,  h a t e r i a l  3 L a b o r  6X o f  I saL  2 , 4 7 2  

TOTAL OPE'ATING COST . 3 . 5 2 a  7 . 0 5  1 ' - .  47 
d d 

GVERHEAD E:f;PEtdSES ----------------- 
LI I i - e c t  i r v e ~ - h ? a d  Q 5 %  L a b .  J S U P ,  
G e n .  P l a n t  O v e r h e a d  $5;: O p e \ - .  C o s t ;  

-3 -,,q.,-, 
- a - .  - 

I n s u i - a n c e ,  P r o p .  T a i  1.5:; T o t ,  F I  < .  I n u .  L , 2 S 5  --------- 
TOTAL O?:ERHEACI EXPENSES l4 , 3 o5 2 !? . 1 .j i :.i , 3;z 

T O T A L '  BY-PROIlUCT C R E D I T  

CASH COST OF PROtiUCTION 

D E P R E C I A T I O N  
.. -  20:; I S B L  + 19:: U S B L  L 2 ,  a 9 0  --I .  le 53 :,2?, 5 5  ---------- . - - - - - .- - - - - --.- - - - -  - . - - -  - . - - - - - -  - -  - - -  ---== 

NET C O S T  OF PRODUCTION ,?I) , 323 1 3 1 . 2 4  jj.;.; . - ;J  C- 

RE4UIHED S A L E S  P R I C E  AT 10:: [ICF 217.9 1+3114, 1 



TABLE V - E - 3  

COST OF PRODUCTION ESTIHATE FOR BUTAHOL 
PROCESS- PROPYLENE CARFONYLAT 

p s ~ c ,  iee l Ie i rgsr  i ! : ~ ~ ~ g 3  
L o c a t i o n :  U . S .  G u l f  C o a s t  B a ? t e \ - y  L i m l  t s  01.2 

f l  i d-1?82 O f f s i  t e s  - e > 4 , 1  
Capac i t y  : 5 0 . 0 0  m i l l i o n  q a l l o n s i y r  ------ 

2 2 , 5 3 0  m e  t r -  i c tons,.'yr T o t a l  F i r e d  I n u .  3.3 , .3 
' S t r .  T i n e :  91100 h o u r s  p e r  .ye,al- Uor-k i n q  Cap i  t a !  ! 2 . 5  

UNITS PRICE, 
RAU fiATEi?IALS ------------- PER GAL c i ! : :?  ------- 
PI-OPY I + n e  ( 9 4 . 5 X ) .  Lb 5 . 3 3 6 5 1  2 1  ..5 - .  

S y n t h e s i s  Gas. dSCF . 119525 2bO. 0  
H y d r o g e n ,  i i S C F  , 0 3 7 9 2  3 2 3 . 0  
I=ata ! . !s t  .3 ~ C h e m i c a ! s  

TOTAL RAU HATERIALS 

C o o l  i n ?  U a t e i - ,  H 1331 . 0 5 0 1 3  C 2.8 
- I n e i - t  1 3 4 5 ,  liSCF .?70135 1 , 11 

F U P  l , HH FTU - , 112772 -- 77.4, - 0 . 

':?+arn.juO P S I  9 ,  fl Lb .U2101 335. 9 

TCTAL U T I L I T I E S  
I J ~ E ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~  
L a b o r .  - 7 2  Hen 1.i  b 25.5UlJ - - -  . - 

F n r r m e n .  7 Hen 13 ,5 2 9 , 0 0 0  1 1415 
P . , l ipei -v  i z i on ,  1 ?tan la .6 35.  099 1 Han 
H a i n  t . ,  ' r t ; t ? ~ - i a !  .3 L a b o r  O X  ~f iSi3L 

WgWeE?G-ELEE?SGZ 
[I I I- L? I: ? 111 L? I* r~ P 3 d k5% L a b .  J SUP 
Gen.  P l a n t  C is~zrhead 65% O p e r .  C o s t =  
I n s u r i n c * ,  P r o p ,  Tax 1 . 5 X  T o t ,  F I X ,  i n u .  

TOTAL O'u'Ei?HEAD € 3  PENSES 

TOTAL BY-PRODUCT CREIIIT 

CASH COST OF PRl3DUCTTON 

ANNUAL 
'=GSI, 'M 
57.371 
1 0 , 2 3 0  

6 , 1 2 4  
1 . u 0 0  

>.-- - -  - - c ;a. 125  

- 1 0 , 2 , 2 5  --------- 
' I ? ,  S23 ---------- ---------- 

- .  
i * ,  148 

CENTS 
PER GAL ------- 

[lOLLAi?S/ 
EET TON -------- 

DEPRECIATION ZO:! ISPL  + lo;! OSEL 1 5 . 7 7 0  3 1 . 5 0  i ' J 4  by  ---------- ---------- _____--  ---------- ______-  ---------- 
NET COST OF PRODUCTION 9 1 , 8 9 8  1 9 3 . 7 9  u n z  1 . 3 6  

REQUIRED SALES P R I C E  AT 10:: DCF 2 1 0 . 6  4 9 4 1 . 2  



TABLE V - E - 4  

COST OF PROIIUCTION ESTIMATE FOR ACETONE 
PROCESS- I P A  DEHYDROGENATION 

d i d-1382 O i f s i  t e s  4 4 . 5  
C a p a c i  t y :  5 0 . 0 0  m i  l l  i o n  q a l  l o n s / y r  ------ 

22 ,630  m e t r i c  t o n s / y r  T o t a l  F i r e d  I n v .  85.7 
S t r . T i m e :  81100 h o u r s  p e r  y e a r  UOI-k  i n q  C a p  1 .14  I 1 1 . 3  

PRODUCTION COST S U M i l A R Y  ....................... 
UNITS PRICE. ANNUAL CENTS D n L i A R S i  

RAU MATERiALS ------------- ------- PER GAL C ~ U N L I  CQzI,-dfj fgz-z;L nET -------- T O P  
P r o p y l e n e  ( ? S X ) ,  Lb 5 . 5 9 5 2 0  2 1 . 5  6 0 , 1 5 2  
C a t a l y s t  & C h e m i c a ! ~  

TOTAL RAU MATERIALS 
mILnIrg2 
P o w e r ,  kUH 
Coo! i n g  U a t e r ,  ti Gal  , 2 9 8 2 6  5 . 9  8 6 5  
P r o c e c s  U a t e i - ,  d G i !  . 110060 SO. 0 l a  
Steam,200 p s i ? ,  Pi Lb ,03968 2 9 9 . 0  5 . 9 3 2  --------- 

TOTAL UTILITIES 8 , 4 0 7  1 6 .  a~ -- - 
-.;I! .7g 

WIRfiIIEE-CgSIS 
L r b o r ,  3 2  hen  d 3 2 5 . 5 0 0  
Foremen,  7 Mcn 0 9 2 8 , 0 0 0  1 H./S 203  
P =up  e r  v i  s i o n ,  1 i l an  l a  .S 35,O 00 1 Mdn - r 

J d 

H & i n t . ,  M a t e r i a l  R L a b o r  O X  o f  I S a L  2 , 4 7 2  --------- 
TOTAL OPERATING COST > , ~ : a  7 . 0 5  1 5 5 ,  LL- 

OVERHEAD ----.------------- EXPENSES 
Di r c c t  O v e r h e a d  45% Lab a 8 S U P .  474  
G e n ,  P l a n t  1 3 v * ? r h c ~ d  05;; O e e r .  C 0 3 t 9  - 7 m -  - . -  - 
Insurance, P r o p ,  Tax 1 . 5 %  T o t .  F i x ,  I n u .  1 . 2:35 --------- 

TOTAL OVERHEAD E:.<PENSES 4 , 0 5 2  8.10 I;?. 65  
g~-p~ppQf'I,c~Ep~I 
P r o p a n e ,  Lb  --------- 

TOTAL BY-PRODUCT CREDIT ' 1 .  0911 -2.13 - 4 8 . 0 s  ---------- ---------- ======= ========== 
CASH COST OF PRODUCTION 7 5 , 3 0 6  1 5 2 . 5 0  r3 .54.  49  

-- 
DEPRECIATION 20% I S F L  + 10X OSFL 1 2 , 6 9 0  2 5 . 3 9  C - ,>9 .53  ---------- -. - - - - - - - - -  ------- ---------- ------- . - - - - - - - - - -  

NET COSY OF PROIIUCTION 38, ?95 1 7 7 . 3 8  53=1+. 02 

REQUIRED SALES PRICE AT 1 0 X  DCF 2 1 4 . 3  4725.13 



The ma jo r  r e v i s i o n  t o  t h e  C O P  a n a l y s i s  o f  t h e  s y n t h e t i c  r o u t e s  i s  a  

change i n  p ropy lene  raw m a t e r i  a1 p r i c e .  The p ropy l  ene (chemica l  grade) 

p r i c e  o f  25  cen ts  per  pound r e p o r t e d  p r e v i o u s l y  was t h e  f o recas ted  p r i c e  

used a t  t h e  t ime t h e  Phase I r e p o r t  was issued. However, t h e  ac tua l  

h i s t o r i c a l  p r i c e  f o r  t h e  mid-1982 t ime  frame i s  21.5 cents  per  pound, and 

t h i s  p r i c e  i s  r e f l e c t e d  i n  t he  r e v i s e d  C O P  ana l ys i s .  I n  a d d i t i o n ,  minor  

changes i n  u t i l i t y  c o s t s  t o  r e f l e c t  h i s t o r i c a l  cos ts  were made and 

o u t s i d e  b a t t e r y  1  i m i t s  ( O S B L )  c a p i t a l  c o s t  was r e c a l c u l a t e d  on a  more 

r e a l i s t i c  bas is .  

As can be seen f r om Tab le  V-E-5, butano l  can be produced f o r  221.0  cen ts  

per  g a l l o n  and acetone 218.0 cen ts  per  g a l l o n  u s i n g  CSI u t i l i t y  c o s t s <  

These va lues represen t  t h e  sa les  p r i c e  a t  10 percen t  OCF, and represen t  

improvements r e l a t i v e  t o  t h e  o r i g i n a l  bas i s  o f  235.1  and 232.4 cents  per  

g a l l o n ,  r e s p e c t i v e l y ,  f o r  bu tano l  and acetone. 



V I .  SAMPLE CASE STUDY: PRODUCTION OF CITRIC A C I D  AND 

, FURFURAL FROM WOOD-OERIVEO SUGARS 

A. I n t r o d u c t i o n  

The base case and subsequent, parametr ic  ana l ys i s  have he re to fo re  s tud ied  

var ious scenarios f o r  acetone, butanol , and ethanol  (ABE) product ion v i a  

fermentat ion o f  wood ( o r  biomass) der ived  sugars. However, t he re  are 

po ten t i  a1 l y  many o ther  chemicals o f  c o m e r c i  a1 importance which cou ld  be 

produced by a b i o l o g i c a l  route.  The o b j e c t i v e  o f  t h i s  case s tudy  i s  t o  

demonstrate t h e  a d a p t a b i l i t y  of t he  methodology u t i l i z e d  i n  generat ing 

the  base case s tud ies  towards producing o the r  b i o l o g i c a l l y  der ived  

chemicals. 

There are many chemicals which can be produced by b i o l o g i c a l  routes.  

B i o l o g i c a l  r ou tes  i nc lude  enzyne cata lyzed reac t i ons  and reac t i ons  which 

occur as a r e s u l t  o f  c e l l  metabolism i n  s p e c i f i c  med.ia, such as 

fermentat ion. Since the  methodology used t o  analyze t h e  ABE base cases 

produces f i v e  and s i x  carbon sugars as precursors f rom biomass sources, 

the  o ther  chemicals considered are l i m i t e d  t o  those which can be produced 

f rom these sugars. Some p o t e n t i a l  candidates are l i s t e d  i n  Table V I -A -1 .  

TABLE V I - A - 1  

REPRESENTING LIST OF POTENTIAL SUGAR-BASE0 CHEMICALS 

Ace t i c  a c i d  
L a c t i c  a c i d  
C i t r i c  a c i d  
Gluconic a c i d  
Fumaric a c i d  
I t a c o n l c  a c i d  
2.3-Butanediol 
Fur f  u r a l  
Levul i n i c  ac id  

Ethanol 
Prop ion ic  a c i d  
R i b o f l a v i n  and o ther  v i tamins  
Pen ic i  11 an 
Streptomycin and o the r  a n t i b i o t i c s  
Glycero l  
H MF 
Formic a c i d  



Ethanol  i s  n o t  a  v i a b l e  candidate f o r  s tudy here in  s ince so much work i s  

be ing  done on ethanol  from biomass by o ther  workers., The v i tamins and 

a n t i b i o t i c s  may a l so  be e i im ina ted  s ince they are produced by the 

pharmaceutical i n d u s t r y  i n  very  small volumes. G lycero l  i s  e l fm lnated 

s ince  even under the  most favorab le  circumstances some ethanol i s  made 

d u r i n g  fermentat ion.  I t a c o n i c  acid, l e v u l i n i c  acid, g lucon ic  acid, 

2.3-butanediol and HMF have l i t t l e  comnercial importance and were not  

cnnsi dered. The remaining chemicals were evaluated based on the 

perce i  ved p o t e n t i  a1 f o r  improving convent ional techno1 ogy economi cs and 

the  c u r r e n t  demand f o r  the product i n  r e l a t i o n  t o  a reasonable s i ze  

p lan t ,  which would be requ i red  t o  take advantage o f  economy o f  scale. 

Table V I - A - 2  l i s t s  these chemicals and summarizes cu r ren t  U.S. capac i t y  

and demand ( i f  known) and c u r r e n t  U.S. 1 i s t  p r i ces  and market p r i ces  ( i f  

known ) . 

TABLE V I - A - 2  

U. 5. PROOUCTION C A P A C I M  , E M A N D  AN0 PRICES FOR SELECTE O CHEMICALS 

Ace t i c  a c i d  
C i t r i c  a c i d  
Fur f  u r a l  
P r o p l o n l c  ac id  
Fumaric a c i d  
Formic a c i d  
L a c t i c  a c i d  

U.S. C d v d ~  i t y .  Demand, L i s t  
MM l b / y r  flM 1 b / . F  - Price,  $ / l b  

(1) Quaker 0.ats has r e c e n t l y  closed down some o f  i t s  capac i ty  and i s  
be l i eved  t o  be impor t ing  f u r f u r a l  from the People's Republ ic o f  China. 

( 2 )  Anhydrous. 
3 Hydrous. 
4 Technical grade. 
5 Food grade. 
6 95 percent. I I 
(7) Technical grade, 88 percent. 
(8) Food grade, 88 percent. 



I t  should be noted t h a t  f u r f u r a l  and fo rmic  ..acid are n o t  produced 

b i o l o g i c a l l y ,  bu t  are produced v i a  ac id  cata lyzed decomposition of xylose 

and HMF, respect ive ly .  They would o n l y  be produced as coproducts i n  

con junc t ion  w i t h  a  b i o l o g i c a l l y  produced pr imary product. 

Although a c e t i c  ac id  i s  by f a r  t h e  most important p o t e n t i a l  product f rom 

a  comnercial p o i n t  o f  view, t he  b i o l o g i c a l  rou te  w i l l  probably no t  be a t  

a l l  compet i t ive w i t h  the convent ional rou te  i n  the  foreseeable f u t u r e .  

Acet ic  ac id  I s  convent iona l ly  made by methanol carbonylat ion,  and. a t  the 

cur ren t  depressed methanol p r i c e  o f  45 cents per ga l l on  ( 6 . 8  cents per 

pound), a c e t i c  ac id  can be produced f o r  about 14 cents per pound a t  10 

percent UCF. These economics, coupled w i t h  t h e  f a c t  t h a t  cu r ren t  

capac i ty  i s  considerably l a r g e r  than cu r ren t  demand, r e s u l t  i n  an actual  

market p r i c e  f o r  ace t i c  ac id  t h a t  i s  s i g n i f i c a n t l y  below i t s  25.0 cent 

per pound l i s t  p r ice .  Since the b i o l o g i c a l  rou te  must f i r s t  make 

ethanol, and the best b i o l o g i c a l  cases produce ethanol (w i thout  

p u r i f i c a t i o n )  f o r  about 20 cents per pound, i t  i s  very u n l i k e l y  t h a t  the  

b i o l o g i c a l  ace t i c  ac id  case w i l l  be compet i t ive unless there  i s  a  

s i g n i f i c a n t  r i s e  i n  methanol pr ices.  

C i t r i c  acid, however, has a  cu r ren t  l i s t  p r i c e  which ranges from 81.-119.0 

.cents  per pound, which leaves a greater  margin f o r  producing i t  f rom 

wood-derived sugars a t  a  lower cost  o f  production. Although one company 

uses corn as feedstock, c i t r i c  a c i d  i s  convent iona l ly  mad2 v i a  

fermentat ion of a  r e l a t i v e l y  expensive raw ma te r ia l ,  molasses (3.8 cents 

per pound). By contrast ,  wood costs about 1.0 cents per pound. The 

wood-based rou te  would a lso have the add i t i ona l  advantage o f  producing 

f u r f u r a l  as a by-product. F u r f u r a l  c u r r e n t l y  l i s t s  f o r  66.0 cents per 

pound, and although the t r a d i t i o n a l  demand f o r  f u r f u r a l  a t  t h i s  p r i c e  has 

slackened, new uses f o r  f u r f u r a l  could a r i s e  from favorable product ion 

economics. Low-cost f u r f u r a l  could open up a v a r i e t y  o f  poss lb le  uses 

f o r  f u r f u r a l  as a  chemical b u i l d i n g  block. These p o t e n t i a l  app l i ca t i ons  

inc lude expanded product ion o f  THF, 1,4 butanedio l  and a d i p i c  ac id  as 

we l l  as the t r a d i t i o n a l  uses of f u r f u r a l ,  i .e., f u r f u r a l  alcohol,  

fu r fu ra ldehyde and fu ran  res ins.  



0. Design Basis 

Enzyme Hydrolysis 

The design basis fo r  the front end of the c i t r i c  acid/furfural 
fermentation f a c i l i t y  i s  basically the same as f o r  the ABE base cases. 
The front end includes the following plant sections: 

Raw materials handling 
a Prehydrolysis 

Enzyme hydrolysis 
Enzyme production 

The plant capacity i s  100 million pounds per year of c i t r i c  acid. The 
only change i n  the design basis for  the front end sugar producing 
sections i s  the concentration of sugar resulting from enzyme hydrolys'i s. 
The optimum glucose concentration for  c i t r i c  acid fermentation i s  15 
weight percent. Because of the 1 imi ted sol ids concentrat ion possible i n  

enzyme hydrolysis, huwever, this  level i s  not obtainable without 
concentration. In order to  get as close as possible to  15 percent 
without concentration, a -  high sol i d s  concentration, i  .e.,  15 percent, i s  
used I n  enzyme hydrolysis. This gives dpprorri~nately 7.3 percent glueose 
and 10.1 percent to ta l  sugars (glucose and xylose). Only the glucose i s  
fermented t o  c i t r i c  acid, w i t h  the xylose subsequently decomposed to make 
furfural .  The 7.3 percent glucose stream i s  concentrated to  15 percent 
by multiple e f fec t  evaporation. 

Fementatlon 

The concentration of the sugar streams from prehydrolysis and enzyme 

hydrolysis i s  accomplished with a quadruple effect  evaporator and a steam 
gain of 3.36 pounds HZO evaporated per pound of steam. Note that 
t h i s  analysis assumes that the C5 sugar stream from prehydrolysis 
passes through the fermentation operation unchanged. This assumption 
would need t o  be confirmed in actual practice. 



Citric acid is produced from hexose units through the usual metabolic 

s y s t m s  leading into the Krebs cycle via pyruvic acid. One mole of 
hexose can yield one mole of citric acid or of itaconic acid. 

Consequently, it is assumed that the itaconic acid biosynthesis passes 

through the same metabolic system as does citric acid bi.osynthesis. Both 

compounds accumulate when the Krebs cycle is blocked or inhibited. A 
diagram describing the Krebs cycle is illustrated in Figure V I - B - 1 .  

In non-inhibited cultures, either citric or itaconic acid may serve as a 

good carbon source for growth of the respective organism. Enzymatic 
inhibition may be due to the low pH of the fermentation and by specific 

inhibitors such as copper ions, or by one of a series of organic 

compounds which exert effects similar to that of copper ion. 

Citric acid is produced comercially by the aerobic fermentation of sugar 

solutions. Existing c m e r c i  a1 operations use either sugar beet molasses 

or dextrose (corn sugar) as the sugar source. The fermentation process 

can be sumarized by the following equation: 

Microorganism + Substrate --) More Microorganisms + Metabolic Products 

Basically, the citric acid synthesis involves the inoculation of the 
sugar solution with a special strain of the microorganism, Aspergillus 

niqer, which under carefully control led conditions converts the sugar to 
citric ac id .  

The production of citric acid via submerged fermentation. involves four 

basic steps: 

Preparatlon o f  a "seed mash" 
Inoculati~n of t h e  molasses solution with the seed mash 

Batch fermentation 

0 Citric acid recovery 
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Researchers have expended considerable e f f o r t  over the  years t o  determine 

the  f a c t o r s  t h a t  p rov ide  optimum conversion o f  t he  conta ined sugar t o  
c i t r i c  acid. High sugar conversion i s  ext remely s e n s i t i v e  t o  the  

concent ra t ion  o f  t he  m e t a l l i c  ions  CU+', ~ n + ~ ,  ~ e + ~ ,  and ~ n + '  i n  t he  

molasses so lu t i on .  S u f f i c i e n t  amounts o f  n u t r i e n t s  must a lso  be added t o  

t he  s o l u t i o n  t o  enable t h e  microorganism t o  reach a s u i t a b l e  l e v e l  o f  

growth. N u t r i e n t s  comnonly used i nc lude  ammonium n i t r a t e ,  magnesium 

s u l f a t e  heptahydrate, and potassium dihydrogen phosphate. Producers 

undoubtedly r e l y  h e a v i l y  upon processing experience i n  determin ing the  

combination of m e t a l l i c  Ions and n u t r i e n t s  necessary f o r  h igh  c i t r i c  a c i d  

y i e l d .  

The n u t r i e n t  media used are sumar i zed  i n  Table VI-B-1.  

TABLE VI-B-1 

COMPOSITION OF FERMENTATION SOLUTION 

Weiqht Percent 

15 percent glucose so l  u t i  on 
Dry inocu lan t  
NH4N03 
KH2PO4 
MgS04 7H20 . 

The design parameters used f o r  c i t r i c  a c i d  fe rmenta t ion  are summarized i n  
Table VI-B-2. 

TABLE VI-0-2 

CITRIC A C I D  FERMENTATION OESIGN PARAFETERS 

o Microorganism A s p e r g i l l u s  N iger  
o Feed 15 weight percent glucose 
m Temperature 28-330C 
0 pH 3.5 
0 Pressure 10-15 p s i g  

Fermentation t ime 4-7 days 
@ Y i e l d  70 weight pereent on glucose; 

100 percent glucose conversion; 
remainder goes t o  c e l l  mainten- 
ance and C02. 



Furfural Production 

The sugar stream emanating from citric acid fermentation contains 
approximately 3.8 weight percent xylose. The contained xylose can be 

converted to furfural in an acid catalyzed thermal decomposition reaction: 

L Tars 

The furfural formed undergoes further decomposition to :ars, although .at 

a somewhat lower rate than xylose decomposition. Therefore, in order to 
optimize the formation of furfural, residence time must be kept 

sufficientlv low as to minimize the furfural decomposition reaction. 
Studies at Dartmouth have resulted in the development of a kinetic model 

describing hemicel lulose kinetics. Part of this model describes the 
kinetics of xylose decomposition as a function of xylose concentration, 

acid concentration, reaction temperature and residence time. From this 
kinetic expression, furfural yields can be calculated as a function of 

the above vari ables . 

The furfural production reactor is a liquid phase plug f l o w  type reactor 
similar to the prehydrolysis reactor except no solids are present. In 

order to simulate plug flow i n  a liqu%iJ phase reactor, a series of plates 
or baffles are situated inside ttre rneactor t o  minimize backmixing. The 

urwptlmlzed reactor conditions for furfural production a r e  sumarized in 
Table VI-0-3. 

Furfural Recovery 

Furfural recovery is accompl ished by conventional azeotropic di sti 1 lation 

using a three column system. . One of the columns, the lights column, 
removes Inv light components (such as methanol) formed during 

hemicellulose hydrolysis. This column is generally very small. The 
design parameters for the other two columns (the azeotropic and 

dehydration columns) are summarized in Table VI-0-4. 



TABLE VI-B-3 

FURFURAL PROOUCTION OESIGN BASIS 

Xy lose c o n c e n t r a t i o n  2.76 w e i g h t  p e r c e n t  
o Temperature 243OC 
o A c i d  c o n c e n t r a t i o n  1.84 we igh t  p e r c e n t  
0 Residence t i m e  21.6 seconds 
0 Xylose conver 's ion 99.2 p e r c e n t  
o F u r f u r a l  y i e l d  66.9 mo le  pe rcen t ;  remainder  

goes t o  t a r s  
0 F l a s h  90.3 p e r c e n t  f u r f u r a l  f l a s h e s  

20.8 p e r c e n t  Hz0 f l a s h e s  

TABLE VI-B-4 

FURF URAL RECOVERY OE S IGN BAS I S  

Azeotrope column 
Feed 

Overhead 

Decant a t i o n  
Organ i c 1  ayer  
Aqueous 1  ayer  

R e f l u x  r a t i o  
A c t u a l  t r a y s  

Oehydrat i on co 1  umn 
Feed 
Overhead 
R e f l u x  r a t i o  
A c t u a l  t r a y s  

S a t u r a t e d  vapor a t  dew p o i n t ,  33 p e r c e n t  
f u r f  u r a l  
W a t e r / f u r f u r a l  azeo t rope  65/35 p e r c e n t  
BP - 98OC 

84 p e r c e n t  f u r f u r a l / l 6  p e r c e n t  wa te r  
1 8  p e r c e n t  f u r f  u r a l / 8 2  pe rcen t  water  
2.4 

I '  04 p e r c e n t  f u r f u r a l / l b  p e r c e n t  wa te r  
35 p e r c e n t  f u r f u r a l l 6 5  p e r c e n t  wa te r  
0.34 
10 

O v e r a l l  steam consumpt i  on 3. 75 pounds steamlpound f u r f  u r a l  

Process Oescr i  p t i o n  

The f o l l o w i n g  p l a n t  s e c t i o n s  have t h e  same process d e s c r i p t i o n  as t h e  

base cases: 



Raw m a t e r i a l s  hand l i ng  

0 P r e h y d r o l y s i s  

@ Enzyme p r o d u c t i o n  

Enzyme h y d r o l y s i s  

r C02 r e c o v e r y  

r Heat gene ra t i on  

Process schemes f o r  these p l a n t  sec t i ons  are i d e n t i c a l  t o  t h e  base cases 

and t h e  reader  i 's r e f e r r e d  t o  e a r l i e r  sec t i ons  o f  t h i s  r e p o r t  f o r  t h e  

process f l o w  diagrams. The remainder o f  the  p l a n t  i s  d i v i d e d  u p  i n t o  t he  

f o l l o w i n g  p l a n t  sec t i ons :  

r C i t r i c  a c i d  f e rmen ta t i on  

@ F u r f  u r a l  p roduc t i on  

0 F u r f u r a l  r ecove ry  

C i t r i c  a c i d  f e rmen ta t i on ,  which a l s o  i nc l udes  c i t r i c  a c i d  recovery ,  i s  

ill u s t r a t e d  i n  F i g u r e  VI -8 -2 .  The so lub les  f r om  p rehyd ro l ys i s :  ( x y l  ose 

and g lucose)  a re  combined w i t h  t h e  so lub les  f r om  enzyne h y d r o l y s i s  

(g lucose)  and sen t  t o  a  pH ad justment  tank.  Here pH ad jus ted  stream i s  

f i l t e r e d  t o  remove t h e  CaS04 formed d u r i n g  n e u t r a l i z a t i o n ,  w i t h  t h e  

f l l t e r  cake be ing  t ho rough l y  washed t o  recover  most o f  t h e  so l ub les .  The 

f i l t r a t e  i s  then concen t ra ted  t o  15 weight  percen t  glucose i n  a m u l t i p l e  

e f f e c t  evapora to r  w i t h  f o u r  e f f e c t s .  The concen t ra ted  sugar stream i s  

r eady  f o r  f e rmen ta t i on ,  w i t h  a  smal l  s i de  stream o f  sugar be ing  d i v e r t e d  

f o r  seed p repa ra t i on .  

The seed mash i s  prepared by i n o c u l a t i n g  t h e  d i l u t e  s o l u t i o n  i n  t h e  seed 

tank  w i t h  a  s p e c i a l  s t r a i n  o f  A s p e r q f l l u s  n i g e r .  Potassium dihydrogen 

phosphate and magnesium s u l f a t e  a re  a l s o  added. The a e l d l t y  of the  

m i x t u r e  i s  then  ad jus ted  between pH=5-6 by  adding HC1. The m i x t u r e  i s  

incuba ted  a t  25 -30 '~  f o r  one t o  t h r e e  days w h i l e  a i r  i s  con t i nuous l y  

sparged th rough  t h e  s o l u t i o n .  

The 15 pe rcen t  sugar s o l u t i o n  i n .  t he  fe rmento r  i s  i n o c u l a t e d  w i t h  a  

p o r t i o n  o f  t h e  seed mash. The charge o f  seed mash i s  i n .  t h e  range:of 2-8 
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volume percent of  the sugar solution; The nutrients, ammonium ni t ra te,  

magnesi urn sul fate,  and potassium dihydrogen phosphate are also added. 
Copper and zinc ions, as sulfates or  chlorides, are also supplied t o  the 

fermenter. The quant i ty  of these ions required depends upon the degree 
of p u r i t y  of  the sugar solut ion and the eff ic iency of the removal of  the 

i ron  and manganese i n  the cat ion exchange bed. The i n i t i a l  pH of the 
solut ion i s  adjusted t o  a range o f  2 t o  4 by adding HC1. The pH i s  

maintained be1 ow 3.5 throughout the fermentation t o  prevent by-product 
formation. Since considerable foaming may occur during the fermentation, 

anti-foam agents are usually added t o  the solution. The temperature i s  
contro l led a t  27 t o  33 '~  and a i r  i s  sparged through the mixture 

during the fcnncntatinn cycle, which requires 4 t o  7 days. Pressure i n  

the fermenter i s  usual ly 10-15 psig. Mechanical ag i ta t ing  may be applied 

t o  the solution, but i t  i s  not essential. The combination of low pH and 
extreme s e n s i t i v i t y  t o  i r on  precludes the use o f  fermentation vessels 

constructed of carbon steel. Fermentation vessels are hence usually 
constructed of 316 stainless steel. 

The fermentation occurs i f l  t w ~  d i s t i n c t  phases; an i n i t i a l  growth phase 

and an acid production phase. Ouring the period of i n i t i a l  growth, the 
sugar i s  u t i l i z e d  mainly f o r  mycellium production wi th  only a small 

amount of acid being produced. Af ter  the s t a r t  of the acid production 
phase, mycel l ia growth stops and most of  the sugar consumed i s  converted 

t o  c i t r i c  acid. Typically, 70 percent of the available sugar i s  
converted t o  c i t r i c  acid. 

The solut ion frm the femicnter, usual ly 10-12 per-cent c i t r i c  acid, 

passes t o  the crude surge tank and then t o  a f i l t e r  where the mycellium 
l o  removed and sent t o  disposal, The f i l t r a t e  i s  then heated t o  6 0 ' ~  

before entering the l iming tank where the c i t r i c  acid i s  reacted with an 
aqueous s l u r r y  o f  Ca(OH)* t o  produce calcium c i t r a t e  which 

precipitates. The calcium c i t r a t e  i s  separated from the l iming tank 
e f f luent  by a series of two f i l t e r i n g  steps. The f i l t r a t e  which contains 

the unreacted xylose i s  sent t o  fu r fu ra l  production while the calcium 
c i t r a t e  cake passes t o  the acidulation tank where it i s  reacted with 

d i l u t e  su l fu r i c  acid t o  produce calcium sulfate, which precipitates, and 



c i t r i c  acid. The calc ium s u l f a t e  i s  removed by f i l t r a t i o n  and the  

f i l t r a t e ,  a  s o l u t i o n  of c i t r i c  acid, i s  sent t o  the deco lo r . i z ing  tank. 

Here, t he  s o l u t i o n  i s  t r e a t e d  w i t h  a c t i v a t e d  carbon t o  remove c o l o r  

bodies. A f te r  f i l t r a t i o n  t o  remove the  carbon, t h e  s o l u t i o n  passes 

through the  c a t i o n  and anion exchange r e s i n  bed f o r  deminera l i za t ion .  

The deminera l ized s o l u t i o n  i s  then concentrated i n  t he  evaporator- 

c r y s t a l l i z e r .  The ho t  s l u r r y  en ters  t he  c e n t r i f u g e  where t h e  c r y s t a l s  

are washed and separated. A p o r t i o n  o f  the  mother l i q u o r  from the  

c e n t r i f u g e  i s  recyc led  t o  t he  evapora tor -c rys ta l  1  i zer w h i l e  t he  remainder 

i s  re tu rned t o  the  l i m i n g  tank. The c i t r i c  a c i d  c r y s t a l s  are d r i e d  and 

then sent  t o  bu l k  storage. Operat ion o f  t he  e v a p o r a t o r - c r y s t a l l i z e r ,  

c e n t r i f u g e  and dryer  above 40-4S0c r e s u l t s  i n  anhydrous c i t r i c  acid. 

When the  concent ra t ion  and recovery  opera t ion  i s  conducted a t  

25-30°c, c i t r i c  a c i d  monohydrate i s  produced. 

F u r f u r a l  Product ion and Recovery 

Flow diagrams i l l u s t r a i n g  f u r f u r a l  p roduc t ion  and recovery  are presented 

i n  F igures VI-B-3 and VI-B-4. 

The f i l t r a t e  f rom the  p o l i s h i n g  f i l t e r ,  which conta ins  3.8 weight percent 

xylose, i s  sent  t o  a  d i l u t i o n  tank. Here water i s  added t o  d i l u t e  t he  
xylose s o l u t i o n  t o  about 2.75 weight percent.  

The d i l u t e  xy lose s o l u t i o n  then enters t h e  f u r f u r a l  p lug  f l o w  r e a c t o r  

(PFR) where a c i d  i s  f i r s t  mixed i n  t o  b r i n g  i t s  concent ra t ion  t o  1.84 

'weight percent, r e l a t i v e  t o  water. The reac tan ts  are then heated t o  

243'~ n e a r l y  ins tan taneous ly  (approx imate ly  0.5 seconds ) and the  

d e c m p o s i t i o n  reac t i ons  take  place. Reactor res idence t ime i s  about 

21-22 seconds. The r e a c t o r  i s  z i rconium c l a d  t o  prevent co r ros ion  i n  the 

a c i d i c  environment, and s ieve  p la tes  are spaced i n t e r m i t t e n t l y  down the  

reac to r  b a r r e l  t o  prevent back mixing. Under these cond i t i ons  99.2 

percent o f  the  xy lose i s  converted w i t h  a  f u r f u r a l  y i e l d  o f  about 67 mole 

percent.  A r a p i d  ac t i on  b a l l  valve quenches the reac to r  i n  an opera t ion  

t h a t  i s  n e a r l y  continuous. The pressure i s  letdown t o  atmosphe.ric across 

t h e  valve, f l a s h i n g  most o f  the f u r f u r a l  (90 percent )  and some o f  the 
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water  ( 2 1  pe rcen t ) .  The l i q u i d  and vapor components a re  separated i n  a  

cy lcone  on t h e  low pressure s i d e  o f  t he  va lve.  The f l a s h  vapors, 

c o n t a i n i n g  about 4.8 percent  f u r f u r a l ,  a re  combined w i t h  t h e  f l a s h  vapors 

f r om  p r e h y d r o l y s i s  and sent t o  f u . r f u ra1  recovery .  

The f u r f  u r a l / w a t e r  vapor stream, a  sa tu ra ted  vapor a t  i t s  dew p o i n t  , 
( 2 1 0 ~ ~ )  e n t e r s  t h e  azeotrope d i s t i l l a t i o n  column where t he  

f u r f u r a l / w a t e r  azeot rope i s  taken overhead. The overhead vapor, composed 

of 35 weigh t  pe rcen t  f u r f u r a l  and 65 we igh t  percen t  water, i s  condensed 

dl: 2 0 8 ' ~  and sen.1 t o  a  decanter  where i t  separates i n t o  two l aye rs .  

The lower  o r g a n i c  l a y e r ,  composed o f  '84 percent  f u r f u r a l  and 16 percent  

water i s  sen t  t o  a  dehyd ra t i on  column. The upper l a y e r ,  composed o f  1 8  

percen t  f u r f u r a l  and 82 percen t  water,  (and i f  we cons idered i t ,  some 

methanol )  i s  sen t  t o  a  l i g h t s  column, where low b o i l e r s ,  such as 

methanol, a re  removed i n  t h e  overhead. t h e  column bottoms, which i s  

essen t i  a1 l y  t h e  aqueous 1  ayer f r om  t h e  decanter  ( 18  percen t  f u r f  u r a l  , 82 

percen t  w a t e r )  i s  r e t u r n e d  t o  t h e  azeo t rop i c  column as r e f l u x .  The 

r e f l u x  r a t i o  i s  2.4. The azeo t rop i c  column bottoms, which con ta i ns  a l l  

t h e  water and l e s s  t han  0.2 percen t  f u r f u r a l ,  (as w e l l  as o the r  heavies 

such as HMF and a c e t i c  a c i d )  i s  sent t o  waste t rea tment .  

The f u t - f u ra l  r i c h  o rgan i c  l a y e r  f r om  t h e  decanter- en te r s  a dehydra t ion  

column where t h e  remainder o f  t h e  water i s  removed. The f u r f u r a l  p roduc t  

stream, wh ich  forms t h e  column bottoms, i s  coo led and f i l t e r e d  t o  remove 

any r e s i d u a l  s o l i d s  p r i o r  t o  s torage.  

h e  overheads f r om t h e  dehyd ra t i on  column, which i s  the  w a t e r / f u r f u r a l  

azeotrope, i s  condensed and r e c y c l e d  t o  t h e  azeo t rop ic  column decanter. 

C .  Economics 

Tables V I - C - 1  and VI-C-2 r ep resen t  c o s t  o f  p roduc t i on  c s t  imates f o r  t hc  

wood based c i t r i c  a c i d  f e r m e n t a t i o n  f a c i l i t y ,  us i ng  b o t h  .CSI  and DOE 

u t i l i t y  cos t s ,  r e s p e c t i v e l y .  Tables VI-C-3 and VI-C-4 r ep resen t  c o s t  of 

p roduc t i on  es t imates  f o r  t h e  conven t iona l  molasses based , c i t r i c  a c i d  

f e rmen ta t i on .  
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TABLE V I - C - 1  

COST OF PRODUCTION E S T I M A T E  FOR C I T R I C  A C I D  
PROCESS- FERMENTAT1,ON 

B A S I S  ----- 
L o c a t i o n :  U . S .  G u l f  C o a s t  

C A P I I A L - C O S I  s!I_LLIO! 
B a t t e r y  L i m i t s  9 0  - 2  

fl i d - 1 9 8 2  O f f s i  t e s  5 3 . 3  
C a p a c  i t y :  1 0 0 . 0 0  m i l l i o n  p o u n d s / y r  ------ 

4 5 , 3 6 0  m e t r i c  t o n s / y r  T o t a l  F i x e d  I n u .  1 4 3 . 5  
S t r . T i m e :  8 0 0 0  h o u r s  p e r  y e a r  U o r k i n q  C a p i t a l  1 0 . 3  

PROIIUCTION COST SUMMARY ....................... 
U N I T S  P R I C E .  ANNUAL CENTS DOLLARS/ 

RAU MATERIALS  ------------- 
A s p e n ,  L b  
H2SO4,  L b  
C a i O H ) 2 ,  L b  
N a ( O H ) ,  L b  
Amm. N i  t r .  ( 3 3 . 5 % ) ,  L b  
KH2PO4,  L b  
HsSO4  7 H 2 0 ,  L b  
L i m e ,  L b  
C a t a l y s t  R C h e m i c a l s  

TOTAL RAU MATERIALS  1 2 , 9 9 3  1 2 . 9 9  2 8 6 .  4 4  

UI ILI I I_ES 
P o w e r ,  k U H  , 4 8 6 7 0  3 . 2  1 , 5 5 7  
C o o l i n g  U a t e r ,  ti G a l  , 0 9 0 3 0  5 . 8  5 2 4  
P r o c e s s  U a t e r ,  M  G a l  , 0 0 2 7 8  6 0 . 0  1 6 7  
S t e a m , 5 5  p s i q ,  M  L b  . 0 0 0 8 6  3 7 5 . 0  3 2 3  
S team,ZOO p s i s ,  M  L b  . 0 1 8 9 0  3 8 1 . 0  7 , 2 0 1  --------- 

TOTAL U T I L I T I E S  9 . 7 7 1  9 .77  2 1 5 . 4 2  
OPERALING-COSIS 
L a b o r ,  6 0  H e n  @ B 2 5 , 5 0 0  
F o r e m e n ,  1 3  Men @ $ 2 9 . 0 0 0  2 H / S  3 7 7  
S u p e r v i s i o n ,  3 M a n  @ $  3 5 , 0 0 0  3 f l a n  1 0 5  
H a i n t . ,  M a t e r i a l  8 L a b o r  6 %  o f .  I S B L  5 . 4 . 1 2  

TOTAL OPERATING COST 

OVERHE4D-EXPENSES 
I l i r e c t  O v e r h e a d  W 5 %  L a b .  R Sum.  9  0  5 - - - - 

F e n .  P l a n t  O v e r h ~ ~ a d  A s ?  C l p e r .  C o s t s  1 1 ,  8 2 6  
I n s u r a n c e ,  P r o p .  T a x  1.5;; T o t .  F i x .  I n u .  1 , 1 5 2  --------- 

TOTAL OVERHEAD EXPENSES 7 . 8 8 3  7 . 8 8  1 7 3 . 8 0  
b_Y-PRODUCT C R E I l I T  -------------- 
CO2, L b  . 4 2 8 3 0  2 . 8  - 1 , 1 9 9  
F u r f u r a l ,  L b  . , ~ 7 4 0  ?c r 2 0 . 0  - 5 . 1 5 0  
SCP, L b  , 0 0 2 8 6  1 5 . 0  -k3 --------- 

TOTAL BY-PROIIUCT C R E D I T  - 6 , 3 9 2  - 6 . 3 9  - 1 4 0 . 9 2  
========== ======= =========a 

CASH 'COST OF PRODUCTION 3 1 , 6 7 9  3 1  - 6 8  6 9 8 . 4 0  

DEPRECIAT ION 2 0 %  I S B L  + 1 0 %  OSFL 2 3 , 3 7 0  2 3 . 3 7  5 1 5 . 2 2  
========I= ======= =========I 

NET COST OF PROOUCTION 5 5 , 0 4 9  ee 4.J. 0 5  1 2 1 3  - 6 2  

REO l l IQED SCILES PQICE  CIT t 0 Z  DCF 75.2 l658 .C 



TABLE VI-C-2 

C O S T  O F  P R O D U C T I O N  E S T I M A T E  FOR C I T R I C  A C I D  
PROCESS-  F E R M E N T A T I O N  

Ef!SLS CAPXISL-COSI  
L o c a t i o n :  U . S .  G u l f  C o a s t  P a t t e r v  L i m i t s  

M i d - 1 9 8 2  O f f s i  t e s  
C a p a c  i t y :  1 0 0 . 0 0  m i l l i o n  p o u n d s / y r  

4 5 , 3 6 0  m e t r  i c t o n s / y r  T o t a l  F i r e d  I n v .  
S t r . T i m e :  0OQO h o u r s  p e r  y e a r  U o r k  i n g  C a p i t a l  

P R O I l U C T I O N  COST SUMMARY ....................... 
UNITS 

~ ? u - n a ~ g ~ ~ a ~ s  PEE-LE- 
A s p e n ,  L b  5 . 1 1 3 0 0  
H2CiO4,  Lb 1 . 1 2 7 7 0  
C a ( O H ) ? ,  L b  . 0 4 1 3 0  
N a ( O H ) ,  L b  . 0 0 1 3 0  
Amm. N i t r .  3 3 . 5 % ,  L b  . 0 3 0 0 0  
KHZPOQ,  L b  . D l 5 0 0  
H q S 0 4  7 H 2 0 ,  L b  . U l L U U  
L i m e ,  L b  .575fl0 
C a t a l y s t  8 C h e m i c ~ l s  

T O T A L  RAU M A T E R I A L S  

P R I C E ,  
C / M L I  

1 . 0  
4 , 3  
2 . 0  

2 6 . 0  
7 . 5  

5 0 . 0  
1i.3 

1 . 5  

ANNUAL  C E N T S  

COHI. -9 Z!-L!!- 
5 , 1 1 3  
5 , 2 9 9  

8 3 
3 4  

7 2 5  
7 5  0  
1 3 0  
8 6 3  
5 0 0  

__=P----- 

1 2 , 9 9 3  1 2 . 9 ?  

UIILLIIE= 
P o w e r ,  k U H  , 4 8 6 7 0  4 . 3  2 , 0 3 3  
C o o l  i n q  U a t e r ,  M G a l  . 0 9 O S O  5 . 8  521, 
P r o c e s s  U a t o r ,  n G a l  . 0 0 2 7 S  6 0 . 0  1 6 7  
S t e a m , X 5  p s i g ,  M  Lb . 0 0 U d J  2 9 5 . 0  2 5 4  
S t e a m , 2 0 0  p s i q ,  H L b  . U 1 8 9 0  1 9 9 .  0  5 , 6 5 1  

T O T A L  L I T I L I T I E S  R . a B 8  8. ti9 
g ~ ~ ~ a I j ~ ~ - c g ~ s g  
L a b o r .  6 0  H e n  @ O 2 5 , 5 0 0  1 3  i ( / S  1. 530 
F o r e m e n ,  1 3  M e n  @ i 2 9 , 0 0 0  3 m/"J -1- .> i i 
Y u P F I - u I ~ ; ~ ~ ,  3 # a n  a3 3 3 5 , , 0 0 0  3 Hrn  195 
M a i n t . ,  H a t e r i a i  & L a b o r  6 %  o f  I S a L  z . . b l 2  --------- 

T O T A L  O P E R A T I N G .  COST 7,'+2'J 7 . 4 2  
OVERHEAD EXPEfJSES ------------ 
D i r e c t  O v e r h e a d  45% L a b ,  2 ~ U P .  0 0  S 
G e n .  P l a n t  O v e r h e a d  65:: O p a r .  C o s ? s  4 ,92 .5  
I n s u r a n c e ,  PI 'OP.  T a x  1 . 5 X  T o t .  I n v .  7 ' 1 3 2  .L I 

T O T A L  OVERHEAD E X P E N S E S  7 ,  as3 

F u r f  u r a  I ,  Lb 
S C P ,  Lb . 0 0 2 8 6  1 5 . 0  - 4 3  --------- 

T O T A L  BY-PROI IUCT  C R E D I T  - 6 , 3 9 2  ---------- ---------- 
C A S H  COST O F  P R O D U C T I O N  3 0 , 5 9 3  

D E P R E C I A T I O N  2 0 %  I S B L  + 1 0 X  OSHL  7 3 . 3 7 0  ---------- ---------- 
NET COST OF  P R O D U C T I O N  5 3 , 7 6 6  

R E Q U I R E D  S A L E S  P R I C E  A T  1 0 Z  D C F  



TABLE V I - C - 3  
COST OF PRODUCTION ESTIHATE FOR C I T R I C  A C I D  

PROCESS- HOLASSES FERMENT, 

B A S I S  ----- 
L o c a t i o n :  U . S .  G u l f  C o a s t  

CAPITAL COST ------------ stl ------ I L L  I c 
B a t t e r y  L i m i t s  6 7 .  

fl i  d - 1 9 8 2  
C a p a c  i t y :  1 0 0 . 0 0  m i l l i o n  p o u n d s / y r  

4 5 , 3 6 0  m e t r i c  t o n s / y r  
S t r . T i m e :  8 0 0 0  h o u r s  p e r  y e a r  

O f f s i  t c s  2 7 ,  ----- 
T o t a l  F i x e d  I n u .  9 5 ,  
U o r k  i n g  C a p i t a l  8  a 

PROIlUCTION COST SUflHARY ....................... 
U N I T S  P R I C E .  ANNUAL CENTS 

PER .LE( ------- 
DOLLARS 
MET TOrj ------- RAU MATERIALS  ------------- 

B e e t  f i o l a s s e s ,  L b  
P E R L E  c / U N i T  ---- 
5-7 5000 3 . 8  

L irae, L b  , 5 7 5 0  0  1 . 5  
S u l f u r i c  A c i d ,  L b  1 . 0 0 0 0 0  4 . 3  
Ammon ium N i t r a t e ,  Lb , 0 3 0 0 0  7 , s  
MqSO4, L b  . 0 1 2 0 0  1 1 . 5  
K H 2 P 0 4 ,  L b  , 0 1 5 0 0  3 0 . 0  
C a t a l y s t  R C h e m i c a l s  

TOTAL RAU MATERIALS  
U T I L I T I E S  --------- 
P o w e r ,  k WH 
C o o l  i n q  U a t e r ,  H  G a l  , 0 6 5 4 0  5 . 8  
P r o c e s s  U a t e r ,  M  G a l  , 0 0 4 1 0  6 0 . 0  
S t e a m , 2 0 0  p s i g ,  fl L b  , 0 0 7 5 0  3 8 1  - 0  

TOTAL U T I L I T I E S  
OPERAII!!G-COSIS 
L a b o r ,  46 H e n ' @  % 2 5 , 5 0 0  
F o r e m e n ,  1 3  # e n  @ S 29, ,000  2  M/S 
S u ~ e r u i s i o n ,  0 H a n  @ 8 0  0  Man 
M a i n t . ,  M a t e r i a l  R L a b o r  6 %  o f  I S E L  

TOTAL OPERATING COST 
OVEBHEAF-EXfENSES 
D i r e c t  O u e i - h e a d  4 5 %  L a b .  R S U P ,  
G e n .  P l a n t  O v e r h e a d  6 5 %  O p e r ,  C o s t s  
I n s u r a n c e ,  P r o p .  T a x  1 , 5 %  T o t .  F i x .  I n u .  

TOTAL OVERHEAD EXPENSES 
EY-PRODUCT CREDIT  -..------------- 

TOTAL BY-PRODUCT CREDIT  

CASH COST OF PRODUCTION 

DEPRECIAT ION 2 0 X  I S F L  + 1 0 %  BSBL  1 6 , 2 1 0  1 6 # 2 1  3 5 7 , 3 7  ---------- ---------- ------- ---------- ------- ---------- 
NET COST OF PROflUCTION 5 3 , 5 6 1  5 3 , 5 6  1 1 8 0 . 8 1  

REQUIRED SALES P R I C E  AT 1 0 %  DCF 6 7 , s  1 ~ 8 7 ~ 2  



TABLE V'I-C-4 

COST OF PRODUCTION ESTIMATE F O R . C I T R I C  ACID 
PROCESS- MOLASSES FERMENT. 

CAPITAL SUMMARY --------------- 
E A S E  
L o c a t i o n :  U . S .  G u l f  C o a s t  

c!?!II!?L-co?I S H I L L I O N  i--__-_ 

B a t t e r y  L i m i t s  67,l 
Mi  d-1982 O f f s i  t e s  27.9 

C a p a c i t y :  100.00 m i l l i o n  p o u n d s / y r  ------ 
45,360 m e t r  i c  t o n s / y r  T o t a l  F i x e d  I n v .  95.0 

S t r . T i m e :  8000 h o u r s  p e r  y e a r  U o r k  i n q  C a p i t a l  8.5 

PRODUCTION COST SUMMARY ....................... 
U N I T S  PRICE, 

RAU MATERIALS ------------- PER LB c / @ I I  ------- 
B e e t  M o l a s s e s ,  L b  3.75000 3.8 
L i m e ,  L b  ,57500 1,s 
S u l f u r i c  A c i d ,  L b  1 , 0 0 0 0 0  4 3 
Ammonium N i t r a t e ,  L b  , 03000 7,s 
K H Z P 0 4 ,  L b  . 01500 50.0 
i l qSO4,  L b  ,01200 11,5 
C a t a l y s t  R C h e m i c a l s  

TOTAL RAU MATERIALS 
U T I L I T I E S  --------- 
P o w e r ,  kUH 

ANNUAL CENTS -DOLLARS/ 
cQIl1, SM PER L E  ------- MET TON -------- 

14,253 
863 

4,300 
225 
750 
138 
7QO --------- 

21,265 21.27 468.82 

C o o l i n s  U a t e r ,  fl G a l  . 06540 5.8 379 
P r o c e s s  U a t e r ,  H G a l  . (50410 bU , U 246 
S t e a m , 2 0 0  p s i q ,  fl L b  ,00750 299.0 2,242 --------- 

TOTAL U T I L I T I E S  4,588 4 . 5 9  101.14 
OPERATING COSTS 
--a------------ 

L a b o r ,  46 Men @ S 25,500 10 M/S 1,173 
F o r e m e n ,  13 M e n  @ S 29.000 2 M/S 377 
S u p e r v i s i o n ,  0 Man @ S 0 0 Man 0 
H a i n t . ,  M a t e r i a l  R L a b o r  6% o f  I S B L  4,026 

TOTAL OPERATING COST 

!YERHEA!!-EXPENSES 
D i r e c t  O v e r h e a d  45% L a b .  8 S u p ,  
G e n ,  ' P l a n t  O v e r h e a d  65% O p e r ,  C o s t s  3,624 
I n s u r a n c e ,  P r o p ,  Tax  1,5% T o t .  F i x .  I n v .  1,425 --------- 

TOTAL OVERHEAD EXPENSES 5,747 J 0 7 5  126.70 
BY-PRODUCT CREDIT -- -------------- --------- 

TOTAL BY-PRODUCT CREDIT 0 , O O  . O O  ---------- ---------- ------- ---------- ------- ---------- 
CASH COST OF PRODUCTION 37,176 37,18 819,59 

DEPRECIATION 20% I S F L  + 10% OSBL 16,210 16,21 357.37 ---------- ---------- ------- ---------- ------- ---------- 
NET COST OF PRODUCTION 53,386 53.39 1176 .95  

REQUIRED SPI.ES PRICE AT 10% DCF 67.3 1483 1 



us ing  CSI and DOE u t i l i t y  costs ,  r e s p e c t i v e l y .  These da ta  are sumnarized 

i n  Table VI-C-5. A l l  t h e  f a c i l i t i e s  produce 100 m i l l i o n  pounds per  year 

o f  c i t r i c  a c i d  a t  a  p l a n t  l oca ted  on t h e  U.S. G u l f  Coast i n  mid-1982. 

TABLE VI-C-5 

SUMMARY OF CITRIC ACID PROOUCTION ECONOMICS 

Basis: 100 MM l b / y r  
U.S. G u l f  Coast, Mid-1982 

Wood Molasses 
Based Fermentat ion 
CS I - O O t  - 

Based Fermentat ion 
CS I DOE - 

Investment, MM $ 
B a t t e r y  l i m i t s  90.2 '90.2 67.1 67.1 
O f f  s i t e s  53.3 53.3 - 27.9 2 7.. 9  

14315 
- 

Tota l  f i x e d  investment 35 .O 95.0 

Cost o f  product ion,  $ / l b  
Raw ma te r i  a1 s  12.99(1) 12; 99(1)  21.27(2) 
U t i l i t i e s  9.77 8.69 4.76 
O ~ e r a t i  na cos t s  7.42 7.42 5.58 
0;erhead-expenses 7.88 7.88 5.75 
By-product c r e d i t  J6.39)(3) J6.39) ( 3 )  

Cash c o s t  o f  p roduc t i on  31.67 30,59 37% 
Oeprec i a t  i on 23.37 

Net cos t  o f  p roduc t ion  55.04 

S e l l i n g  p r i c e  a t  10% OCF 75.2 74.0 67.5 

(1 )  Aspen wood a t  l .Ob/ lb ,  H 2 ~ 0 4  a t  4.3$/lb, l i m e  a t  l . S t / l b .  
( 2 )  Molasses a t  3.&/ lb,  H2So4 a t  4.3C/lb, l ime  a t  l .S$ / l b  
(3 )  Fur fu ra l  a t  20b/ lb,  C02 a t  2.8C/lb. 

Tab le  VI-C-5 i n d i c a t e s  t h a t  t h e  convent iona l  molasses f e m e n t a t i o n  

technology produces c i t r i c  a c i d  f o r  67.5 cents  per  pound compared t o  75.2 

cen ts  per pound f o r  t h e  wood based fe rmenta t ion .  These values are t he  

sa les  p r i c e  a t  10 percent  OCF. The convent iona l  technology o f f e r s  

approx imate ly  sn 11 percent  p r i c e  advantage compared t o  t h e  wood-based 
fermentat ion.  Th i s  i s  due p r i m a r i l y  t o  the  l a r g e  advantage i n  

c a p i t a l - r e l a t e d  expenses o f  the  convent iona l  technology, inasmuch as 



t h e r e  i s  no f r o n t  end sugar produc ing f a c i l i t y  as i n  t h e  wood-based 

p l a n t .  The c a p i t a l - r e l a t e d  expenses advantage more than o f fse ts  the 8 

cen t '  per  pound raw m a t e r i a l  advantage o f  t h e  wood-based p l a n t .  Note, 

however, t h a t  molasses p r i c e s  are ve ry  depressed a t  t he  present  t ime. A 

r e t u r n  t o  h i s t o r i c a l  p r i c i n g  l e v e l s  f o r  molasses w i l l  i nc rease  t he  raw 

m a t e r i a l  c o s t  advantage accru ing  t o  t he  wood-based rou te .  

Economics f o r  t h e  wood-based case are based upon a nominal f u r f u r a l  

by-product  c r e d i t  of 20 cen ts  per pound, w e l l  below i t s  l i s t  p r i c e  o f  66 

cerrts per pgunrl. A S f ? n s l t l v i t y  analys is i s  prov ided fu  see a t  what 

f u r f u r a l  by-product va lue  t he  wood technology becomes compe t i t i ve  w i t h  

t h e  convent iona l  r ou te .  F i gu re  V I - C - 1  i l l u s t r a t e s  t h i s  r e l a t i o n s h i p .  As 

can be seen f r om t h e  f i g u r e ,  t h e  economics of t he  two rou tes  t o  c i t r i c  

a c i d  become equal  a t  a f u r f u r a l  by-product c r e d i t  o f  about 47.5  cents  per  

pound, which i s  n o t  an unreasonable number. 

F i g u r e  VI-C-2 i l l u s t r a t e s  t h e  s e n s i t i v i t y  o f  c i t r i c  a c i d ' s  s e l l i n g  p r i c e  

t o  aspen wood feeds tock  p r i c e  a t  10 percen t  UCF and a f u r f u r a l  by-broduct 

va lue  of 20 cen ts  per  pound. T h i s  f i g u r e  i n d i c a t e s  t h a t  t h e  economics 

a r e  n o t  v e r y  s e n s i t i v e  t o  wood p r i c e ,  and p a r i t y  i s  n o t  reached even i f  

t h e  wood has zero cos t .  . . 



F I G U R E  n - C - 1  

R E L A T I O N S H I P  BETWEEN F U R F U R A L  BYPRODUCT VALUE 

A N D  

C I T R I C  ACID S A L E S  P R I C E  

F U R F U R A L  B Y  PRODUCT CREDIT VALUE, $ 1 ~ 0 .  
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