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FORE WORD 

This report is the result of a four-month study by Dynatech RID Co. to assess the 

economic and technical feasibility of producing methane' gas by anaerobic digestion of 

agricultural crop residues. The intent of the Department of Energy, which financed the 

preparation of this report, and the Solar Energy Research Institute, which serves as 

project manager for the anaerobic digestion program, is to use the results of this report 

t o  guide the development of program plans and to  provide a reasoned analysis of the role 

this technology might play in future energy supply systems. 

The search for economic and renewable energy sources to supply our future national 

energy needs is at best a complex undertaking, involving many uncertain variables. It is 

hoped and expected that this report will contribute to  an understanding of how the 

energy available in agricultural crop residues might be developed to help meet those 

needs. 

Dan Jantzen, gjrt Manager 

Biomass Program Office 
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- ABSTRACT 

The o b j e c t i v e  o f  t h i s  s t u d y  was t o  ~ r o v i d e  c o s t  e s t i m a t e s  f o r  t h e  

p r e t r e a t m e n t l d i g e s t i o n  of c rop  r e s i d u e s  t o  f u e l  g a s .  A review of a g r i c u l t u r a l  

s t a t i s t i c s  i n d i c a t e d  t h a t  t h e  c rop  r e s i d u e s  wheat s t r a w ,  c o r n  s t o v e r ,  and 

r i c e  straw a r e  a v a z l a b l e  i n  s u f f i c i e n t  q u a n t i t y  t o  p r o v i d e  meaningful  s u p p l i e s  

o f  gas .  

Eng ineer ing  economic a n a l y s e s  were performed f o r  d i g e s t i o n  o f  wheat 

s t r a w ,  c o r n  s t o v e r ,  and r i c e  s t r a w  f o r  s m a l l  farm-, coopera t ive - ,  and i n d u s t r i a l  

s c a l e s .  The small farm s c a l e  p rocessed  t h e  r e s i d u e  from an  average  s i z e  U.S. 

farm (400 a c r e s ) ,  and t h e  o t h e r  s i z e s  were  two and t h r e e  o r d e r s  o f  magni tude 

g r e a t e r .  

The r e s u l t s  of t h e  a n a l y s e s  i n d i c a t e  t h a t  t h e  p r o d u c t i o n  of f u e l  

gas  from t h e s e  r e s i d u e s  i s ,  a t  b e s t ,  economical ly  m a r g i n a l ,  u n l e s s  a  c r e d i t  

can be o b t a i n e d  f o r  d i g e s t e r  e f f l u e n t .  The u s e  of p r e t r e a t m e n t  can double  

t h e  f u e l  gas  o u t p u t  b u t  w i l l  n o t  be  economical ly  j u s t i f i a b l e  u n l e s s  low 

chemical  r equ i rements  o r  low c o s t  chemica l s  can be u t i l i z e d .  A d d i t i o n a l  

development i s  n e c e s s a r y  i n  t h i s  a r e a .  Use of low c o s t  "hole-in-the-ground" 

b a t c h  d i g e s t i o n  r e s u l t s  i n  improved economics f o r  t h e  s m a l l  farm s i z e  d i g e s t i o n  

system,  b u t  n o t  f o r  t h e  c o o p e r a t i v e  and i n d u s t r i a l  s i z e  sys tems .  

Recommendations a r i s i n g  from t h i s  s t u d y  a r e  con t inued  development 

of a u t o h y d r o l y s i s  and chemical  p r e t r e a t m e n t  of a g r i c u l t u r a l  c rop  r e s i d u e s  t o  

improve f u e l  gas y i e l d s  i n  an economica l ly  f e a s i b l e  manner; development of a 

low c o s t  c o n t r o l l e d  l a n d f i l l  b a t c h  d i g e s t i o n  p r o c e s s  f o r  s m a l l  farm a p p l i c a t i o n s ;  

and d e t e r m i n a t i o n  o f  c rop  r e s i d u e  d i g e s t i o n  by-product v a l u e s  f o r  f e r t i l i z e r  

and r e f e e d .  
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Sect ion  1 

INTRODUCTION 

A s  a r e s u l t  of t he  energy c r i s i s ,  a cons iderab le  e f f o r t  has  been 

expended over t h e  l a s t  few yea r s  t o  develop a l t e r n a t e  renewable sources  of 

energy. One such source  i s  biomass, which can be considered a s  s o l a r  energy 

being c o l l e c t e d  and s t o r e d  by p l a n t s .  Biomass can be grown s p e c i f i c a l l y  f o r  

use  a s  an energy c rop ,  o r  it can be obtained a s  r e s i d u e s ,  both from crops  and 

animals.  S tud i e s  have been undertaken by va r ious  o rgan iza t ions  under c o n t r a c t  

wi th  t h e  U.S. Department of Energy (and i t s  predecessor ,  E,PDA) and t h e  S o l a r  

Energy Research I n s t i t u t e  (SERI) t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of variolls.  

biomass sources  a s  p o t e n t i a l  a l t e r n a t e  renewable energy s u p p l i e s .  These i n c l u d e  

g r a i n s  and g r a s s e s ,  s i l v i c u l t u r e ,  a q u a t i c  p l a n t s ,  animal r e s i d u e s ,  o t h e r  crops 

such a s  .corn and suga r  cane, and a g r i c u l t u r a l  crop r e s idues .  

Once t h e r e  is  an a v a i l a b l e  source  of biomass, t h e  next  s t e p  is  

t o  convert  t h e  biomass t o  a more e a s i l y  u t i l i z e d  form of  energy. Both thermo- 

chemical and b i o l o g i c a l  p rocesses  a r e  be ing  considered a s  conversion processes  

f o r  product ion of l i q u i d  and/or  gaseous f u e l s .  One such pro'cess i s  t h e  b i o l o g i c a l  

anaerobic  d i g e s t i o n  of biomass f o r  product ion of methane gas .  

T h i s ' s t u d y  f o r  SERI has  been undertaken t o  determine c o s t  e s t ima te s  

f o r  f u e l  gas  product ion by t h e  p re t r ea tmen t ld iges t i on  process ing  r o u t e  f o r  t h r e e  

d i s t i n c t  s c a l e s  of ope ra t i on ,  namely a small farm system, a farm c o o p e r a t i v e '  

s c a l e  system, and a l a r g e r  s c a l e  u t i l i t y / i n d u s t r i a l  system. The system of 

r e s idue  c o s t ,  p re t rea tment ,  d i g e s t i o n ,  and e f f l u e n t  p rocess ing  and/or  d i s p o s a l  

i s  presen ted  on an economic b a s i s ,  and t h e  c o s t  of f u e l  ga s  i s  computed. A 

p r a c t i c a l  engineer ing  eva lua t ion ,  economic f e a s i b i l i t y  s tudy  and s e n s i t i v i t y  

a n a l y s i s  were performed on va r ious  ,systems by inc lud ing  such f a c t o r s  a s  f a c i l i t y  

s i z e ,  p rocess ing  sequence, ch&i~l ical  requirements ,  h e a t i n g  r .equirements,  energy 

and m a t e r i a l  ba lances ,  c a p i t a l  and ope ra t i ng  c o s t s ,  f eeds tock  c o s t s  and a v a i l a b i l i t y ,  

p o t e n t i a l  f o r  and va lue  of recovered byproducts ,  and d i s p o s a l  of e f f l u e n t  s t reams.  



The technical background for conducting this analysis was based 

on recent work of DOE ~uels from Biomass contractors in which experiments have 

shown the effects.of pretreatment prior to digestion to fuel gas of selected 

agricultural residues and crop-grown biomass. Pretreatment is defined broadly 

as the addition of chemicals, or the heating under pressure of the particular 

biomass, or a combication of.these, in order to render the particular biomass 

more amenable to anaerobic digestion to fuel gas. The economics of pretreatment 

are presented in this systems analysis, based on the recent exper,imerltal results 

of the aforementioned contractors. 

This repurL is the result of thc study to determine cbst estimates 

of fuel gas production from agricultural crop residues via anaerobic digestion. 

A summary discussion of agricultural statistics indicating crop residue availi- 

bility, quantity, and composition is presented in Section 2. A review of pre- 

treatment and anaerobic digestion of biomass is presented in Sections 3 and 4. 

The procedures for economic analyses is given in Section 5. The various base 

line systems analyses are presented in Section 6, and the sensitivity analysis 

to show effects of variations of system parameters on unit gas costs is given 

in Section 7. This study has led to conclusions and recommendations, Section 8, 

regarding the present and future state-of-the-art of fuel gas production from 

agricultural crop residues. 



Sec t ion  2 

BIOMASS SOURCES 

2 .1  Residue Production and A v a i l a b i l i t y  

There were approximately 380 m i l l i o n  dry tons  of crop r e s i d u e s  

generated on farms i n  t he  United S t a t e s  i t 1  1978, inc luding  r e s i d u e s  remaining 

i n  t h e  f i e l d  a f t e r  c rdp  ha rves t ,  and those  taken o f f  t h e  f i e l d  f o r  concentra- 

t i o n  a t  a  c e n t r a l  l o c a t i o n ,  u s u a l l y  a  packing shed. This  does no t  i nc lude  

hay and forage  crops which a r e  e s s e n t i a l l y  used e n t i r e l y  f o r  t h e  purpose they 

a r e  grown, o r  r e s idues  from food process ing .  The ma jo r i t y  of t h e  f i e l d  r e s i -  

dues r e s u l t  from t h e  product ion of c e r e a l s ,  g r a i n  corn and soybeans. A t  t h e  

packing shed vegetab le  p l a n t  m a t e r i a l s  and h u l l s  from n u t s  and g r a i n s  a r e  

a v a i l a b l e  i n  l a r g e  q u a n t i t i e s .  Also, accumulated i n  one a r e a  i s  t h e  co t ton  

" trash" c o l l e c t e d  by c o t t o n  ginning.  

The c e r e a l  s t raws  (wheat, o a t s ,  b a r l e y ,  r y e  and r i c e )  make up 

40% of a l l  crop r e s i d u e s  produced i n  t h e  U n i t e d - S t a t e s .  The r e s i d u e s  from 

g r a i n  corn product ion account f o r  25% of t h e  t o t a l  and 22% a r e  from soybean 

product ion.  Residues concentrated i n  a  c e n t r a l  l o c a t i o n  (peanut ,  almond, 

and o the r  h u l l s ;  s a f f lowers ;  sunflowers;  and vegetab le  packing shed r e s idues )  

r ep re sen t  only 1% of t h e  t o t a l  r e s i d u e  product ion,  bu t  on a  r eg iona l  b a s i s  

t h e ~ e  r e s idues  r ep re sen t  a  s u b s t a n t i a l  po r t ion  of a v a i l a b l e  biomass and a f -  

fo rd  t h e  oppor tuni ty  f o r  e s t a b l i s h i n g  a processing p l a n t  a t  the  l o c a t i o n  of 

accumulation. -- 

Residue product ion from most c rops  is  expected t o  i n c r e a s e  i n  

t h e  f u t u r e  due p r imar i ly  t o  i nc reases  i n  crop product ion.  P r o j e c t i o n s  of 

crop r e s i d u e  product ion have been determ5.ncd by Stau1"rd Researc l~  i n s t i t u t e  

(Ref. 1 )  based on h i s t o r i c a l  crop .product ion d a t a ,  1972 Obers p r o j e c t i o n  da t a  

prepared hy t h e  U.S. Water Re'sources Council and information on the  q u a n t i t i e s  



of r e s i d u e s  gene ra t ed  from each crop. P r o j e c t i o n s  de r ived  from t h e  SRI s tudy  

f o r  1980, 1985 and 2020 a r e  p re sen ted  i n  Table 2.1. The drop i n  wheat straw 

p r o d u c t i o n  is a r e f l e c t i o n  of decreased  crop product ion .  It should be  noted  

t h a t  some of t h e  major food p roces s ing  r e s i d u e s  have been inc luded  i n  t h e  t a b l e .  

These r e s i d u e s  a r e  beyond t h e  scope of t h i s  r e p o r t  and a r e  p rov ide  f o r  compari- 

son  only .  

D e t a i l e d  informat ion  on t h e  product ion  of t h e  major r e s i d u e s  is  

p recen ted  i.n Tables  2.3 - 2.11. The t a b l e s  a r e  based on 1975 crop product ion  

d a t a  ob ta ined  from A g r i c u l t u r a l  S t a t i s t i c s ,  1976, publ i shed  by U.S.D.A. (ReE.2). 

Residue product j .nn i s  c a l c u l a t e d  by us ing  t h e  equat ion  

r e s i d u e  f a c t o r  = crop product ion  x dry  weight f a c t o r  x r e s i d u e  f a c t o r  

Dry weight f a c t o r s  and r e s i d u e  f a c t o r s  a r e  l i s t e d  i n  Table  2.2. 

Wheat, co rn  and soybeans a r e  t h e  major c rops  i n  t h e  United S t a t e s  

i n  terms of magnitude of ac reages ,  t o t a l  g r a i n  y i e l d s  and t o t a l  r e s i d u e  y i e l d s .  

These c r o p s  c o n s t i t u t e  t h e  g r e a t e s t  p o t e n t i a l  biomass from a g r i c u l t u r a l  c rops  

f o r  use a s  a n  energy r e source .  Residues from sorghum and s m a l l  g r a i n s  a r e  *=own 

on s m a l l e r  b u t  s t i l l  f a i r l y  l a r g e  ac reages  and c o n s t i t u t e  a s u b s t a n t i a l  p o r t i o n  

of t h e  biomass produced nation-wide. Although t h e  remai,ning r e s i d u e s  a r e  r e l a -  

t i v e l y  minor when viewed on a nation-wide s c a l e ,  t h e s e  c rops  may be a s i g n i f i c a n t  

r e s o u r c e  on a  r e g i o n a l  o r  s i t e  s p e c i f i c  b a s i s ,  such as . r ice straw. 

The d e n s i t y  of crop r e s i d u e s  in t h e  United S t a t e s  is  i l l u s t r a t e d  i n  

F i g u r e  2.1.  The most p roduc t ive  farmland and most i n t e n s i v e l y  c u l t i v a t e d  area 

l i e s  i n  t h e  Corn B e l t  i n  t h e  upper M i s s i s s i p p i  Val ley.  I n  t h i s  r eg ion ,  t h e  y i e l d  

of r ~ s i d u e s  is about  2  t o n s / a c  (0.73 MTIha), predominanely i n  t h e  form of corn- 

s t a l k s  and soybean s t u b b l e .  Considerable  q u a n t i t i e s  of wheat and o a t s  arc also 

grown t h e r e .  I n  t h e  s o u t h e a s t  t h e  major c rops  a r e  c o t t o n ,  soybeans and peanu t s ;  

and i n  t h e  southwest ,  wheat and sorghum. Residue d e n s i t i e s  a r e  n e a r e r  t o  1 t o n l a c  

(0.37 MT/ha) i n  t h e s e  sou the rn  a r e a s .  

F u r t h e r  west and n o r t h  t h e  p r i n c i p a l  c rops  i n  i r r i g a t e d  a r e a s  are 

wheat and corn. A l l  o t h e r  c rops  are s c a t t e r e d  throughout t h e  United S t a t e s ,  



T a b l e  2 . 1  P r o j e c t i o n s  f o r  U.S. R e s i d u e  P r o d u c t i o n  f rom Crops  i n  t h e  
Years 1980 ,  1985 ,  2000', and  2020. (Der ived  f rom Ref .  1) 

a 
Food p r o c e s s i n g  p r o d u c t  

b 
H a r v e s t  r e s i d u e  

C C a l c u l a t e d  by t a k i n g  a v e r a g e  o f  1975 h i s t o r i c a l  d a t a  and 1985 r e s i d u e  p r o j e c t i o n s  

p r e s e n t e d  i n  R e f e r e n c e  1. 

Wheat S t r a w  
Corn Res idue  
Soybean Res idue  . 
G r a i n  Sorghum Res idue  
O a t  S t r a w  
B a r l e y  S t r a w  
R i c e  S t r a w  
Seed Grass Res idue  
V e g e t a b l e  R e s i d u e s  
Sugarcane  Bagasse  a 
Sugarbee  t Res idue  b 
Cot  t o n  Res idye  
Suga rcane  Residue b 

P e a n u t  Res idue  
S u g a r b e e t  P u l p  a 

S.unf l o w e r s  
I r i s h  P o t a t o  Res idue  
Rye S t r a w  
C o t t o n  Gin T r a s h  
R i c e  H u l l s  
Dry Beans & P e a s  Res idue  
Almond & O t h e r  H u l l s  & 

T r a s h  
S a f f l o w e r s  
Sweet  P o t a t o  Res idue  
V e g e t a b l e  Pack ing  Shed 

R e s i d u e s  (Aspa ragus ,  
C a r r o t s ,  C a u l i f l o w e r ,  
C e l e r y ,  Sweet  Corn) 

1980C 1985  2000 2020 
i-- 

101 ,169  
101 ,023  

97 ,754 
1 6 , 6 1 7  
14 ,950  
1 3 , 6 5 9  

6 , 4 9 1  
,3,709 
3 ,826  
3 ,565  
3 ,269 
2,669 
2 ,526 
2 ,509 
2 ,047 
2 ,026 
1 , 9 7 0  
1 , 4 5 2  
1 , 1 5 3  
1 , 0 6 3  

6 56 
329 

247 
6 7 
3 4 

(Thousands  

85 ,730  
1 0 7 , 0 9 5  
112 ,485  

1 9 , 8 9 6  
16 ,656  
15 ,607  

5 , 6 8 3  
3 ,709  
3 ,997  
3 ,842  
3 ,494  
2 ,898  
2 ,482  
2 ,734 
2 ,187 
2 ,341  
1 , 9 6 1  
2 , 0 0 1  
1 , 3 7 1  
1 , 0 2 3  

682 
30 2 

285 
6 2 
35 

Dry Tons) 

86 ,659 
142 ,536  
158 ,766  

27 ,482 
17 ,919  
15,7.14 

6 , 8 1 3  
3 ,709 
4 ,648  
4 ,820  
4 ,150 
2 ,746 
2 ,820 
3 , 4 5 1  
2 , 5 9 8  
3 ,325  
2 ,260 
2 ,374 
1 , 4 8 3  
I., 280 

645 
335 

405 
5 3 
38 

- 

95 ,541  
160 ,142  
1 7 6 , 4 0 8  

31 ,053 
20 ,295 
1 7 , 8 6 4  

7 ,852 
3 ,709 
5 , 2 7 3  
6 ,140  
5 ,075  
3 ,062  
3 ,592  
4 ,107 
3 ,177  
3 ,724 
2 ,532  
2 ,812  
1 , 6 5 4  
1 , 4 7 5  

6 6 1  
376 

453 
5 6 
45 



Table 2 . 2  F a c t o r s  used f o r  c a l c u l a t i o n s  of r e s i d u e  productfnn 
i n  Tables  2 . 3  - 2 . 1 1  

Table  number ~ e s i d u e  I Dry weight f a c ~ o r  

Wheat s t r a w  

Corn r e s i d u e  

Soybean f i e l d  r e s i d u e  

Barley straw 

Oat s L r i i w  

Rye straw 

Rice s t r a w  

Sorghum r e s i d u e  

Cot t on  r e s i d u e  

Residue f a c t o r  



New England 

Mid-Atlant ic  

New York 

New J e r s e y  

Pennsy l u a n i a  

EN C e n t r a l  

Ind iana  

I l l i n o i s  

Michigan 

Wisconsin 

Ohio 

WN C e n t r a l  

Missouri  

Minnesora 

Iowa 

N .  Dakota 

S. Dakota 

Nebraska 

Kansas 

Table  2.3 S t a t i s t i c s  on Wheat Grain 
and Wheat Straw Product ion (1975) 

Area ~ a r ~ ~ e s t e d ~  Cro? ~ r o d u c  t iona  Crop Yie ld  Per  Harvested Residue Produc t ion  
Area 

1000 a c r z s  1000 h e c t a r e s  1000 t o n s  1000 Metr ic  tons  t o n s l a c r e  NTIhectares  1000 t o n s  1000 Met r i c  

Residue Yield  P e r  
Harvested Area 



Table  2 .3  t C o n l t . )  S t a t i s t i c s  on Wheat G r a i n  
Whezt Straw P r o d ~ l c t i o n  (1975) 

Residue  Yie ld  P e r  
Ea rves  t e d  Area 

t o n s l a c r e  ~ T l h e c t a r e  

1.76 3.93 

1 .75 3.94 

1 .60  3.58 

1 .65  3 .71  

1 .60 3.59 

1 .40 3 .11  

1.39 3 .09 

1.40 3 .25 

1 .75  3 .95 

1 .60  3.59 

1 .24 2.75 

1 .24  2.77 

1.55 3 .47 

0.85 1 .89  

1.2$ 2.78 

1 .19  2.67 

1.62 3.62 

2.30 5.17 

1.29 2.91 

1.17 2.62 

1 .34  3 .OO 

3.67 8 .19 

1 .30  2.93 
3.00 6.88 

Residue 

10nl0 t o n s  1000 M e t r i c  t o n s  

60 55 

273 248 

466 423 

28 26 

399 

Crop Yie ld  Per  l iarves t e d  
Area 

- 
t o n s l a c r e  ~ ~ / h e c t a r r  

1.0; 2.29 

1.0;  2.29 

0.9: 2.08 

0.9E 2.14 

0 .93  2.09 

Crop ~ r o d u c  t i o n a  

1000 t o n s  1000 M e t r i c  t ons  

35 3 2 

159 144 

171 246 

16  1 5  

!56 232 

Sou th  A t l a n t i c  

Delaware 

Maryland 

V i r g i n i a  

W .  V i r g i n i a  

N .  C a r o l i n a  

Area u a r v e s t e d a  

1000 a c r e s  1030 h e c t a r e s  

3 4 14 

156 63 

292 118  

17 7 

275 111 

126 11L 

LO9 99 

16  15 

1 59 326 

288 26 1 

9 7 8 8  

, 1133 1 2 1  

458 424 

12  11 

4,824 4,375 

3 , 9 3 3  3,567 

1 ,382 1 ,253 

1 ,809  1.641 

205 186 

1,537 1 ,394 

302 274 

662 619 

2 E4 194 

Z 5 3 2 

S.  C a r o l i ~ ~ a  

Georgia  

F l o r i d a  

ES C e n t r a l  

Kentucky 

Tennessee  

Alabama 

M i s s i s s i p p i  

WS C e n t r a l  -- 
Arkansas  

Lou is i a n a  

Oklahoma 

Texas 

Mountain 

Montana 

Idaho  

Wyoming 

I Colorado ' 
I New Mexico 

Arizona 

Utah 

Nevada 

0 . 8 1  196 

0 .81  1.80 1 i: 170 

0 . 7 8  1 .88 26 

-- 

1.02 2 .30  617 561 

0 . 9 3  2.09 49 5 449 

0 .72  1.60 151  

0.72 1 . 6 1  229 20 8 

1 

1 5 5  63 

135 5 5 

20 8 

352 142 

3 10 125 

13  5 5 5 

185 75 

5 20 2 10 

25 I0 

6,700 2 .711 

5,700 2,307 

1 ,470  595 

1 ,350 546 

27 3 110 

2,260 915 

387 157  

? 20 130 

282 114  

20 8 

0.90 2.02 

0 .48 1.10 

0.72 1 .61  

0 .69 1.55 

804 7 29 

2 1 19  

8 ,29 i  7,525 

6,765 6,135 

-- 

0.94 2 .11 

1 .34  3 .01  

0 .75 1.69 

0.68 1.52 

0 .78 1 .75 

2.13 4.76 

0.76 1 .70  

1.76 4.00 

2.377 2.155 

3.111 2,822 

3 53 3 20 

2.644 2,398 

519 471 

1 ,173 1.065 

368 334 
60 5 5 



T3ble 2.3 (Con ' t . )  S t a t i s t i c s  on Wheat Gra in  
a l d  Wheat Straw Produc t ion  (1975) 

a 
Derived from A g r i c u l t u r a l  S t a t i s t i c s ,  1976, YSDA (Ref.  2.2 ) 

P a c i f i c  

Washington 

Oregon 

C a l i f o r n i a  

Alaska 

Hawaii 

T o t a l  U.S. . 

b 
R e s i d . ~ e  p roduc t ion  (d ry  wt: = c rop  p roduc t ion  x d r y  weight  x r e s i d u e  f a c t o r  

Dry weight  f a c t o r  - 0.72 

Residue f a c t o r  - 2 .39  

Residue Produc t ion  
b  

1000 t o n s  1000 M e t r i c  t o n s  

7,473 6,779 

5,486 2,692 , 

3,203 2,905 

0  0  

0  0  

110,200 99,951 

Crop Yie ld  P e r  Harvested 
Area -- 

t o n s f a c r e .  MTfhectare 

1.42 3.18 

1 .42 3.18 

1 .86 4.17 

0  0  

0  0  

0.92 2.06 

Area ~ a r v e s t e d ~  Crop Product iona 

* 

Residue Y i e l d  P e r  
Harves ted  Area 

t o n s l a c r e  MTIhectare 

2.44 5 .48 

4.52 5.47 

3.20 ' 7.17 

0  0  

0  0  

1 .58  3 .55 

1OOO a c r e s  ,1000 h e c t a r e s  1000 t o n s  1000 Met r i c  t o n s  

r, 

3,060 1 ,238 

1 ,215  492 

1 ,001  405 

0  0  

0  0  

- 

69,6L1 28,183 

I 

4,345 3 ,941  

1 ,725 1 ,565 

1,862 i, 689 

0 0 

0  0  

64,070 58,111' 



Tab le  2.4 S t a t i s t i c s  on Gra in  Corn and 
Corn Residue P roduc t ion  (1975) 

- - - 
Residue  Yie ld  Pe r  
H a r ~  2s t ed  Area 
(d ry  wt)  

tons,'acre MTIhectare  

1 .72 3.87 

1.64 
I 

3 .73  1 
1.66 3.73 1 

! 
I 

f 

1.99 4.46 1 
2.35 

i 
5.28 1 

1.62 3.64 f 
1. h8 3.77 1 
1.87 4.19 ! 

i 

I 

1.27 2.86 

1 .42 3.18 I 
I 

1 . 8 3  4.09 1 
1 .03  2.32 1 1 
0 .75  1 . 6 8  1 
1.72 3.86 i 

I 
1 .70  3.82 1 

I 
j 

New England - 

Miti-At l a n t i c  

Nev York 

New J e r s e y  

Pennsy lvan ia  

EN C e n t r a l  

Ind iana  

I l l i n o i s  

Michigan 

Wisconsin 

O t i o  

WN C e n t r a l  

Mis sour i  

Minnesota 

Iowa 

N .  Dakota 

S. Dakota 

Nebraska 

Kansas 

South  A t l a n t i c  

-- - -- - -- - . -. . . - - - - . - .- - - ---- 7 Residue P roduc t ion  b 
Crop Yie1:d Per Harves ted  

Area -. (wet v t )  (d ry  wt) 

t o n s l a c r e  MTIhectara 1 O O O  t o n s  1000 Met r i c  t o n s  
-+.. 

Delaware 

Maryland 

V i r g i n i a  . 

W. V i r g i n i a  

N .  C a r o l i n a  

a 
Area Harves t.ad 

1000 a c r e s  1000 h e c t a r e s  

466 188 

8 3  33 

1 .080  43.7 

! 

2.97 6.67 

2.83. 6 .45  

2 .87  6 .43 

- 

3.4: 7.69 

4.06 9 . 1 0  

2.80 6.27 

2.90 6 .50 

3.22 ? .22  

2 . m  4 .93 

2.415 5.49 

3.15 7.06 

1 . 5 8  4.02 

1 .29 2.89 

2.97 6.65 

2.44 6.58 

C r o ~  ? roduc t iona  
( v e t  v t )  -. 

1030 tisns 1000.11etric t ons  

L, 384 Y ,255 

23:. 213 

3 ,100 2,812 
I 

803 728 

136 123 

1 , 7 9 8  1 ,631  

1,1,200 10,159 

25,456 23,088 

3,102 2 ,813  

4,020 3',646 

6 ,518 5,9112 

3.445 3.124 

8,270 7.501 

22.472 20,382 

136 1 2 3  

1.683 1.526 

10,197 9 ,249 

2.797 2,536 

3.18 7.1? 

3. k8 7.1.4 

3 .31  6.73 

2.97 6 . 7 3  

2.34 5 .25 

193 77 

553 222 

. 565 229 

is 26 

1.590 643 

I 

60 4 548 

1 ,749 1 ,586 

1 , i O O  1 ,542 

19 3 175 

3 ,721  3,375 

350 318 1 , 8 ,  4 .13 
I 

5,630 1 ,278  

10 ,810  &,375 

1 ,910 . 773 

2,390 967 

3.49C 1 ,412 

1 ,014 920 

13,311 17,515 

4.3 ,869 33,807 

5 ,348  4 ,851 

6,931 6,286 

11,233 . 10,193 

1.84 4.14 

I 

1 

2 ,700  -1,093 

5.820 2,355 

11,300 4 ,978 

132 53  

910 2.25:: 

5,920 2.396 

1 , 6 4 0  664 

986 894 

112 1 0 1  

, 2,158 1.957 
I 

5.9W 5,387 . 
-4,259 12.933 

38,745 35,142 

235 213 

2,9(:;2 2,632 

, k7,5CQ2 15.947 

4 ,822 4.373 

1 .74  
I 

1 - 3 6  

3-90 i 1.72 :::: ,, 



Table 2.4 (Con't) Statistics on Grain Corn 
and Corn Residue Production (1975) 

South Azlantic 
(continued) 

S. Carolina 

Georgia 

Florida. 

ES Central 

Kentucky 

Tennessee 

Alabama 

Mississippi 

WS Central 

Arkansas 

Louisiana 

Oklahoma 

Texas 

Mountain 

Montana 

Idaho 

Wyoming 

Colorado 

New Mexico 

Arizona 

Utah' 

Nevada 

Area ~arvested~ 

1000 acres 1000'hectafes 

550 222 

. 1,880 761 

394 159 

1,140 461 

615 249 

660 267 

145 59 

38 15 

60 2 4 

85 3 4 

8,100 445 

10 4 

25 10 

18 7 

525 212 

7 0 

. .. 

Crop productiona 
(wet wt) 

1000 tons 1000 Metric tons 

1,210 1,097 

3,610 3,274 

6 18 560 

3,067 2,782 

1,291 1,171 

1,221 1,107 

207 188 

66 6 0 

109 9 9 

238 216 

3,460 3,592 

2 5 2 3 

72 6 5 

50 4 5 

1,706 1,547 

2 22 

Crop Yield Per Harvested 
Area (wet wt) 

tonslacre MTIhectare 

2.20 4.94 

1.92 4.30 

1.57 3.52 

2.69 6.03 

2.10 4.70 

1.85 4.15 

1.43 3.19 

1.75 4.00 

1.82 4.12 

2.80 6.35 

3.60 8.07 

2.55 5.75 

2.90 6.50 

2.80 6.43 

3.25 7.30 

3.50 7.93 

12 5 1 2:1. 13 

15 6 5 8 5 3 

1.15 2.60 

3.85 8.83 

0 0 0 0 

8 7 0.67 1.40 

34 3 1 I 2.27 5.17 I 
0 0 ' 0 0 

b 
Residue Production 

(dry wt) 

1000 tons 1000 Metric tons 

702 636 

2,094 1,899 

358 325 

1,779 1,613 

749 679 

708 642 

120 109 

3 8 3 5 

6 3 5 7 

138 125 

2,297 2,083 

14 13 

0 0 

~esidue Yield Per 
Harvested Area 
(dry wt) 

tonsfacre MT/hectare 

1.28 2.86 

1.11 2.49 

0.91 2.04 

1.56 3.50 

1.22 2.73 

1.07 2.40 

0.83 1.85 

4 

1; 00 2.33 

1.05 2.37 

1.62 3.68 

2.09 4.68 

1.40 3.25 

42 3 8 I 1.68 3.80 

2 9 2 6 j 1.61 3.71 
I 

989 89 7 i 1.88 4.23 

142 129 1 2.03 4.61 



Table 2.4 (Con't) Statistics on Grain Corn 
ard Corn residue Production (1975) 

P a 
N Derived from Agricultural Statistics, 1976, USDA (&f. 2 .2  ) 

b . 
Residue production (dry wt) = crop production x dry weight x residue factor 

Dry weight factor = 0.53 

Residue factor = 1.10 

Crop Yield Per Harvested 
Area (wet wt) 

tons/acre MT/hectarr 

3.64 8.0il 

2.97 7.50 

3.81 8.52 

0 ' 0 

0 0 

3.02 6.77 

. Crop !ro.juctiona 
(we; *at) 

1000 tc.ns 1600 Metric tons 

124 112 

30 33 

960 8?8 

0 0 

0 0 

203,011) . 184,130 

Pacific 

Washington 

Oregon 

California 

Alaska 

Hawaii 

U.S. Total 

Area ~arvssted~ 

1000 acres 1000 hectares 

34 14. 

11 4 

254 103 

0 0 

0 0 

67,222 27,204 

b 
Residue Production 

(dry wt) 

1900 tons 1000 Metric tons 

72 65 

19 17 

5 61 509 

0 0 

0 0 

ll? ,746 106,795 

Residue Yield Per 
Harvested Area 
(dry wt) 

tons/acre MT/hectare 

2.12 4.64 

1.73 4.45 

2.21 4.94 

0 0 

0 0 

1.75 3.92 



Table 2.5 Statistics on Soybean 
Field Residue (1975) 

New England 

Mid-Atlantic 

New York 

New Jersey 

Pennsplv~nia 

EN Central 

Indiana 

Illinois 

Michigan 

Wisconsin 

Ohio 

WN Central 

Missouri 

Minnesota 

Iowa 

N. Dakota 

S. Dakota 

Nebraska 

Kansas 

South Atlantic 

Delaware 

Marylani 

Virginia 

W. Virginia 

N. Carolina 

Crop Yield Fer Harvested 
Area (wet wt) 

tonslacre MTIhectare 

0 0 

0.72 1.50 

0.78 1.75 

0.84 1.94 

0.99 2.22 

1.18 2.42 

0.78 1.75 

0.76 1.70 

0.99 2.22 

0.78 1.75 

0.79 1.77 

1.02 2.28 

'0.58 1.30 

0.75 1.68 

0.81 1.81 

0.63 1.41 

0.75 1.69 

0.84 1.87 

0.75 1.68 

0 0 

0.70 1.57 

Area !Iarvesteda I 

1030 acrss 1000 hectares 

0 0 

10 4 

7 9 32 

4 3 17 

3,630 1,469 

8,220 3.326 

,510 247 

191 77 

3,iOO 1,254 

4,470 1,809 

3,550 1,477 

6,970 2,821 

149 60 

3$2 138 

l,?a)O 486 

1,080 437 

204 8 2 

338 129 

433 17 5 

'0 0 

1,4-Xl 575 

Residue Production 
(dry wt) 

1000 tons 1000 Metric tons 

0 0 

13 11 

113 102 

6 5 60 

6,541 5,933 

16,158 14,655 

866 786 

Q.op productiona 
(wet wt) 

1000 tons 1000 Metric tons 
I 

0 0 

7 6 

62 56 

36 3 3 

3,59L 3,260 

8,878 8.052 

476 432 

145 131 

3,069 2,783 

3,487 3,163 

.2,883 2,615 

7,109 6,448 

86 7 8 

256 232 

972 882 

680 617 

153 139 

267 242 

325 295 

0 0 

994 901 

Residue Yield Per 
Harvested Area 
(dry wt) 

tonslacre MT/hectare 

0 0 

1.30 2.75 

1.43 3.19 

1.51 3.53 

1.80 4.04 

1.96 4.41 

1.42 3.18 

264 238 1 1.38 3.09 

5,585 5,065 i 1.80 4.04 

6,346 5,757 

5,247 4,759 

12,938 11,735 

156 142 

466 422 

1.42 3.18 

1.44 3.22 

1.86 4.16 

. 1.05 2.37 

1.36 3.06 

1,769 1,605 1 1.47 3.30 

1,238 1,.123 / 1.15 2.57 
I 

I 

278 253 1.36 3.08 
1 

486 1.53 3.41 

591 ::P 1.36 3.07 

0 0 

1,809 1,640 

0 0 

1.27 2.85 



Table 2.5 ~ C o n ' t )  S t a t i s t i c s  on Soybean F ie ld  
Re~sdue  (1975) 

b 
Residue Production 

(dry wt) 

1000 tons 1000 Metric tons 

1,658 1,503 

1,743 1,581 

386 349 

1,; 69 1,605 

2,524 2,289 

1,-40 1,578 

3,504 1,631 

6,244 5,664 

2,552 2,315 

297 269 

504 457 

0 0 

0 0 

64,537 76,675 

- 

South A t l an t i c  
(continued) 

S. Carolina 

Georgia 

F lor ida  

ES Central  

Kentucky 

Tennessee 

Alabama 

Miss i ss ipp i  

WS Central  

Arkansas 

Louisiana 

Oklahoma 

Texas 

Mountain 

Pa c i f i c  

U.S. Tota l  

I 

Residue Yield Per 
Harvested Area 
(dry wt) 

tons lacre  ~ T l h e c t a r e  

1.20 2.69 

1.38 3.10 

1 .31  2.93 

1.47 3.30 

1.36 3.06 

1.33 2.98 

1.22 1.29 

1.33 2.98 

1.33 2.98 

1.25 2.80 

1.36 3.07 

0 0 

0 0 

1.57 3.52 

Area Ilarveiteda 

10110 acres  1003 h x t a r e s  

1,380 558 

1,260 510 

295 119 

1,200 486 

1,850 749 

1,310 530 

3,120 1,263 

. 
4,700 1,902 

1,920 777 

237 96 

370 149 

0 0 

0 0 

53,761 21,757 

Crop ~ r o d u c t i o r . ~  
(wet wt) 

1000 tons 1C130 Ket r ic  t o m  

911 826 

958 869 

212 192 

972 88 2 

1.387 1,258 

956 867 

2,090 1,896 

3,431 3,112 

1,402 1,272 

163 148 

277 251 

c 0 

0 0 

46,449 42,129 

Zrop Yield Per Hirvested 
Area (wet wt) 

tons lacre  KTIhectare 

0.66 1.48 

0.76 1.70 

0.72 1.61 

0. e l  1.81 

0.75 1.66 

0.73 1.63 

0.67 1.50 

0.73 1.64 

0.73 1.64 

0.69 1.54 

0.75 1.68 

0 0 

0 0 

0 .86 1.94 



Table 2.6 Statistics on Barley Grain 
and Barley Straw Production (1975) 

New England 

Mid-Atlantic 

New York 

New Jersey 

Pennsylvania 

EN Central 

Indiana 

Illinois 

Michigan 

Wiscensin 

Ohio 

wN Central 

Missouri 

Minnesota 

Iowa 

N. Dakota 

S. Dakota 

Nebraske 

~ ~ n s a s  

South Atlantic 

Delaware 

Mary land 

Virginia 

W. Virginia 

N. Carolina 

Area~arvested~ 

1003 acres 1000 hectares 

0 0 

12 5 

18 7 

Crop productiona 
(wet wt) 

1000 tons 1000 Metric tons 

0 0 

Crop Yield Per Harvested 
Area (wet wt) 

tonslacre MTIhectares 

1.47 3 .,30 

1.20 2.75 

11.38 2.67 

1.41 3.11 

1.26 2.86 

1.33 3.00 

1.00 2.50 

1.11 2.48 

o o 
1.12 2.51 

.91 2.04 

1.03 2.3&, 

1.02 2.36 
I - 

155 63 186 169 I 1.20 2.68: 229 208 
I 

I 
I ! 
! 
! 
! 

I 
10 4 1 10 9 1 1.00 I 12 11 

i 

2'25 1 17 14 6 14 13 ' 1.00 2.17 16 j 25 
I 

22 9 23 i 1.15 2.55 / 31 2 8 

3 5 14 3 6 3 3 i 1.03 44 4 0 

I 
i 
i I 
I I 

12 11 1 1.00 15 13 
2-20 i 22 20 1.25 2.86i 27 2 5 

12 5 

1.25 2.60 

1.50 3.57 

-- 
Residue Production b 

(dry wt) 

. .. 

1000 tons 1000 Metric tons 

2 . 3 6 1  16 13 12 i 1.13 2.40 j 15 
! 
4 I 

23 9 

100 40 

104 4 2 

10 4 

57 23 

Residue Yield Per 
Harvested Area 
(dry wt) 

tonslacre MT/hectare 

0 0 1 0 0 0 0 

'11 . 4 i 
850 344 1 

o 
2,100 850 

532 215 

33 13 

55 2 2 

I 
I 
i 

2 2 2 0 0.98 2.22 i 27 2 5 1.17 2.78 

103 
9 3 1 1.03 2.32 127 114 1 1.27 2.85 

I i I 
9 8 

I 
1 0.86 2.00 i 11 10 

! 
1 

765 694 1 0.90 2.02 1 941 854 

0 ' 0  o i 0 o o o 
1,911 1,733 1 0.91 2.04 / 2,350. 2.131 

I 

391, 357 0.74 1.66 j 485 439 
! 

2 9 2 5 1 0 . 8 6  ' 1.92 1 ! 34 3 1 
. I 

46 4 2 0.84 1.91i 56 5 2 t I 
I 

117 106 

11 10 

61 5 5 

1.13 2.52 

' 1.10 2.50 

1.08 2.39 

144 130 ' 1.38 3.09 

13 12 

75 68 

1.30 3.00 

1.32 2.96 



Tatle 2.6 (Con't) statistics 01 Barley Grain 
and Barley Strau Production (1375) 

South Atlantic 
(continued) 

S. Carolina 

Georgia 

Florida 

ES Central 

Kentucky 

Tennessee 

Alabama 

Mississippi 

WS Central 

Arkansas 

Louiana 

Oklahoma 

Texas 

Mountain 

Montana 

Idaho 

Wyoming 

Colorado 

New Mexico 

Arizona 

Utah 

Nevada 

Area ~arvested~ 

1000 acres 1000 hectares 

2 3 9 

8 3 

0 0 

34 14 

14 6 

0 0 

0 0 

0 0 

0 0 

93 38 

7 0 28 

I, 300 526 

755 305 

134 54 

230 9 3 

2 8 11 

115 46 

135 5 5 

14 6 

Crop ~roduction' 
(wet vt) 

1000 cons I000 Metrrc tons 

2 1 19 

6 
- 
0 0 

3 C" 27  

1C 9 

C 0 

C 0 

C 0 

C 0 

67 61 

57 52 

1,222 1,108 

981 890 

183 1 66 

292 265 

39 25 

207 1 83 

194 176 

17 15 

Crop Yield Per Harvested 
Area (wet wt) ,. -- -- 

tonslacre MTIhectare 

0.91 2.11 

0.91 2.00 

0 0 

0.88 1.93 

0.74 1.50 

0 0 

0 0 

0 0 

0 0 

0.72 1.60 

0.82 1.86 

9-94 2.17 

1.20 2.92 

1.37 3.07 

1.27 2.85 

1.39 3.18 

1.80 4.09 

1.44 3.20 

1.20 2.50 

b 
Residue Production 

(dry wt) 

1000 tons 1000 Metric tons 

26 2 3 

9 7 

0 0 

37 33 

L2 11 

0 0 

0 0 

0 0 

0 0 

a 2 7 5 

70 64 

1.503 1,363 

1.207 1,095 

255 204 

359 326 

48 4 3 

255 231 

2 29 216 

21 18 

Residue Yield Per 
Harvested Area 
(dry ut) - 

tonslacre MTIhectare 

1.13 2.55 

1.12 2.33 

0 0 

1.09 2.36 

0.86 1.83 

0 0 

0 0 

0 0 

0 0 

0.88 1.97 

1.00 2.28 

1.16 2.59 

1.60 3.59 

1.90 3.78 

2.22 

1.60 

1.50 3.00 



Tahle 2.6 (Con' t )  S t a t i s t i c s  on Barley Grain 
and Barley Straw Producton (1975) 

a Derived from A g r i c u l t u r a l  S t a t i s t i c s ,  1976, USDA (Ref. 2.2 ) 

P a c i f i c  

Washington 

Oregon 

C a l i f o r n i a  

Alaska 

Hawaii 

T o t a l  U.S. 

w Residue p roduc t ion  (dry wt) = dry  weight x r e s i d u e  f a c t o r  
4 

Dry v e f g h t  f a c t o r  = 0.91 

Residue f a c t o r  = 1.35 

Area Ilarvesteda 

1000 a c r e s  1000 h e c t a r e s  

403 162 

177 7  2  

1,060 429 

0 0  

0 0  

8,743 3,538 

Crop product iona 
(wet wt) 

1300 tons  1000 Met r ic  tons  

508 461 

212 192 

L,452 1,317 

0  0  

0  0  

9,180 8,326 

Crop Yield Per  Harvested 
Area (wet wt) 

t o n s l a c r e  MTlhectare 

1.27 2.84 

1.20 2.67 

1.37 3.07 

0  0 

0  0 

1.05 2.35 

b 
Residue Product ion 

(dry wt) 

1000 tons 1000 Met r ic  t o n s  

625 567 

261 236 

1,786 1,620 

0  0  

0  0  

11,291 10,241 

Residue Yield P e r  
Harvested Area 
(dry wt)  

t o n s l a c r e  MTIhectare 

1 .56 3.50 

1.47 3.28 

1 . 6 8  3.78 

0  0  

0  0  

1.29 2.89 



'Table 2.7 Statistics on Oat Grain and 
Oat Straw Production (1975) 

. 

New England 

Maine 

Mid-Atlantic 

New York 

New Jersey 

Pennsylvania 

EN Central 

Indiana 

Illinois 

,Michigan 

Wisconsin 

Ohio 

WN Central 

Missouri 

Minnesota 

Iowa 

N. Dakota 

S. Dakota 

Crop productiona 
(wet kt) 

1000 tons lCOO Metric tons 

3b 3 3 

31.3 288 

3 4 

30 7 278 

20 7 188 

421 382 

333 302 

1,183 1.077 

493 444 

62 5 6 

1,629 1,469 

1,275 1.156 

9(Y( 820 

1,561 1,416 

Area Harvesteda 

1000 acres 1030 hectares 

4 2 17 

3 50 142 

7 3 

375 15 2 

250 101 

4 90 198 

370 150 

1,350 546 

5 00 202 

100 40 

2,000 809 

1,500 607 

1,370 554 

2,230 902 ! 
i 

Crop Yield Per Harvested 
Area (wzt wt) 

tonslacre MTIhectares 

.86 1.94 

/ 

0.91 2 .03 

0.69 -35 

0.82 1 .33  

0.83 1.36 

0.86 1.93 

0.90 2.01 

0.88 1.97 

0 .98 2.20 

0 .62 1.0 

0.81 1.51 

0 .85 1.30 

0 .66 1.48 

0 .70 1.57 
Nebraska 

Kansas 

South Atlantic 

Delaware 

Maryland 

Virginia 

W. Virglnia 

N. Carolina 

? 

0 .78 1.74 

0 .64 1.43 

0 0 

0.88 

b 
Residue Production 

(dry wt) 

10130 tons 1000 Metric tons 

4 4 40 

388 351 

6 5 

374 339 

252 229 

516 466 

40E 368 

1,445 1,314 

596 542 

1 76 
6 8 

11.976 1.792 

1.555 1,410 

1.103 1,000 

P .904 1,727 

590 2 39 460 417 

150 6 1 5 %  8 7 

Resid~e Yield Per 
Harvested Area 
(dry wt) 

tonslacre MTIhectares 

1.05 2.35 

1.11 2.47 

0.86 1.67 

1.00 2.23 

1.01 2.27 

1.05 2.35 

1.10 2.45 

1.07 2.41 

1.26 2.68 

0.75 1.70 

0.99 2.21 

1.04 2.32 

0.80 1.80 

0.85 1.91 

56i 509 

ll? 106 

0 0 0 0 

2 4 10 

4 0 16 

18 7 

80 32 

0.95 2.13 

0.78 1.74 

0 0 0 0 

21 19 

2 7 2 4 

32 11 

E 4 58 

1.08 2.30 

0 .E2 1.81 

0 .E3 1.86 

0 .G7 2.22 

I 

1.90 26 23 

0.67 1.50 
0.69 1.37 

0 .do 1. B1 

3 3 29 

15 13 

7 3 7 1 



Table 2.7 (Con't) Statistics on Oat Grain 
and Oat Straw Production (1975) - 

South Atlantic 
(conttnued) 

S. Carolina 

Georgia 

Florida 

ES Central 

Kentucky 

Tennessee 

Alabame 

Mississippi 

WS Central 

Arkansas 

Louisiana 

Oklahoma 

Texas 

Mountain 

Montana 
Idaho 

Wyoming 

Colorad3 

New Mexico 

Arizona 

Utah 

Nevada 

'yea ~arvested~ 

1000 acres 1000 hectares 

- -. 
I :, 2 9 

4 0 36 

12 5 

10 4 

30 12 

3 3 13 

27 11 

60 24' 

E 3 

120 48 

650 26 3 

250 101 

64 2 6 

5 0 20 

4 2 17 

0 0 

0 0 

13 5 

3 1 

Crop productiona 
(wet wt) 

1000 tons 1000 Metric tons 

51 46 

6 5 5 9 

8 7 

7 6 

19 17 

18 16 

17 15 

48 4 3 

4 4 

6 4 58 

312 . 283 

170 154 

55 5 0 

3 2 2 9 

3 1 2 8 

0 0 

0 0 

12 11 

3 3 

crop yield Per Harvested 
Area (wet wt) 

tons/acre MT/hectares 

0.70 1.59 

0.72 1.64 

0.66 1.40 

0.66 1.50 

0.64 1.42 

0.54 1.23 

0.64 1.36 

0.80 1.79 

0.53 1.33 

0.53 1.21 

0.48 1.08 

0.68 1.52 

0.86 1.92 

0.64 1.45 

0.75 1.65 

0 0 

..O 0 

0.90 2.20 

0.88 3.00 

b 
Residue Production 

(dry wt) 

1000 tons 1000 Metric tons 

6 2 56 

7 9 72 

1 13 8 

8 7 

23 ?I 

22 19 

21 18 

58 5 2 

5 5 

7 6 71 

381 345 

Residue Yield Per 
Harvested Area 
(drv wt) 

tonslacre MTIhectare 

0.85 1.93 

0.88 2.00 

0.67 , 1.60 

8.80 1.75 

0.77 1.75 

0.67 1.46 

0.78 1.64 

0.97 2.17 

0.62 1.67 

0.65 1.46 

0.59 1.31 

207 188 I 0.83 1.86 

67 6 1 

39 3 5 

3 8 3 4 

1.05 2.35 

0.78 1.75 

0.90 2 .OO 

0 0 1 0  0 

1.33 4.00 

1 lo15 2l6O 



? a b l =  2.7 ( C m ' t )  S t a t i s t i c s  On Oat Grain 
and 3at  S t r m  Production (19754 

Tota l  U.S. 13,609 5,507 10,475 9,504 0.77 1.72 1.!,784 1 11,595 0.94 2.10 

a Derived from A g r i c u l t u r a l  S t a z i s c i c s ,  1976, USDA (Eef. 2.2 
N 
(3 

Residue Yield Per 
Harvested Area 
(dry wt) 

t o n s f a c r e  ~ ~ f h e c t a r e  

1.00 2.22 

0.97 2.22 

1.03 2.30 

0 0 

0 0 

L 

- 
Residue product ion (dry wt.) = crop product ion x dry weight x ~ e s i C u e  f a c t o r  

Residue Production b 
(dry wt) 

l K O  tons 1000 Metr ic  tons 

45 40 

78 7 1 

l l ?  106 

0 0 

0 0 

Dry weight f a c t o r  = 0.90 

Crop Yield Per Harvested 
Area (wer wt) 

tons /ac re  MTIhectare 

0 .83 1.83 

0.80 1.81 

0 .85  1.89 

0 0 

0 0 

Residue f a c t o r  = 1.35 

Crop Procuc t iona 
(wet wt) 

1000 tons 1.300 Zletric tons  

37 3 3 

64 58 

96 87 

a 0 

0 0 

P a c i f i c  

Washington 

Oregon 

C a l i f o r n i a  

Alaska 

Hawaii 

Area Harvesteda 

1000 a c r e s  1000 h e c t a r e s  

4  5  1 8  

80 32 

113 46 

0 0 

0 0 



Table 2.8 S t a t i s t i c s  on Kye Grain End 
Rye Straw Product ion (1975) 

New England 

Mid-At . l a~ t ic  

New York 

New J.ersey 

Pennsylvania  

EN. C e n t r a l  

Ind iana  

~ i l i n o i s  

Michigan 

Wisconsin 

Ohio 

WN ~ e n t r ~ l  

Missouri  

Minnesota 

Iowa 

W .  Dakota 

S. Dakota 

Nebraska 

Kansas 

South A t l a n t i c  

Delaware 

Maryland 

V i r g i n i a  

W. V i r g i n i a  

N. Caro l ina  

Area ~ a r v e s t e d ~  Crop ~ r o d u c  t i o n a  
(wet wt) 

Crop Yield Per Harvested 
Area (wet wt) 

t o n s l a c r e  W l h e c t a r e s  

0  0  

0.84 1.80 

0.70 1.33 

0 . 8 1  2.00 

0.73 1.00 

0.62 1.28 

0.70 1.20 

0.59 0 .83  

0 .78  1.33 

0.62 1.50 

0 .70  1.55 

0.67 1.50 

0 .70  1.56 

0.64 1.02 

0 .56  1.27 

0.59 1.33 

0.62 0.57 

0 .73  1.75 

0.64 1.33 

0 0 

0.50 1.12 

10110 a c r z s  1 O O O  h e c t a r e s  1000 t o n s  1000 Met r ic  tons  

Residue Product ion b 
(dry wt) 

1000 t o n s  1000 Metr ic  t o n s  

0 0 

Residue Yield Per  
Harvested Area 
(d ry  wt)  

t o n s l a c r e  MTIhectare 

0  0  01 0 0 0 

18 16 1.50 3.20 
I 

9 7 1 1.28 2.33 

2 3 22 I 1.44 3.67 

11 7 1 1 .22 1.75 

1 8  16  , 1.06 2.28 

3 1 22 1 1.24 2.20 

16 9 1.07 1.50 

9 7 1 1.28 2.33 

I 

I 

12 5 
.. 
I 3  

16  6 

9 4 

17 7 

2 5 10  

1 5  6 

7 3 

11 4 

89 ?6 

5 2 

119 4 8 

102 4 1 

5 5 22 

15  6 

9 7 

11 4 

14 6 

0 0 

20 8 

1 3  11 

112 101  

5 5 

149 135 

117 7 6 

5 6 5 0 

16 14 

9 7 

l4 1 3  

10 9 

5 4 

13 12 

6 4 

10 9 

1.7 > 12  

9 5 

5 4 . 

7 6 

6 2 56 

3 3 

8 3 75 

65 4 2 

31  28 

9 8 

5 4 

8 7 

9 8  

0  0  

10  9 

1 .18 2.75 

1.26 2.80 

1.00 2.50 , 

1.25 2.81 

1.15 1.85 

1.02 2.27 

1.07 2.33 

1 .00  1.00 

1.27 3.25 

16 14 I 1.14 2.33 

0 0 

1 8  16 

0 0 

0 .90  2 . 00 .. 



Table 2.8 (Coa't) S t a t i s t i c s  on Rye Grain 
and Ry2 Straw Production (1975) 

South A t l an t i c  
(continued) 

S .  Carolina 

Georgia 

F lor ida  

ES Cent ra l  

Kentucky 

Tennessee 

Alabama 

~ i . s s i s s i ~ ~ i  

WS Central  

Arkansas 

Louisiana 

Oklahoma 

Texas 
- 

Mountain 

Montana 

Idaho 

Wyoming 

Colorado 

New Mexico 

P-rizona 

Utah 

Nevada 

a 
Area H ~ N ~ S  ted 

1000 acres  1000 hect.ares 

3 3 13 

105 42 

0 0 

4 2. 

2 1 

0 0 

0 0 

0 0 

0 0 

36 1 I( 

4 0 1 E 

0 Cl 

0 0 

S 

22 G 

0 0 

0 O 

0 0 

0 0 

- --- 

Crop Froduc t:ona 
(wec w:) 

-..-. 

1 0 3 0 ' t m s  1003 Mstric tons 

16 14 

-- -- .- - . 
crop ~ i z l d  P2r Harvested 

Area (wet wt) 

tons/a-:re MT/hectare 

0.50 1.08 

les idue  Production b 
(dry wt) 

lOCiO tons 1000 Metric tons 

29 2 5 

44 4 0 0'. 42 0.95 

0- 0 l o  0 

7 9 7 2 

0 0 

5 5 

2 2 

0 0 

0 0 

0 0 

0 0 

34 23 

38 3 4 

0 0 

0 0 

9 7 

4 4 

0 0 

0 0 

0 0 

0 0 

3 3 

1 1 

0 0 

0 0 

0 0 

0 0 

19 13 

2 1 19 

0 0 

0 0 

5 4 

2 '  2 

0 0 

0 0 

0 0 

0 0 

.) 

0.75 1.71 

0 0 

1.25 2.50 

1.00 2.00 :; 

0 0 

0 0 .  

0 0 

0 0 

8.94' 1.64 

0.85 2.12 

0 0 

0 0 I 

1.12 2.33 

0.18 0.44 

0 0 

0 0 

0 0 

0 0 

Residue Yield Per 
Harvested Area 
(dry wt) 

tons/acre MT/hectare 

*" 

0.88 1.92 

0.70 1.50 

0 .48  1 

0 0 

0 0 

0 0 

0 0 

0.53 0.93 

0.53 1.19 

0 0 

0 0 

0.6; 1.33 

0.11 0.22 

0 0 

0 0 

0 0 

0 0 

1 



Table 2.8 (Con't) Statistics On Rye Grain 
and Rye Straw Production (197.5) 

a Derived from Agriculatural Statistics, 1976, USDA (.Ref. 2.2 ) 

b 
Residue production (dry wt) = crop production x dry weight x residue factor 

Dry wecght factor = 0.12 

. .. 

Zrop productiona 
(wet wt) 

1000 tons 1000 Metric tons 

7 6 

8 7 

0 0 

0 0 

0 0 

505 458 

- 

Facif ic 

Washingto2 

Oregon 

California 

Alaska 

bwaii 

T~tal U.S. 

13 
w Residue factor = 2.50 

Residue Yield Per 
Harvested Area 
(dry wt) 

tons/acre MT/hectare 

1.30 2.75 

1;27 3.25 

0 0, 

0 0 

0 .  0 .  

1.12 2.50 

Crop Yield Per :jarvested 
Area (wet wt) 

tons/acre MT/hectare 

0.73 1.50 

0.76 1.75 

0 0 

0 0 

0 0 

.62 1.39 

Area ~arvested~ 

1000 acres 1000 hectares 

13 4 

L B 4 

8 )  0 

11 O <, 

0 0 

814 329 

b 
Residue Production 

(dry wt) 

1000 tons 1000 Metric tons 

13 11 

14 13 

0 0 

0 0 

0 0 

909 824 



Tatle 2.9 S:itistics on ?.ice Grain a ~ d  
Rice Scra~ Pro2uction (1975) . . 

Area marvesteda 

New England I 0 0 0 0 
I 

I O i 0  0 
i 

I I i 0 0 I 

I Residue Yield Per 
a [Crop yield Per H ~ ~ ~ ~ ~ ~ ~ c  ( 3esidue ?roductien Crop Tr.3duction Earvested Area 

(vet L-:: , Area (vet rt) 1 (dry vt) 
I 

1000 acres 1OOO hectares 

I I I 

1 1 
Hid-Atlantic I 0 0 0 1 0  0 i 0 

i I I 0  0 : 0 0 
! i 1 

I I 

I EN Central j 0 0 0 0 ! 0 0 ' 0  0 : 0 0 
i 

1000 t m s  1000 :letric tons 

! 
'A Central ! 0 0 0 I 

I 
O i Xissouri ! 18 7 : 37 33 

tonslacre ?X!heotarc 10.90 tons 1000 letric tons 1 tonslacrs NTIhectare 

! I 

i 

South Atlantic I 1 ! i 
I 

I ES Central ! r i 
171 

I 
Mississippi : 69 1 33: 302 ; 1.95 5 . 3 8  j 336 305 1.96 4.42 

. . 
1 

US Central ! ! I 
i ! 

Arkansas I 882 557 /2,00; 1,816 1 2.27 5.09 1 2,322 1,934 2.29 5.14 

Louisiana 658 i66 ! 1.25C 1,13L 5 2 6  1,262 1,145 1.92 4.30 i ! I .  
Oklahoma 0 0 C. 0 ! 0 0 0 0 0 0 

i 

f 
Texas 548 222 1,2L9 1,133 / 2.28 5.1'3 ,, 1,261 1,144 2.30 5.15 

! 

0 1 Mountain 
t 

0 0 ' 0  11 ! 0 0 9 0 I I 

I 
I I 

I I ! 
I 
! 

Pacific 
I i j 

I 1 2.90 California 525 212 ( 1,522 1.380 6.50 1,537 1,39L 2 . 4 3  6.57 i 
I 

1 

2.28 5.. il I 6,559 5,852 i ? . 3 0  5. i6 
I 

1;. S. Total 2,802 1,134 6,38.3 5 , 794 



Table  2.10 S t a t i s t i c s  on Grain Sorghum 
and Sorghum Straw Production (1975) 

Crop Yie ld  Per  Harvested Residue Produc t ion  
Area (wet wt) (dry wt) 

Reside Yie ld  P e r  
Harvested Area 
(dry wt) 

Crop product iona 
(wet wt) I Area ~ a r v e s t e d ~  

l O C O  a c r e s  1000 h e c t a r e s  7 1000 t o n s  1000 Met r i c  t o n s  

New England 

EN C e n t r a l  

I n d i a n a  

I l l i n o i s  

Michigar. 

Wisonsir. 

Ohio 

WN C e n t r a l  

Missouri  I 
Minnesota  

Iowa 

N. Dakota 

S. Dakota 

Nebraska 

Kansas 

South A t l a n t i c  I 
Delaware 

Maryland 

V i r g i n i a  

W.  V i rg2n ia  

N .  Caro l ina  



Table 2.10 (Con't) Statistics On Grain Sorghum 
and Sorghum Str~w Production (1975) 

Residue Yield Per 
Harvested Area 
(dry wt) 

tons/acre MTIhectare 

0.65 1.28 

0.64 1.42 

0 0 

1.14 2.62 

0.85 2.00 

0.60 1.31 

0.60 1.40 

0.86 1.92 

0.57 1.27 

0.64 1.43 

0.92 2.06 

0 0 

0 0 

0 0 

0.46 1.03 

0.88 1.98 

1.19 2.64 

0 0 

0 0 

b 
3rsidue Production 

(dry wt) 

1:00 tons 1000 Metric tons 

11 9 

30 27 

0 0 

24 21 

22 20 

2 4 2 1 

23 2 1 

173 156 

16 14 

422 383 

6.E22 6,006 

0 0 

0 0 

0 0 

133 121 

27 3 248 

197 180 

0 0 

0 0 

Crop Yield Per Harvested 
Area (wet xt) 

tons/acre MTjhectare 

0.98 2.14 

1.01 2.26 

0 0 

1.82 4.25 

1.34 3.20 

0.45 2.12 

0.98 2.20 

1.37 3.06 

0.42 2.09 

1.06 2.28 

1.46 3.27 

0 0 

0 0 

0 0 

0.73 1.64 

1.40 3.15 

1.90 4.23 

0 0 

0 0 

Crop productiona 
(wet wt) 

1000 tons 1000 MetrLc tons 

17 15 

47 43 

1 0 - 

3 3 3 4 

3 5 3 2 

3 -3 3 4 

3 7 33 

27 i 248 

2 5 2 3 

6711 608 

10,512 9,534 

3 0 

11 0 

3 0 

21 D 192 

434 394 

3 13 284 

11 0 

11 0 

South Atlantic 
(continued) 

S. Carolina 

Georgia 

Florida 

ES Central 

Kentucky 

Tennessee 

Alabama 

Mississippi 

WS Central 

Arkansas 

Louisiana 

Oklahona 

Texas 

Mountain 

Montana 

Idaho 

Wyoming 

Colorado 

New Mexico 

Arizona 

Utah 

Nevada 

Area ~arvested~ 

1000 acres 1OOO hectares 

17 3 

4 7 19 

0 0 

2 1 8 

2 6 10 

40 16 

3 8 15 

200 8 1 

2 8 1- 

660 267 

7,200 2,914 

0 0 

0 0 

0 0 

290 117 

310 125 

165 6 i 

0 0 

0 0 



Table 2.10 (Con't) Statistics on Grain Sorghum 
and: Sorghum Straw Praduction (1975) 

a 

Derived from Agricultural Sta:istic, 1976, UZDA (Ref. 2.2 ) 

Facif ic 

Washington 

C~egon 

California 

Alaska 

Hawaii 

b 
Residue production (dry xt.) = crop production x dry weight x residue factor 

Dry weigilt factor = 0.4C' 

Residue factor = 1.57 

Arei ~arvested~ 

10011 acre.; 1000 hectares 

3 0 

0 0 

207 8 4 

0 0 

0 0 

I 15,519 6,280 
i 

Crop productiona 
(wet wt) 

1000 tons 1000 Metric t-3ns 

0 0 

0 0 

4 18 379 

0 0 

0 0 

21,261 19,284 

Crop Yield Per Harvested 
Area (wet wt) 

tonsfacre MTfhectare 

0 0 

0 0 

2.02 4.51 

0 0 

0 0 

1.37 3.07 

_. 

Residue Production b 

( dry wt) 

1000 tons 1000 Metric tons 

0 0 

0 0 

263 239 

13,394 12,149 

'Residue Yield Per 
Harvested Area 
(dry wt) 

tonsfacre MTIhectare 

0 0 

0 0 

1.27 2.84 

0.86 1.93 

- 

0 
O l o  0 

0 0 0 0 



Table 1.11 Statistics on Cotton and 
Cotton Residue Production (1975) 

Residue Yield Per 
Harvested Area 
(dry wt) 

tonslacre ~~Ihectare 

0 0 

0 0 

0 0 

.26 .58 

0 0 

.24 .57 

.27 .62 

.26 .58 

.25 .50 

0 0 

.20 .45 

.24 .53 

.27 .61 

.28 .64 

.32 .72 

.17 .37 

.24 .53 

Residue Production b 

(d=y wt) 

1000 tons 1000 Metric tons 

C 0 

01 0 

0 0 
I 

5E 4 9 

L) 0 

1.9 12 

; 3 26 

r 2 3 8 

B 1 

0 0 

153 57 

.B 80 

311 272 

E 4  176 

100 90 

s9 44 

934 847 

"rap Yield Per Farvested 
Area (wet wt) I 

tonslacre MTJhectare 

0 0 

0 0 

0 0 

.22 .48 

.17 0 

.21 .48 

.23 .52 

.22 .49 

.17 .30 

.13 0 

.17 -38 

.20 .45 

.23 .51 

.24 .54 

.27 .61 

.14 .31 

.20 -45 

Crop Prcduct iora 
(wet wt) 

1000 tons 1C110 Metric tcns 

0 0 

0 0 

0 0 

46 41 

New England 

Mid-Atlantic 

EN Central 

WN Central 

Missouri 

South Atlantic 

Area ~arvested~ 

1000 acres 10CaO hectares 

0 0 

0 0 

0 0 

2 10 85 

Virginia 

N. Carolina 

S. Carolina 

Georgia 

Florida 

ES Central 

Kentucky 

Tennessee 

Alabama 

Mississippi 

US Central 

Arkansas 

Louisiana 

Oklahoma 

Texas 

1 0 1 

53 2 1 

103 4 2 

160 6 5 

4 2 

1 0 

315 127 

370 150 

1,100 445 

680 275 

310 125 

295 119 

3,924 1,588 

0.2 0.2 

11 10 

24 22 

\ 35 3 2 

0.7 0.6 

0.1 0.1 

5 3 4 8 

7 4 67 

253 229 

163 148 

84 7 6 

4 1 3 7 

785 712 



Table 2.11 (Con't) Statistics on Cotton 
and Cotton Residue Production (1975) 

Area ~arvested' 

1000 acres 1000 hectares 1000 tons 1000 Metric tons tonslacre MTIhectare I 

a 
Crop Production 
(wet wt) 

a 
Derived from Agricultural Statistics, 1976, USDA (Ref. 2.2 ) 

Crop Yield Per Harvested 
Area (wet wt) 

b 
Residue production (dry wt) = crop pr0duction.x dry weight x residue factor 

Residue Production 
b 

(dry wt) 

1000 tons 1000 Metric tons 

Residue Yield Per 
Harvested Area 
(dry wt) 1 

Dry weight factor = 0.30 

Residus factor = 2.38 





t h e i r  locations dic ta ted by regional cl imatic conditions. 

r 1'. 

, , Farm Acreage 
.:p 8 -- 

1 -- 
3 I 

" There is considerable var ia t ion  i n  the  s i z e  of farms i n  d i f fe ren t  

regions of the  United States .  Farm s i z e  and major crops produced a r e  shown i n  

Table.2.12 according to-state-and region. Along t h e  eas t  coast  and-in most 

of the  cen t ra l  regions farms a re  r e l a t i ve ly  small averaging about 200 acres  per 

farm. Along the w e s t  coast farms are more l i k e  500-600 acres per  farm. The 

la rges t  farms a r e  found i n  the  mountain region and the  west north cen t r a l  region 

where farm acreage is i n  the  thousands. The average farm s i z e  f o r  the  t o t a l  

United S ta tes  i n  1977 was 393 acres/farm. 

Avai labi l i ty  of Crop Residues 

Not a l l  residues produced i n  the  United S ta tes  a r e  avai lable  f o r  

u t i l i z a t i o n  a s  an energy resource. A nat ional  inventory of crop residues 

i n  the  f i e l d  and a t  packing sheds (Ref.4) indicated t h a t  of the  322 mil l ion 

dry tons of crop residue produced i n  the  U.S. i n  1975, 278 mill ion a r e  considered 

available f o r  u t i l i z a t i on .  The a v a i l a b i l i t y  of the residues depends on the 

efficiency of col lect ion methods, seasonali ty of the  crop and competition with 

other uses f o r  the  residue. 
.,'*$p?%p& ?., - - .dL - ,.-L:'- 

echnology and t h  
. I  . _  n 

s ,lecL residues, Ll ie  harvestabi l i ty  of individual crop residues has been reported 
*L 

-(Ref. 5). A s  shown i n  Table 2.13 only about 75% of most residues is considered 

bf; collectable.  
i- - 
r' - 4 -a~:TixcJ  

-. 0 . -  -,-4 s, ' - -  
The continuity of supply of crop residues is an'important con- 

'$$sideration f o r  evaluation of t h f s  biomass a s  an energy resource. Crop residue 

'il,&roduction depends heavily on season resu l t ing  i n  a discont inui ty  of supply and 

t h e  necessity t o  e i t he r  s t o r e  the  residue o r  t o  use l a rge  quant i t i es  immediately 
I 

4 a f t e r  harvest and susta in  long periods of zero production. According t o  the  

'!residue inventory (Ref. 4),  8% of the  crop residues a r e  generated i n  the  f i r s t  

quarter  of the year, 12% i n  the  second quarter ,  42% i n  t h e  t h i r d  quarter  and 



Table 2.12 Farm s i z e  and major c rops  genera t ing  r e s i d u e s  i n  t h e  United States 

S t a t e  

New England 

Maine 
New Hampshire 
Vermont 
Massachuset ts  
Rhode I s l a n d  
Connect icut  

Mid-Atlantic 

New York 
New J e r s e y  
Pennsylvania 

EN Cent ra l  

Indiana 
I l l i n o i s  
Michigan 
Wisconsin 
Ohio 

WN Cent ra l  

Missouri  
Minnesota 
Iowa 
N. Dakota 
S. Dakota 
Nebraska 

Major Crop Residues Avai lable  

Oat s t raw,  vegetable  r e s i d u e s  
Vegetable r e s i d u e s  
Vegetable r e s i d u e s  
Vegetable r e s i d u e s  
Vegetable r e s i d u e s  
Vegetable r e s i d u e s  

Wheat s t r a v ,  c s r n  r e s i d u e s ,  o a t  s t r a w  
Wheat s t raw,  or11 res idues ,  o a t  s t raw 
Wheat s t raw,  c ~ r n  res idues ,  o a t  s t raw 

Corn & soybean res idues ,  o a t  s t raw 
Corn 6 soybean res idues ,  wheat straw 
Corn res idue ,  wheat s t raw 
Corn res idue ,  o a t  s t r a w  
Corn 6 soybean res idues ,  wheat s t r a w  

Corn & soybsan res idues ,  wheat s t raw 
Corn 6 soybsan res idues ,  wheat s t raw 
Corn & soybean res idues ,  o a t  stra.4 
Wheat, b a r l r y ,  & o a t  s t raws 

- Wheat s t raw,  corn res idue ,  o a t  s t raw 
!' Corn & sorghum res idues ,  wheat s t raw 

Average 

Acre/Farm 

(1977) 

225 
215 
282 
125 

96 
121  

196 
130 
139 

170 
242 
158 
191  
150 

238 
262 
5 80 

1,040 
1,083 

706 
6 36 

19  7 
166 
153  
179 
109 
166 
243 
4 31  

Farm S i z e  a 

Kansas 

South A t l a n t i c  

Delaware 
Maryland 
V i r g i n i a  
W. V i r g i n i a  
N. Carol ina 
S. Carol ina 
Georgia 
F lor ida  

!heat  s t raw,  corn & sorghum r e s i d ~ e s  

Corn & soybean res idues ,  wheat s t raw 
Corn & soybean r e s i d u e s  
Corn res idue ,  peanut hay 
Corn res idue  
Corn & soybean resiciues, p e ~ n u t  hay 
Corn & soybean r e s i c u e s ,  peanut hay 
Corn & soybean r e s i c u e s ,  peanut hay 
Sugarcane res idues  

2000- 
over  

3 
0 
0 
1 
0 
0 

11 
3 

11 

50 
102 

23 
44 
25 

21 
183 

54 
419 
30 1 
210 
373 

9 
21 
5 
0 

21 
55 
5 7 

130 

1-49 

L 

1,440 - 

540 
1,015 
1,742 

228 
1,157 

8,238 
2,450 

11,844 

19,575 
14,485 
13,503 
14,786 
20,792 

22,671 
9,444 

12,788 
826 

1,595 
4,261 
7,454 

838 
4,294 

18,406 
3,259 

40,032 
8,327 

12,976 
10,457 

# 

50-99 

1,117 
391 

1,367 
6 26 

79 
484 

8,542 
1,091 

11,967 

16,082 
16,272 
13,081 
23,185 
18,131 

17,792 
16,921 
18,959 

2,055 
2,748 
7,369 

10,331 

538 
2,236 
5,369 
1,465 
9,632 
,3,237 
6,534 
2,721 

1000- 
1999 

11 
0 
5 
4 
0 
2 

9 7 
22 
47 

521 
1,046 

19  3 
148 
351 

718 
1,055 

6 31  
2,927 
1,769 
1,095 
2,368 

5 1 
110 

86 
3 

172 
247 
36 8 
196 

Acreage 

200-499 

435 
89 

547 
119 

17 
148 

4,664 
527 

3,363 

13,751 
30,408 

7,072 
9,995 

11,395 

12,974 
23,915 
38,103 
16,588 
16,240 
23,601 
21,184 

39 6 
1,437 
2,037 

206 
3,155 
1,780 
3,803 
1,330 

P a m  wizhin 

100-1 39 

C 51 
253 

1 -74 

37 
316 

8,866 
739 

8,453 

14,113 
23,313 
10,287 
23.562 
14,699 

15.5.44 
26,337 
35,LDO 

5,1330 
7 , 3 8  

15,;aDB 
14,384 

4 70 
2,048 
3. a 4  

664 
5,566 
2 , U 2  
4,  ,536 
1,385 

Range (1974) 

500-999 

4 3  
5 

38 
1 4  

2 
11 

59 1 
136 
310 

3,531 
8,106 
1,279 

827 
2,311 

3,353 
4,969 
5,927 

11,189 
7,321 
5,928 
8,606 

154 
342 
456 

29 
651 
59 8 

1,178 
417 



Table 2.12 (Continued) 

a From Reference 3 

S t a t e  

ES Cen t r a l  

Kentucky 
Tennessee 
Alabama 
Mis s i s s i pp i  

WS Cent ra l  

Arkansas 
Louisiana 

Oklahonra 
Texas 

Mountain 

Montana 
Idaho 
Whoming 
Colorado 
New Mexico 
Arizona 
Utah 
Nevada 

P a c i f i c  

Washington 
Oregon 
Ca l i f o rn i a  
Alaska 
Hawaii 

U.S. TOTAL 

Major Crop Residues Available 

Corn 6 soybean r e s idues  
Corn & soybean r e s idues  
Corn & soybean res idues ,  co t t on  t r a sh ,  peanut hay 
Soybean res idue ,  co t ton  t r a sh ,  r i c e  s t raw 

Soybean res idue ,  r i c e  straw, co t t on  t r a s h  
Soybean & sugarcane res idues ,  r i c e  s traw, 

co t t on  t r a s h  
Wheat s t raw, peanut hay, s o r g h w  res idue  
Sorghum & corn res idues ,  co t t on  t r a sh ,  wheat 

s t r aw  

Soybean & corn res idues ,  wheat s t raw 
Wheat & b a r l e y  s t raws  
Wheat & ba r l ey  s t raws ,  sugarbeat  res idue  
Sorghum r e s idue ,  wheat s t raw, co t t on  t r a s h  
Sorghum res idue ,  wheat s t raw, co t t on  t r a s h  
Cotton t r a s h ,  wheat s t raw 
Wheat & ba r l ey  s t raws ,  sugarbeet  res idue  
Wheat s t raw 

Wheat srsaw 
Wheat scraw 
Rice s traw, vege tab le  res idues ,  co t ton  t r a s h  
Few ava i l ab l e  
Sugarcane r e s idues  

Corn & soybean res idues ,  wheat s t raw 

Average 

Acre/Farm 

(1977) 

129 
124 
188 
205 

258 
259 

428 
124 

2,678 
580 

4,481 
1,362 
4,026 
6,643 
1,032 
4,500 

415 
600 
552 

5,700 
535 

393 

Farm Sizea 

1-49 

47,640 
29,219 
12,852 
11,000 

10,271 
6,209 

9,112 
26,342 

1,539 
4,295 

643 
3,057 
1,500 

997 
2,893 

266 

8,009 
6,328 

22.902 
86 

1,563 

476,096 

# 

50-99 

9,731 
7,568 
4,423 
3,982 

4,176 
2,669 

7,702 
14,291 

2,157 
3,857 

945 
2,894 

769 
376 

2,067 
2 38 

2,770 
2,667 
6,380 

37 
35 

300,056 

Farms w i th in  

100-199 

4,680 
3,953 
3,008 
2,547 

3,047 
2,245 

8,074 
13,354 

3,535 
4,109 
1,554 
4,093 

81 7 
361 

1,576 
318 

2,415 
2,205 
4,867 

22 
1 5  

314,862 

Acreage 

200-499 

2,442 
2,605 
2,346 
2,508 

3,827 
2,749 

9,135 
15,404 

5,600 
3,573 
1,755 
4,800 

879 
488 

1,036 
324 

2,801 
2,121 
4,138 

1 7  
7 

317,834 1 

Range (1974) 

500-999 

573 
758 
7 21 

1,385 

2.419 
1,382 

3,719 
7,212 

3,691 
1,408 

588 
2,402 

335 
345 
206 
131 

1,785 
996 

1,977 
1 
2 

100.358 

1000- 
1999 

143 
26 8 
201 
794 

1,127 
509 

9 29 
2,553 

1,587 
614 
199 
829 
117 
169 

89 
6 8 

878 
437 

1 ,071  
1 
1 

1 26,827 

2000- 
over  

18  
45 
36 

280 

358 
126 

119 
579 

400 
193 

48 
259 

22 
85 
11 
35 

268 
16 2 
556 

1 
23 

5,816 I 



Table 2.13. Percentage of Aerial Residues Considered Harvestible 
for Biomass Using Present Technology. (Reference 5) 

1 

Residue 

Wheat straw 

Corn residue 

Soybean residue 

Grain nnrghtim reaidlie 

Oat straw 

Barley straw 

Rye straw 

R i r p  straw 

Seed grass residue 

Peanut hay 

Sunflowers 

Safflowers 
1 

XHarves tabi l i  ty  

75 

75 

90 

85 

75 

75 

7 5 

9Q 

100 

100 

85 

75 

I 



38% i n  t h e  four th  quar ter .  The seasonal i ty  of res idue  a v a i l a b i l i t y  is r e f l e c t e d  I.;--~J. . 
. . = 11 - 1  

i n  v a r i a t i o n s  i n  harves t  schedules of crops grown i n  the  Imper%al Valley as  i l l u -  

s t r a t e d  i n  Figure 2.2. 

Currently 75% of t h e  res idues  produced i n  t h e  United S t a t e s  are 

returned t o  t h e  s o i l  f o r  t h e  purpose of f e r t i l i z i n g  and conditioning t h e  s o i l  

and a s  a disposal  method. This includes most of t h e  herbaceous high moisture 

residues.  Only about 20% of t h e  res idues  such a s  corn straw, sorghum res idues  

and almond h u l l s  are used i n  o the r  ways, pr imar i ly  a s  feed f o r  c a t t l e .  Small 

quanti t ie 's  a r e  used a s  bedding f o r  animals and f o r  making f iberboard.  The 

remaining 5% a r e  burned o r  l a n d f i l l e d  a t  a cos t .  This includes r i c e  straw and 

other  g r a i n  straws, vegetable packing shed res idues ,  cot ton ginning w a s t e s  and 

some nut  hu l l s .  

Plowing res idues  under the s o i l  following harves t  has  proved t o  

be an e f f e c t i v e  method t o  con t ro l  erosion,  condit ion t h e  s o i l  f o r  g r e a t e r  ab- 

sorbance and t o  provide organic n u t r i e n t s  f o r  u t i l i z a t i o n  by f u t u r e  crops. 

The impact , tha t  continuous removal of t h e  a e r i a l  res idues  w i l l  have s t i l l  re- 

mains t o  be thoroughly examined. This  e f f e c t  should be a major f a c t o r  i n  t h e  

determination of a v a i l a b i l i t y  of a g r i c u l t u r a l  biomass sources. 

The need f o r  res idues  i n  t h e  s o i l  is  s i t e  and crop s p e c i f i c ,  

and guidel ines  f o r  determining t h e  amount of biomass t h a t  can be removed 

have not ye t  been es tabl ished.  X study of t h e  problem and a d e t a i l e d  a n a l y s i s  

of res idue  removal on a regional  b a s i s  is  a v a i l a b l e  f o r  g ra ins  and g rasses  

(Ref. 5) and f o r  corn (Ref. 7).  

2.2 Feed Composition 

The composition of t h e  feedstock determines t h e  a v a i l a b i l i t y  of 

components t o  the bac te r i a  during d iges t ion  and consequently inf luences  t h e  

rate a t  which t h e  conversion t o  methane and carbon dioxide takes  place.  Not 

only w i l l  t he  b a c t e r i a l  population vary i n  composition with t h e  composition 

of t h e  feedstock input  t o  d iges te r s ,  but  t h e  r e l a t i v e  concentrat ions of t h e  

d i f f e r e n t  groups of b a c t e r i a  would be expected t o  vary with t h e  concentrat ion 
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of f e e d s t o c k  added. 

D i g e s t i o n  pathways f o r  t h e  major  f e e d s t o c k  components a r e  shown 

i n  F i g u r e  2 .3 .  Carbohydrates ,  p r o t e i n  and l i p i d s  a r e  t h e  e s s e n t i a l  components 

f o r  h y d r o l y s i s  and f e r m e n t a t i o n  t o  produce methane . M a c r o n u t r i e n t s  must a l s o  

be  a v a i l a b l e  i n  t h e . f e e d s t o c k  o r  added f o r  d i g e s t i o n  by microorganisms t o  t a k e  

p l a c e .  The components of a g r i c u l t u r a l  r e s i d u e s  a s  r e p o r t e d  i n  t h e  l i t e r a t u r e  

a r e  shown i n  Tab le  2.14.  

Carbohydrates  

The l a r g e s t  c o n s t i t u e n t  of c a r b o h y d r a t e s  i n  p l a n t  f e e d s t o c k s  i s  

t h e  p o l y s a c c h a r i d e  f r a c t i o n ,  such as c e l l u l o s e  and h e m i c e l l u l o s e .  C e l l u l o s e  

forms t h e  b u l k  of c e l l  w a l l  m a t e r i a l  i n  h i g h e r  p l a n t s ,  and ,  a s  such ,  i s  t h e  

most widespread and abundant o r g a n i c  polymer. 

C e l l u l o s e  i s  an i n s o l u b l e ,  l i n e a r  polymer of a t  l e a s t  3000-B-D 

( 1  + 4)  l i n k e d  g l u c o s e  res idues . .  The e n z y m a t i c h y d r o l y s i s  of c e l l u l o s e  depends 

on a t  l e a s t  t h r e e  e x t r a c e l l u l a r  enzymes. The f i r s t  group o f  c e l l u l a s e s  (C1) 

may a t t a c k ' t h e  c e l l u l o s e  f i b r e s  c a u s i n g  a  l o s s  of t e n s i l e  s t r e n g t h  and t h e  pro- 

d u c t i o n  of " r e a c t i v e  c e l l u l o s e "  ( h y d r o c e l l u l o s e ) .  C c e l l u l a s e s  pe r fo rm t h e  
X 

subsequent  depo lymer iza t ion  t o  low molecu la r  weight d i s a c c h a r i d e s  ( c e l l o b i o s e )  

and o l i g o s a c c h a r i d e s .  The t h i r d  group of enzymes known a s  B-glucosidases ,  c a t a -  

l y z e  t h e  h y d r o l y s i s  o f  t h e s e  d i -  and o l i g o s a c c h a r i d e s  t o  g l u c o s e .  Subsequent 

u t i l i z a t i o n  of t h e  g l u c o s e  i s  a n  i n t r a c e l l u l a r  e v e n t  s i n c e  g l u c o s e  i s  s m a l l  

enough t o  d i f f u s e  th rough  t h e  c e l l  w a l l  and semi-permeable membrane,which s u r -  

rounds  b a c t e r i a l  c e l l s .  . T h e r e  a r e  a t  l e a s t  s e v e n t y  s p e c i e s  of b a c t e r i a ,  f u n g i ,  

ac t inomyce tes  and p ro tozoa  t h a t  have t h e  c a p a c i t y ' t o  s p l i t  c e l l u l o s e .  

Researchers  have found t h a t  t h e  r e a c t i v i t y  o r  enzyme d e g r a d a t i o n  

of c e l l u l o s e  v a r i e s  i n v e r s e l y  w i t h  i t s  c r y s t a l l i n i t y  (Ref.  25) .  The r e l a t i v e  

c r y s t a l l i n i t i e s  of c e l l u l o s i c s  a s  determined by x-ray d i f f r a c t i o n  (Ref.  26) 

a r e  as f o l l o w s :  
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Figure ' 2 . 3  f igest ion Patibays for the Mejor Feedstock Components. 



Table 2.1L Chemical Compoisition of Crop Residues (expressed a s  a pe rcen tage  of dry weight) .  

I 

References 

9 ,  10 ,  1 2 ,  14 ,  1 5 ,  16 

12 

1 0 , 1 1 , 1 3  

1 7 ,  1 8  

8 .  

8 ,  10 
. 

6,lO 

8 

8 ,  9 ,  11 

9 ,  19 

9 ,  20 

10 ,  1 2 ,  16 ,  21, 22, 
23, 24 

9 ,  10 

10 

9 ,  12  

C 

43.0-53.4 

43.0 

a3.5 

38.5 

35.6 

47.3 

P r o t e i n  

2.71 

7.74 

0.36 

0.82 

1.99 

0.60 

3.77 

5.1-6.0 

13.6 

4.5-5.1,  

5.53 

Ash 

4.3-11.0 

10.39 

5.5-10 8 

2.0 

0.44 

1.60 

2.54 

0.30 

4.3-4.88 

3 .1  

15.5-19.1 

19 .O 

1.3-6.1 

3.25 

Hemicel lulose 

29.2 

27.2 

4-73 

2.90 

12.77 

7.94 

28.34 

17.7 

Eesidue 

Wneat Straw 

o a t  :Straw 

Barley Straw 

Rye Strew 

Corn Husk 

Corn Leaf 

Corn S t a l k  

Corn Cob 

T o t a l  Corn Szover 

Soybean Straw 

Soybean H u l l s  

Rice Straw 

Rice Hul l s  

T o t a l  Cotton Gin Waste 

Cotton Seed Hul l s  

Lignin 

8.02-18.0 ' 

7.41 

13.8-15.5 

4.7-5.4 

0.87 

0.60 

5.66 

J . 5 8  

8.71-15.1 

17.5-20 ..l 

3.2 

3.7-12.5 

23.31 

0 

44.0 

45.0 

44.5 

39.8 

39.1 

39 .O 

H 

4.2 . 

6.0 

6 -0  

5.7 

5.4 

6.0 

12el lulose 

5 0 

52.7 

;4.0-36.8 

4.28 

2.57 

18.54 
--- - - - 

7.43 

52.8-40 

31 

~ 5 . 8 - 5 2  

Z2.1-38.0 

42 

60 

Lipids  

1.25 

2.0 

0.12 

0.28 

0.92 

0.09 

1 . 4 1  

2.41 

1 .51  

N 

0.988-4.5 

0 . 5  

1 . 5  

0.5 

0.6 

1 .6  



c o t t o n  l i n t e r s  (raw) 72.8 

wheat s t r a w  46.6 

r i c e  s t r a w  43.3 

co t tonseed  h u l l s  42.0 

o a t  s t r a w  38.7 

Hemice l lu lose  is  a c o l l e c t i v e  and somewhat imprec ise  term f o r  a 

group of po lysaccha r ide  m a t e r i a l s  having no s t r u c t u r a l  r e l a t i o n s h i p  t o  c e l l u -  

l o s e  b u t  from which they  can b e  sepa ra t ed  by a l k a l i n e  e x t r a c t i o n .  These ma- 

t e r i a l s  a r e  a  heterogeneous mixture  of l i n e a r  o r  h i g h l y  branched polymers which 

may c o n t a i n  L-arabinose, D-xylose, D-mannose, D-glucose, D-galactose, 4-0-methyl- 

D-gluconic a c i d  and D-gluconic a c i d .  They a r e  subdivided i n t o  t h a t  f r a c t i o n  

which p r e c i p i t a t e s  on a c i d i f i c a t i o n  (hemice l lu lose  A o r  c e l l u l o s a n s )  and t h e  

s u p e r n a t a n t  (hemice l lu lose  8 o r  a c i d i c  heIiiicellulase). Hemicel lulose A Is p r e -  

dominant ly composed of B-D (1 -t 4) l i n k e d  xylose  u n i t s  - desc r ibed  a s  xylan  , 
and hemice l lu lose  B is  an  u r o n i c  ac id-conta in ing  pentose  polymer. P l a n t  ma- 

t e r i a l s  u s u s a l l y  c o n t a i n  hemice l lu lose :  c e l l u l o s e  i n  t h e  r a t i o  of 0 .5 : l  o r  1:l. 

The enzymatic h y d r o l y s i s  of xy lan  b e a r s  obvious similarities t o  

c e l l u l o s e  breakdown. Xylonases depolymerize xylan  t o  d i s a c c h a r i d e  (xylobiose)  

which is  subsequent ly  hydrolyzed t o  i t s  monosaccharide components by xy lob ia se .  

A wide v a r i e t y  of microorganisms are involved i n  t h e  t o t a l  deg rada t ion  of hemi- 

c e l l u l o s e s  - a s  would b e  expected by t h e  l a r g e  range of ' s u b s t r a t e s .  

Next t o  c e l f u l o s e  arid hernicel lulose,  l tgni 'n i-s t he ,mos t  abundaiit 

c o n s t i t u e n t  of o r g a n i c  m a t e r i a l s  of p l a n t  o r i g i n .  S ince  l i g n i n  i s  d i f f i c u l t  

t o  b reak  down the  r a t e s  of r e a c t i o n  a r e  r e t a r d e d  wi th  f eeds tocks  h igh  i n  l i g n i n .  

D i g e s t i b i l i t y  is  i n c r e a s e d  by s e p a r a t i o n  of t h e  l i g n i n  f r a c t i o n  f r o m . t h e  c e l l u -  

l ~ s e  f r a c t i o n ,  s o  t h a t  deg rada t ion  of t h e  l a t t e r  can occur .  Anaerobic b a c t e r i a  

a r e  n o t  known t o  a t t a c k  t h e  l i g n i n  u n l e s s  i t s  chemistry i s  a l t e r e d . ( S e e  Sec t ion  

3 .1 .2 ) .  

Wood (Ref. 27) r e p o r t s  t h a t  c e l l u l o s e ,  a s  i t  occurs  i n  straw, i s  

n o t  an i d e a l  s u b s t r a t e  f o r  d i g e s t i o n  i n  t h a t  t h e  l e s s  c r y s t a l l i n e  r eg ions  a r e  



r i c h  i n  l i g n i n  and h e m i c e l l u l o s e  and t h e s e  s u b s t a n c e s  have a  pronounced e f f e c t  

on t h e  r a t e  of enzymat ic  a t t a c k  on t h e  f i b e r .  T h e r e f o r e ,  p r e t r e a t m e n t  i s  

needed b e f o r e  d i g e s t i o n .  The l i g n i n  s e r v e s  t o  s h i e l d  o r  p r o t e c t  t h e  c e l l u l o s e  

from b a c t e r i a l  d e g r a d a t i o n .  Hobson - e t  .- a l .  (Ref.  23) n o t e  t h a t  i n  i t s  n a t i v e  

form i n  p l a n t  s t r u c t u r e ,  o r  s p e c i a l i z e d  c o n s t i t u e n t s  such a s  c o t t o n  f i b e r s ,  

c e l l u l o s e  i s  h i g h l y  polymerized.  I n  a d d i t i o n  t h e  f i b e r s  may be  c o a t e d  w i t h  

wax o r  i n t e r l o c k e d  w i t h  l i g n i n  and o t h e r  p o l y s a c c h a r i d e s ,  t h u s  s h i e l d i n g  t h e  

c e l l u l o s e  from b a c t e r i a l  a t t a c k .  

P rasad  -- e t  a l .  (Ref .  29) have shown t h a t  i n  t h e  b a t c h  d i g e s t i o n  

o f  cow dung w i t h  v e g e t a b l e  w a s t e s  such  a s  sugarcane  and groundnut  s h e l l ,  t h e  

l i g n i n - c e l l u l o s e  complex i s  more r e s i l i e n t  t o  decomposi t ion t h a n  t h e  l i g n o -  

h e n i c e l l u l o s e  complex: A h o l o c e l l u l o s e : l i g n i n  r a t i o  of 2 . 8 7 : l  r e s u l t e d  i n  a  

5.72% r e l a t i v e  d e c r e a s e  i n  c e l l u l o s e  b u t  w i t h  a  1 1 o l o c e l l u l o s e : l i g n i n  r a t i o  of 

3 . 5 4 : l  t h e  r e l a t i v e  d e c r e a s e  i n  c e l l u l o s e  was 9.41%. 

I n  t h e  enzymat ic  s a c c h a r i f i c a t i o n  of c e l l u l o s i c  w a s t e s  Mandels 

e t  a l .  ( ~ e f .  30) concluded t h a t  s u b s t r a t e s  such  a s  r i c e  h u l l s ,  and f i b r o u s  c o t -  -- 
t o n  were  v e r y  r e s i s t a n t  t o  s a c c h a r i f i c a t i o n  ( l e s s  t h a n  5% s a c c h a r i f i c a t i o n  a t  

50°C i n  48 k o u r s  was o b t a i n e d  u s i n g  t h e  c e l l u l a s e  Trichode.rma v i r i d e )  because  

of low a v a i l a b l e  s u r f a c e  a r e a ,  h i g h  c r y s t a l l i n i t y  and i n  t h e  c a s e  of r i c e  

h u l l s ,  h i g h  l i g n i n  c o n t e n t .  

P r o t e i n s  

The p r o t e i n  component of most p l a n t  m a t e r i a l s  i s  low, u s u a l l y  

abou t  8%. I n  t h e  d i g e s t i o n  .process  p r o t e i n s  a r e  hydro lyzed  by e x t r a c e l l u l a r  

enzymes. The l o n g  c h a i n  polymers a r e  broken down i n t o  s m a l l  f r agments  such 

as p e p t i d e s  and amino a c i d s  by p r o t e a s e s .  A p u r e  n a t i v e  p r o t e i n ,  when p r e s e n t  

i n  a  medium a s  t h e  s o l e  s o u r c e  of carbon and n i t r o g e n ,  i s  r e s i s t a n t  t o  a t t a c k  

by even t h e  most p s o t e o l y t i c  b a c t e r i a l  s p e c i e s .  I f ,  however, a s m a l l  amount 

of peptone i s  added t o  t h e  medium m u l t i p l i c a t i o n  o f  t h e  organisms and degrada- 

t i o n  of t h e  p r o t e i n  occur .  Th i s  i n d i c a t e s  t h a t  a n  e x t r a c e l l u l a r  enzyme i s  

n e c e s s a r y  t o  c o n v e r t  t h e  i n d i f f u s i b l e  p r o t e i n  i n t o  d i f f u s i b l e  f r a c t i o n s .  I n  

t h e  absence  of a n  a v a i l a b l e  n i t r o g e n  and carbon s o u r c e ,  t h e  organisms a r e  unab le  



t o  m u l t i p l y  and e l a b o r a t e  t h i s  necessary  enzyme. However, peptone can  e n t e r  

t h e  c e l l  and s t i m u l a t e  t h e  organisms t o  produce t h e  necessary  p r o t e o l y t i c  en- _ 
zyme. 

L i p i d s  i n  p l a n t  m a t e r i a l  a r e  broken down t o  g l y c e r o l  and long  

c h a i n  f a t t y  acids d u r i n g  d i g e s t i o n .  L i p i d s  c n n s i s t  nf t r i g l y r e r i r l ~ s  ( ~ s t e r s  

of  h i g h e r  f a t t y  a c i d s  w i t h  g l y c e r o l ) ,  phospho l ip ids ,  c h o l e s t e r o l , ' w a x e s  and 

f i x e d  o i l s .  -:he c h a i n  l e n g t h s  of 16-18 carbon atoms a r e  t h e  most common com- 

ponents of   fat^ of an imal  and vcgc tob lc  tor igin these i nc lude  t h e  s a t u r a t e d  

a c i d s ,  p a l m i t i c  (C H COOH), s t e a r i c  (C H COOH) and t h e  unsa tu ra t ed  o l e i c  
1 5  3 1  17 35 

a c i d  ( C  H COOH). I n  a d d i t i o n  f a t s  and f a t t y  a c i d s  of b a c t e r i a l  and f u n g a l  
17 33 

o r i g i n  are n o t  uncommon and inc lude  a c e t i c  (CH COOH), p rop ion ic  (C2H5COOH), 
3  

b u t y r i c  (C3H,CO(IH) and a  range of  branched cha in  f a t t y  a c i d s  (6-methyloctanoic,  

p h t h o i c ) .  L ipase  enzymes a r e  r e s p o n s i b l e  f o r  t h e  conversion of l i p i d s  t o  gly-  

c e r o l  and f a t t y  a c i d .  The enzyme is  common i n  p l a n t s  and a l s o  found i n  a e r o b i c  

and anae rob ic  organisms.  

N u t r i e n t s  

Macronu t r i en t s  i nc lud ing  carbon,  n i t r o g e n ,  su lphur  and phosphorus 

a r e  e s s e n t i a l  t o  s u s t a i n  c u l t u r e s  of anae rob ic  b a c t e r i a .  Sanders and Bloodgood 

(Ref.  31) r e p o r t  a  minimum C:N r a t i o  of 1 6 : l  necessary  f o r  anae rob ic  d i g e s t i o n .  

H i l l  (Ref. 32) found t h a t  C:N r a t i o s  of between 20-52, 6 : l  caused no d e l e t e r i o u s  

e f f e c t s  on t h e  d i g e s t i o n  process .  H a d j i t o t i  (Ref. 33) has  shown t h a t  f r o n  2  

t o  60 mg of n i t r o g e n  and from 1 t o  10 mg of phosphorous pe r  gm of c e l l u l o s e  

are r e q u i r e d  f o r  decomposition. According t o  11elmer.s -- et  a l .  ( R e f .  3 4 1 ,  the 

phosphorus con ten t  i n  b a c t e r i a l  c e l l s  i s  1.02%, wh i l e  t h e  n i t r o g e n  con ten t  

i s  about  8.OZ and the re f ,o re  t h e  phosphorus requirement  f o r  b a c t e r i a l  c e l l  

s y n t h e s i s  i s  about  one e i g h t h  t h e  amount of n i t r o g e n  r equ i r ed .  The l e v e l s  

of n i t r o g e n  and phosphorus r equ i r ed  t o  s u s t a i n  decomposition va ry  w i t h  t h e  

organisms involved bu t  a r e  g e n e r a l l y  of t h e  same o r d e r  of magnitude. 



Section 3 

PRETREATMENT 

Fuel gas production from crop residues can be enhanced by use 

of a pretreatment process to produce water soluble molecular fragments. 

The cellulosic fraction of the residue is broken down into simple wood 

sugars. The complex benzene ring. structure of the lignaceous fraction 

of the residue is broken down into low molecular weight aromatic,acids 

and other organic fragments. These reactions can be carried out with a 

high conversion of total carbon at temperatures of up to 150°C and cor- 

responding pressures near 22 atmospheres. It is anticipated that a staged 

reactor will bk used for this conversion. 

The first stage is conversion of both the cellulosic and 

lignaceous fractions of the residue to simple compounds, largely wood sugars 

and benzenecarboxylic acids. Anaerobic fermentation, the second stage, is 

subsequently carried out to produce methane. In the second stage an:.entire 

array of the simple molecular organic species is utilized and converted to 

fuel gas. This bioconversion of pretreated organics takes place at a 

temperature of up to 65OC and at atmospheric pressure. As with all anaerobic 

fermentations, approximately 6% by weight of the organic feed, in this case 

the -water soluble aromatic acids and sugars, are utilized by the microorganisms 

to grow additional cells. This biomass is a potentially valuable by-product 

as an animal feed. 

Following is a technical discussion of the crop residues to fuel 

gas bioconversion process. First is presented background 0.n the primary 

stage pretreatment reaction. Then a discussion of the second stage fermenta- 

tion of pretreatment products to methane is given in Section 3.2. 



3.1 Conversion of Crop Residues to Simple Fermentable Compounds by 

Aqueous Alkali Oxidation 

The concept for the first stage reaction is the conversion of both 

the cellulosic and the complex aromatic structure or lignaceous fractions 

of crop residues to simple water soluble compounds, readily fermentable to 

methane. Conversion of residues to simple fermentable compounds by aqueous 

alkali oxidation is based on experimental work with wood and with coal, For 

this systems evaluation a discussion of cellulose treatment techniques and 

methods for treating lignaceous material such as coal are pertinent. 

3.1.1 Related Background on the Utilization of the Cellulosic Fraction of 

Crop Residues 

There are many references in the literature relating to experiments 

on the hydrolysis of cellulose. Many of the early workers carried out experi- 

ments on cellulose acid hydrolysis in strong acid and at low temperatures - 
usually fuming hydrochloric acid or 50% and stronger sulfuric acid and at 

ambient temperatures or below. In 1945, Jerome F. Saeman of the U.S. Forest 

Products Laboratory, Madison, Wisconsin carried out a classic investigation 

on the hydrolysis of cellulose in dil~lte arid and at high temparatuta (Ref.35 1. 
This work of Saeman's was a part of the program a l l t h n r i s r ~ d  by the War Production 

Board to develop a commercially practical method for.the conversion of wood 

to sugar by acid hydrolysis and the subsequent anaerobic fermentation of the 

sugar to ethyl alcohol. Unfortunately, in this work no study was made of 

sugar de-composition products, attention being solely confined to the factors 

affectiug the disappearance of the sugar. As a result, no quantitative esti- 

mate can be made of the potential conversion to methane of the many soluble 

fragments formed in these experiments. Later work by Harris (Ref.36 ) showed 

that potentially fermentable organic acids could be created through acid hy- 

drolysis. 

Treatment of lignocellulosic materials with alkali, on the other 

hand, has been found to improve the biological availability of the cellulosic 

fraction of these materials, increasing both the rate and extent of enzymatic 



breakdown. This  phenomenon has  been conc lus ive ly  demonstrated f o r  a  wide 

v a r i e t y  of l i g n o c e l l u l o s i c  s u b s t r a t e s ,  a s  measured by such c r i t e r i a  a s  in-  

c reased  ruminant weight ga in  on t r e a t e d  m a t e r i a l ,  and by v a r i o u s  i n  v i t r o  

measures of d i g e s t i b i l i t y .  Table 3 . 1  summarizes r e s u l t s  of some a l k a l i n e  

pre t rea tment  s t u d i e s ,  i n  terms of s u b s t r a t e s ,  t r ea tmen t s  employed, and re- 

s u l t i n g  improvements i n  d i g e s t i b i l i t y .  It i s  c l e a r  from Table 3 . 1  t h a t  

t h e  i n c r e a s e s  i n  d i g e s t i b i l i t y  ob ta ined  wi th  a l k a l i n e  pre t rea tment  are sub- 

s t a n t i a l  f o r  every m a t e r i a l  t e s t e d .  It i s  t h e r e f o r e  p e r t i n e n t  t o  review t h e  

mechanism of a l k a l i n e  p re t r ea tmen t  wi th  r e f e r e n c e  t o  t h e  chemical s to ich iomet ry  

and k i n e t i c s  of changes occu r r ing  i n  t r e a t e d  s u b s t r a t e s .  

Res i s tance  t o  mic rob ia l  degrada t ion  is  obviously t o  t h e  advantage 

of any ~ l a n t .  A l l  p l a n t s  have t o  a  g r e a t e r  o r  l e s s e r  d e ~ r e e  evolved 

s t r u c t u r a l l y  i n  ways which confer  r e s i s t a n c e  t o  a t t a c k  by microorganisms. 

The e f f e c t i v e n e s s  of a l k a l i n e  pre t rea tment  r e s u l t s  from i t s  a b i l i t y  t o  d i s -  

r u p t  n a t i v e  p l a n t  s t r u c t u r e  both phys i ca l l y  and chemical ly  s o  t h a t  t h e  d i g e s t i b l e  

s t r u c t u r a l  components of t h e  p l a n t ,  mainly c e l l u l o s e  and l i g n o c e l l u l o s e ,  

become more a c c e s s i b l e  t o  enzymatic breakdown. 

Complex chemical and p h y s i c a l  changes occur  on t rea tment  of wood f i b e r s  

wi th  a l k a l i .  Chemical changes i n  wood have been s t u d i e d  e x t e n s i v e l y ,  p a r t i -  

c u l a r l y  by Tarkow and co-workers (Ref. 37 ) .  Upon t rea tment  of woods wi th  

mild a l k a l i ,  t h e  f i r s t  and most r ap id  r e a c t i o n s  occu r r ing  a r e  t h e  s c i s s i o n  o r  

s a p o n i f i c a t i o n  of a c e t i c  a c i d  from t h e  a c e t y l  e s t e r s  of xy lan  (polypentose 

f r a c t i o n  of wood) and t h e  hyd ro lys i s  of methoxyl groups a s  methanol from t h e  

methyl e s t e r s  of xylan and t h e  phenol ic  mo ie t i e s  of l i g n i n s .  These phenomena 

a r e  accomplished by t h e  appearance of f r e e  a c e t a t e  ion  and methanol i n  s o l u t i o n ,  

which can be assayed chemica l ly ,  prgviding a  convenient means f o r  measuring 

t h e  e x t e n t  of r e a c t i o n .  I n  a d d i t i o n ,  o t h e r  e s t e r  bonds which c r o s s l i n k  c e l l u -  

l o s e ,  hemice l lu lose  and l i g n i n ,  a r e  hydrolyzed. The s c i s s i o n  of t h e  e s t e r i c  

c r o s s l i n k s  h a s  been demonstrated by increased  calcium ion  exchange a b i l i t y  

of t h e  a l k a l i n e  t r e a t e d  wood (Ref.38 ) Macroscopic p h y s i c a l  changes 



Table 3.1 

Effect of Alkaline Pretreatment onDioconversion uf Various Substrates 

Bioconversion Bioconversion 
Treatment Without With 

Reference Substrate Criterion of Bioconversion Employed Treatment Treatment - 
2 

Bellamy G4l) Feedlot waste Growth of single cell protein 0.05M (0.2%) 15-20% 74-81% 
fiber from on fiber; reductions of NaOH 4 hrs (cellu- (cellulose 
m a n i i r ~  collulooe by organisms and 20 hro at looc utiliocd) 

23'C utilized) 

Moore (,+la) Aspen pulp Solids reduction in the 1% NaOH 10% 50% 
et a1 presence of cellulose 1 hr 

cneymes 7n0c 

Ghose Jute fibers Solids reduction in presence 1% NaOH - 5% 80% 
et al (4fi) of Rumenococcus culture 1 hr 

100 OC 

Dunlap (41c) 15 different Reduction in cellulose by 10% NaOH Average 85% increase in 
lignocellulosic rumen organisms 1 hr digestibility for 15 sub- 
substrates 30°C strates 

Wilson and Wheat straw Solids reduction by 5 grams NaOH 33% 63% 
Pigden t82) rumen fluid 100 grams straw 

2-3 weeks 
-20°C 

Wheat straw Solids reduction by 7 gms NaOH 33% 80% 
Pigdon rumcn fluid 100 5 s  straw 

2-3 weeks 
,2O0C 

Wilson and Poplar wood Solids reduction by 3 grams NaOH 5Z 20% 
Pigden (42) rumen fluid 100 grams wood 

2-3 weeks 
,2O0C 

Wilson and Poplar wood Solids reduction by 7 grams NaOH 5% 5 0% 
Pigden ( 4 2 )  rumen fluid 100 grams wood 

2-3 weeks 
,2O0C 

- -  - . -- - .. 
Stranks (41d) Wheat straw Gas evolution during 5% NaOH 60% increase in rate of gas 

digestion by rumen 18 hours evolution with treatment 
fluid 20° C 



which occur in the wood have been extensively documented (Refs. 37,391  . It is 

sufficient to state .that the over-all effect of treatment is to cause a "break- 

ing up" of the' wood fiber structure allowing greater access by enzymes and 

greater-digestibility. Evidence for increased accessibility to high molecular 

weight materials is given by Feist, et al,(Ref.'40) who showed increasing -- 
permeability of wood to a series of well-characterized polyethylene glycols 

of increasing molecular weight. 

It is pertinent 'to note that when the above-mentioned changes 

reach completion, digestion appears to reach a ceiling and cannot be increased. 

For example, Bellamy (Ref. 41) found no increase in digestibility when the 

time of pretreatment of feedlot waste fiber with 0.2% NaOH was increased from 

4 hours to 20 hours, although NaOH was present in excess. Wilson and PigdencRef. 42) 

found no increase in digestibility for either wheat straw or poplar wood when 

the concentration of NaOH was increasqd above 7 grams per 100 grams of material, 

although digestibility increases were linear with alkali addition below this 

level. The digestion ceiling obtained for cellulose with alkaline treatment 

is generally 70-90%, although solids reductions are of course lower depending 

on 'the lignin content of the material. When treatments are more severe, 

significant destruction of the hemicellulose fraction of wood occurs, as has 

heen amply dcm.nnstrated in paper pulp manufacture (Ref. 4 3 . ) .  This may also 

be accompanied by formation.of toxic byproducts (Ref. 44 ). Hence, it appears 

that a fairly mild degree of alkaline pretreatment is effective, and that 

over-treatment may be either of no benefit or harmful. 

Although the physiochemical changes in plants other than.,wood have 

.not been investigated thoroughly, it is probable that the mechanism is similar.,namel~ 
. . 

an opening up of structure and increased accessibility to enzymatic attack. 

The increases in digestibility for alkaline treated wheat straw, jute, and 

bagasse seem strong evidence for this. 
I 



The stoichiometry and kinetics oT alkaline pretreatment in combina- 

tion with the resulting increases in digestibility determine the economics. 

The total alkali requirement is largely dictated by the number of free carboxyl 

groups created when the required saponification reactions go to completion. 

Tarkow and Feist (Ref.37) have shown for treated sugar maple that the alkali 

required to neutralize the carboxyl groups freed on the xylan chains amounts 

to 23 meq/100 grams, and that required to neutralize the acetate is about 

110 meq/100 grams, for a total of 133 meq/100 grams of wood. Hence the amount 

of NaOH (equivalerir weight = 40) or of UaCUHj2 (equivalent weight = 37) to carry 

out complete saponification and attain maximum digestibility of maple wood 

would be about 5% of. the wood weight. The data of Wilson and Pigden (Ref. 42 ) 

indicate that 7% NaOH based on the weight of wheat straw or poplar wood gave 

maximum digestibility. 

The kinetics of saponification appear to be quite rarid. Tarkow 

and Feist (~ef.37 ) show that saponification of maple wood was essentially 

complete at the end of 3 hours in the presence of 0.5% NaOH. Saponification 

time varied inversely with base concentration, indicating a first order 

reaction with respect to hydroxyl ion. Similarly, the data of Bellamy indicated 

that maximal digestibility of feedlot waste fiber was attained in the presence 

of 0.2% NaUH at the end of 4 hours. On the basis of these limited kinetic 

data, if appears that required saponification reactions could be completed 

in less than 1 day at 37 - 40°C in the presence of a sufficient quantity of 
a sparingly soluble alkali such as slaked lime (solubility = 0.1%).. 

3-1.2 Related Background for Aqueous Alkaline Oxidation of Lignin in Crop Residues 

. . 
'I'here is a long ljackgioullcl u f  sclrntific experimental work on the 

aqueous alkaline oxidation of the type of lignin material'found in crop residues 

in order to produce simple water soluble organic compounds. Much of the experi- 

mental work on the aqueous ovidication of coal is directly related to the lig- 

naceous fraction of crop residue pretreatment process; for this reason this work 

is reviewed. The work may be divided into several historic areas which lend to 

the technical discussion. Early work was carried out from the time a f  the 



F i r s t  World War, i n  Germany, l a r g e l y ,  a s  we l l  a s  i n  t h e  United S t a t e s ,  and 

up t o  t h e  time of t h e  Second World War. This i s  we l l  documented and reviewed 

by H.C .  Howard (Ref. 45 ) .  Addit ional  experiments on a l k a l i  ox ida t ion  of 

l ignaceous m a t e r i a l s  such a s  c o a l  were continued a f t e r  t h e  war and i n t o  t h e  

1950's by t h e  Coal Research Laboratory of Carnegie I n s t i t u t e  of Technology, 

where most American work i n  t h i s  a r e a  has been conducted. Also, Dow Chemi- 

c a l  Company had a  p i l o t  p l a n t  f o r  product ion of chemicals from coa l .  

This  American work did not  cont inue,  apparent ly  due t o  t h e  overwhelming growth 

of the  petrochemical bus iness  a f t e r  the  war and t h e  impact of t h i s  ~ r o w t h  

on the  p o t e n t i a l  f o r  c o a l  chemicals.  However, during t h e  1960's  some i n t e r e s t  

i n  Japan i n  t h e  p o t e n t i a l  f o r  chemicals from c o a l  r e s u l t e d  i n  i n i t i a t i o n  of 

an experimental  program i n  aqueous a l k a l i n e  ox ida t ion  of coa l .  A t  t h e  same 

time, and cont inuing  through today wi th  very  i n t e n s i v e  i n t e r e s t ,  t h e r e  has  

been Russian work i n  t h i s  a r ea .  

3 .1 .2 .1  Early Experimental Work 

The most s i g n i f i c a n t  r e s u l t s  obtained i n  s tudying t h e  breakdown 

of l ignaceous m a t e r i a l  such a s  c o a l  by oxida t ion  r e a c t i o n s  have been those  

obtained i n  experiments with a l k a l i n e  media. It has  been shown t h a t  over  

80% of t y p i c a l  lower rank coa l s  can be recovered i n  t h e  form of water-soluble  

compounds. Experiments on lower rank c o a l s  such as l i g n i t e  a r e  of s p e c i a l  

i n t e r e s t  i n  eva lua t ing  t h e  p o t e n t i a l  f o r  a p p l i c a t i o n  of such processing 

techniques on the  l ignaceous f r a c t i o n  of crop r e s idues .  Work i n  t h i s  a r e a  

was f i r s t  c a r r i e d  out  by F i she r ,  e t  al .  (Refs. 46,47, 48 ) To a l a r g e  

e x t e n t  t h i s  e a r l y  work w a s  done t o  e s t a b l i s h  t h e  presence of aromatic  

s t r u c t u r e s  i n  bituminous coa l .  S u b s t a n t i a l  amounts of benzenecarboxylic 

ac id  were obtained when c o a l  w a s  r eac t ed  wi th  2.5 N Na2C03 6 ?OO°C followed 

by a  400°C "pressure /hea t ing  t reatment ."  The amount of aromatic  a c i d s  in-  

creased s u b s t a n t i a l l y  with t h i s  t rea tment ,  as would be  expected. O f  s p e c i a l  

i n t e r e s t  i n  t h e  e a r l i e r  work i n  t h i s  a r e a  is  t h a t  o x a l i c  a c i d  and a c e t i c  

a c i d  were a l s o  i d e n t i f i e d  i n  meaningful q u a n t i t i e s  (Ref. 49 ) ,  a long  wi th  

t h e  benzenecarboxylic a c i d s ,  i n d i c a t i n g  t h a t  t h e  aromatic  a c i d s  separa ted  

from t h e  c o a l  s t r u c t u r e  were a l s o  subsequent ly cleaved i n  t h e  r e a c t i o n ,  

This sugges ts  t h e  p o s s i b i l i t y  of a  continuous plug flow r e a c t o r  o r  of a 



s t aged  r e a c t o r  wi th  programmed temperatures and p ressures  throughout the  

l e n g t h  i n  order  t o  optimize t h e  conversion. 

Smith, et a l . ( R e f .  50 ) c a r r i e d  out  the  d e t a i l e d  a n a l y s i s  

of  t h e  a l k a l i n e  hydro lys i s  of a P i t t s b u r g h  bituminous coal .  Severa l  o the r  

types  of c o a l  and carbonaceous m a t e r i a l s  were a l s o  evaluated ,  ranging from 

an I l l i n o i s  bituminous c o a l  t o  a n t h r a c i t e  and a l s o  g raph i t e .  It was found 

t h a t  wi th  t h e  lower rank c o a l s  a s i g n i f i c a n t  f r a c t i o n  of t h e  carbon was re- 

covered a s  simple organic  a c i d s ,  From t h e  m a t e r i a l s  of rank higher than a 

low temperature coke, however, decreas ing recover ies  of organic  a c i d s  were ob- 

t a ined .  l'he organic  a c i d s  obta ined,  8f eemperat~res of 200 ro 250nC, were 

o x a l i c ,  t r i m e l l i t i c ,  p y r o m e l l i t i c ,  p r e h n i t i c ,  and t e r e p h t h a l i c  a c i d s .  

Overa l l ,  t h i s  e a r l i e r  work c l e a r l y  demonstrated the  f e a s i b i l i t y  

of ob ta in ing  low molecular  weight organic  aromatic a c i d s  from coa l  by aqueous 

a l k a l i n e  oxidat ion .  The work e s p e c i a l l y  p o i n t s  t o  u t i l i z a t i o n  of lower rank 

c o a l s  such a s  l i g n i t e .  Fur the r  p r o j e c t i o n  of this work i n d i c a t e s  t h a t  t h e  

l ignaceous  f r a c t i o n  of crop res idues  would be a highly  s u i t a b l e  feedstock 

f o r  such a processing technique i f  t h e  subseq.uent bioconversion r e s u l t e d  

i n  a s i g n i f i c a n t l y  higher f u e l  gas  yield ro o f f s e t  higher c a p i ~ a l  aid opera t ing  

, c o s t s .  

Pos t  Second World War American Work 

I n  a 1951 p u b l i c a t i o n  (Ref. 51  ) from t h e  Coal Research Laboratory 

of Carnegie I s t i t u t e  of Technology a l k a l i  t reatment of bituminous coa l  

w a s  descr ibed.  A 12% by weight suspension of 100 mesh c o a l  i n  a 36% sodium 

hydroxide s o l u t i o n  was t r e a t e d  w i t h  oxygen a t  a p ressure  of 60 annospheres 

a t  270°C f o r  up t o  3 hours. The y i e l d  of mixed organic  a c i d s  recovered was 

approximately 60% by weight of the  bituminous coa l  charged. These a c i d s  

rqnged i n  molecular s i z e  from t he  s i ~ n p l t l  ' a l i p l ~ a t i c  a c i d s ,  aceLic k d  o x a l i c ,  

through t h e  benzene-carboxylic s e r i e s  t o  water-soluble polycarboxylic  aro- 

ma t i c  a c i d s  of s i z e  l a r g e r  than the  benzene r i n g .  Dark-colored a l k a l i -  

s o l u b l e ,  ac id -p rec ip i tob le  "humic ac ids"  (Ref. 51 ) of undetermined s t r u c t u r e  

were a l s o  recovered. 
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Franke, e t  a l . (Re f .  52 ) r epo r t ed  on ex t ens ive  con t inua t ion  - -  
of t h e  above work ( ~ e f . 5 3  ) .  This work included small p i l o t  p l a n t  (150 l b  

batches of coa l )  experiments.  Also, t h e  pre l iminary  des ign  of a p l a n t  f o r -  
6 

producing "coal  ac id s "  from 30 x 10 poundslyear  of coa l  was d i s cus sed .  

It i s  of i n t e r e s t  t o  n o t e  t h a t  r e a c t i o n  cond i t i ons  f o r  t h e s e  l a r g e r  s c a l e  

aqueous a l k a l i n e  ox ida t ion  experiments were "s tandard" a t  270°C and 60 a t -  

mospheres. A bituminous c o a l  was used. A s  wi th  t h e  e a r l i e r  work ( R e f . 5 1 )  

o x a l i c  a c i d  and a c e t i c  a c i d  were formed, a s  w e l l  a s  benzenecarboxyl ic  a c i d s .  

Approximately one- th i rd  of t h e  recovered products  w e r e  i d e n t i f i e d  as c e r t a i n  

benzenecarboxylic a c i d s .  For chemical product ion t h e s e  pure  compounds need 

t o  be s epa ra t ed ;  however, f o r  anaerobic  fe rmenta t ion  t o  methane e s s e n t i a l l y  

a l l  s imple o rgan ic  molecular  fragments from t h e  r e a c t i o n  w i l l  be  r e a d i l y  

u t i l i z e d .  

Dow Chemical Company (Ref. 5 4 )  c a r r i e d  ou t  experiments  fo l lowing  

very c l o s e l y  t h e  work of Howard's group. Overa l l  t h e  goa l  was t o  produce 

organic  a c i d s  from c o a l .  U t i l i z a t i o n  of a l k a l i  from Dow's c h l o r i n e  pro- 

ducti'on f a c i l i t i e s  was another  i n c e n t i v e  f o r  ca r ry ing  out  t h e s e  experiments .  

The major component from t h e  c o a l  ox ida t ion  w a s  a  l igh t -ye l low colored  

water-soluble  mixture  of a romat ic  a c i d s .  The average  molecular  weight of 

t h e s e  "coal  ac id s "  was 270. While s e p a r a t i o n  of t h e s e  a c i d s  i n t o  i n d i v i d u a l  

components was found t o  be d i f f i c u l t ,  no- s e p a r a t i o n  i s  r equ i r ed  f o r  fermenta- 

t ion .  

I n  a subsequent paper (Ref. 5 5 )  by t h e  group l e d , b y  'H.C. Howard 

t h e  f i r s t  f n t e r e s t  and experiments on a  subbituminous c o a l  were r epo r t ed .  

S p e c i f i c a l l y ,  t h e  r e a c t i o n  wi th  aqueous a l k a l i  on a  Wyoming subbituminous 

c o a l  was s t u d i e d  i n  a  ba tch  r e a c t o r  over  a temperature  range of 200-425°C 

a t  a l k a l i  (NaOH) concen t r a t i ons  from 1 normal t o  66% by weight and i n  an  i n e r t  

atmosphere. By some r a t h e r  pre l iminary  experiments ,  t h e  cond i t i ons  s e l e c t e d  

a s  "optimum" f o r  degrada t ion  of t h e  Myoming subbituminous c o a l  were 250°C, 

5N NaOH, and a  24 hour r e a c t i o n  t i m e .  It should be noted t h a t  t h e  cond i t i ons  

desc r ibed  may be n o t  optimum. Fu r the r ,  breakdown of t h e  l ignaceous  f r a c t i o n  

of c rop  r e s i d u e s  t o  many fragments of moderate molecular  weight f o r  anaerobic  

d i g e s t i o n  may r e q u i r e  cond i t i ons  o t h e r  than  p r e s e n t l y  documented f o r  c o a l s .  

5 1  



A t h e o r e t i c a l  r e s u l t  from t h e s e  experiments  which may have 

p r a c t i c a l  m e r i t  f o r  c rop  r e s i d u e s  is t h a t  t h e  enrichment i n  oxygen and 

hydrogen of t h e  p roduc t s  from t h e  c o a l  took p l ace  by reason  of t h e  r e a c t i o n  

of  t h e  c o a l  w i t h  t h e  water .  That i s ,  based on t h e  y i e l d s  and composi t ions 

of t h e  p roduc t s  formed, i t  w a s  found t h a t  excess  oxygen and hydrogen were 

i n  t h e  r a t i o  of approximately 8 : l .  Had t h e  r e a c t i o n  y i e l d e d  oxygen t o  hy- 

drogen i n  t he  r a t i o  of 1 6 : l , ' t h e n  t h e  hydroxyl groups p re sen t  i n  t h e  a l k a l i  

might have c o n t r i b u t e d  t o  t h e  convers ion .  T t  i s  concluded t.hnt. ehr  rcrrctil:li~ 

is catalyzed by t h e  a l k a l i  and t h a t  t h e  a l k a l i  does no t  c o n t r i b u t e  quant i -  

t a t i v e l y  i n  t h e  r e a c t i o n .  

3 .1.2.3 Recent Japanese  and Russian Experimental Programs 

I n  t h e  e a r l y  1 9 6 0 t s ,  a number of papers  (Refs.  56,57,53,59)  

were publ i shed  by Yashia  Kamiya on t h e  aqueous a l k a l i  o x i d a t i o n  of Shikamachi, 

a Japanese  bi tuminous c o a l .  The purpose of t h i s  s e r i e s  of experiments  w a s  

t o  o b t a i n  optimum y i e l d s  of benzenecarboxylic  a c i d s .  For an  oxygen-enhanced 

o x i d a t i o n  a t  250°C i n  aqueous sodium ca rbona te  t h e  fo l lowing  products  were 

obta ined  (Ref. 5 7 1 . 

Produc t s  ..-....F - -  ..+.. - % of Coal Carbon 

Aromatic Acids 37.2  

Oxal ic  Acid 4.0 

Water-Insoluble  Acids 5 . 1  

Carbon Dioxide 49.8 

Residue 

The a roma t i c  a c i d s  formed were l a t e r  (.Ref. 58 ) sepa ra t ed  - about  45% of 

t h e  a r o m a t i c . a c i d s  were benzenecarboxylic  a c i d s  o r  about  26% of t h e  o r i g i n a l  

bi tuminous c o a l  r e a c t e d .  



Later  Kamiya (Ref. 59 ) c a r r i e d  out  t h e  p a r t i a l  decarboxyla t ion  

of t h e  aromatic  polycarboxylic  a c i d s  as a means of complete recovery .and. 

s epa ra t ion  of p o t e n t i a l l y  va luab le  components from the  c o a l  ox ida t ion  products .  

Subsequently,  experiments were c a r r i e d  o u t  (Ref. 56 ) t o  s p e c i f i c a l l y  form 

benzenecarboxylic a c i d s  from aromatic  compounds by f u r t h e r  ox ida t ion  i n  

a l k a l i n e  media. 

I t  is  p e r t i n e n t  t o  cons ider  t h e  a p p l i c a t i o n  of t hese  experiments 

t o  crop r e s idues  f o r  t he  continuous product ion of s o l u b l e  organic  compounds 

s u i t a b l e  f o r  bioconversion t o  f u e l  gas .  A plug f low r e a c t o r  o r  a  s e r i e s  of 

s taged r e a c t o r s  may be considered i n  which t h e  r e s i d u e  fragments i n i t i a l l y  

broken down may be bioconverted t o  f u e l  gas .  It is  a n t i c i p a t e d  t h a t  wood 

sugars  w i l l  be t he  i n i t i a l  breakdown products  from t h e  c e l l u l o s e  i n  t h e  r e s i -  

due. Subsequent r e a c t o r s ,  each a t  fnc reas ing ly  more seve re  cond i t i ons ,  may 

r e s u l t  i n  continuous breakdown of t he  more complex l fgnaceous s t r u c t u r e  of 

t h e  r e s idue .  Overa l l  then,  r a t h e r  than a  spectrum of products  from carbon 

dioxide,  t o  wood sugars ,  t o  heavy polyaromatic a c i d s ,  a s  wi th  a  ba t ch  r e a c t o r ,  

i t  may be a n t f c i p a t e d  t h a t  t h e  proper  engfneering des ign  w i l l  r e s u l t  i n  a  

l e s s  broad spectrum of products.  y fe ld ing  l a r g e r  amounts of wood suga r s  and 

t h e  low molecular weight benzenecarboxylic a c i d s  and minimal amounts of .h igher  

molecular weight aromatic  ac ids .  

I t  has  been seen i n  t h e  above review t h a t  t h e  American work on 

aqueous a l k a l i  ox ida t ion  of c o a l ,  d i r e c t l y  r e l a t e d  t o  t h e  l i g n i n  i n  crop r e s i -  

dues. has  been c a r r i e d  out  l a r g e l y  under t h e  d i r e c t i o n  of H.C.  Howard i n  P i t t s -  

burgh. However, perhaps t h e  most i n t e n s i v e  work i n  t h i s  a r e a  has been c a r r i e d  

out  only r e c e n t l y  by the  Russians.  A search  i n  Chemical Abs t rac ts  from 1962 

th ru  1973 revea1,ed t h i r t y - f i v e  Russian p u b l i c a t i o n s .  T.A. Kukharenko i s  t h e  

leading  au thor  among these  many pub l i ca t ions .  Overa l l ,  t he  fol lowing progress  

is evident :  a) lower rank coals inc luding  l i g n i t e  have been s tudied  under 

aqueous a l k a l i n e  ox ida t ion  cond i t i ons ,  b) r e a c t i o n  condi t ions  a r e  being care-  

f u l l y  def ined wi th  t h e  goa l  of opt imizing product ion of benzenecarboxylic a c i d s ,  

c )  r e a c t o r  design concepts a r e  being eva lua ted  - a two s t a g e  plug flow r e a c t o r  

is  of c u r r e n t  i n t e r e s t  t o  t h e  Russian workers. 



In a recent article, Kukharenko (Ref. 60) reports that nearly 

complete (74 to 100%) conversion of coal into a soluble form has been obtained. 

From 40% to 78% of the products are carboxylic acids. It is interesting that 

up to 30% of this product acid mixture is oxalic acid. The two-stage process, 

using either NaOH or K2C03, is conducted at up to a temperature of 270°C. 

Unfortunately, no reaction kinetics are presented on which to base reactor 

design and scale-up. There appears to be a very strong continuing interest 

in Russia in the production and recovery of aromatic acids from lnw~r rank 

cool i 

In addition to oxidative reactions with coal, several studies 

have been made of lignin decomposition with gaseous. oxygen under alkaline 

conditions (Refs. 61, 62 . The yields after the alkaline-oxidative reaction 

indicate the formation of acidic materials. Grangaard at Kimberly-Clark Corp., 

Neenah, Wisconsin (Refs. 63,64 ) reports that various types of lignin can be 

almost completely degraded by oxygen in an alkaline solution to yield reaction 

products that contain 80% acetic, formic, and oxalic acj.ds, readily digestible 

by anaerobic microorganisms, 

3.2 Methanogenic Fermentation of Water Soluble Organic Compounds from 

Pretreatment 

A s  desc~ibed abuve, rhe f i rs t  stage of this process is to convert 

crop residues into simple water soluble benienecarboxylic acids and wood sugars 

by an aqueous alkali oxidation process. The second stage in the overall residues 

to fuel gas conversion is the anaerobic fermentation of these benzenecarboxylic 

acids and wood sugars to methane and carbon dioxide. The anaerobic conversion 

of sugars to methane, has been carried out using C-14 labeled tracers at hoth  

mesophilic and thermophilic conditions (Ref. 65 ) Further details of wood 

sugar bioconversion are given in the textbooks (Refs. 66,67 ) .  More discussion, 

however, is required with respect to anaerobic conversion of possible aromatic 

compounds obtained from pretreatment of the lignaceous fraction of crop residues. 



3.2.1 Anaerobic Conversion of Aromatic Com~ounds 

Clark and Pina (Ref.63) carried out experiments to demonstrate 

that benzenecarboxylic acid could be anaerobically fermented. Using sewage 

sludge digester effluent as the methane producing microbial culture, yields 

of product gases as high as 90% of the theoretical yield were obtained. 

Benzoic acid was the only fermentable carbon source supplied to the fermenter 

flasks. It was also demonstrated during these experiments that as long as 

this aromatic acid was added, the culture would yield methane and carbon. dioxide. 

It was found that varying amounts of gas could be obtained by increasing or 

decreasing the concentration of the benzoic acid feed. I n  a fermenter converting 

daily 80 - 90% of the substrate fed every 24 hours, withholding feed led to a 
rapid dcpletion of the substrate iu the fermenter and a corresponding cessation 

of gas production. It was further found that if more benzoic acid was then 

added that the gas evolution started again almost immediately. The product 

gases from this anaerobic fermentation of benzoic acid were analyzed to be 

42.5% C02/57.5X CH4 and 46.9% C02/53.1% CH4 (the data reported from the two 

fermenters tested). Clearly, the rapid conversion of simple aromatic acids 

at high yields was established. i 

Earlier Tarvin and Buswell (Ref.69 ) reported the complete Lf.n- 

conversion to methane and carbon dioxide of benzoic, phenylacetic, hydrocin- 

namic, and cinnamic acids. Here too, the culture of microorganisms was obtained 

from a sewage sludge anaerobic digester. Bioconversion of benzenecarboxylic . 

acid was to 54.5% C~~/45.5% CO for the two rxperil~~ents reporred. 'I'he percentages 2 
of CH /C02 in th.e gas mixture produced in the anaerobic fermentation of 4 
phenylacetic, hydrocinnamic, and cinnamic acids were 58/42, 60.5/39.5, and 

58/42 respectively 

The above cited productton of methane and carbon dioxide from 

benzoic acid by anaerobic fermentation was the first reported in the literature. 

Except for this early work of Tarvin and Buswell and later confirmation 

by Clark and Fina (Ref. 68 ) ,  it had be'en considered by all other investigators 

that the aromatic ring could not be cleaved and then fermented unle'ss oxygen 

was present. Fina and Fiskin (Ref.70 ) later carried out detailed radioactive 



t r a c e r  experiments  showing e x p l i c i t y  t h a t  benzoic a c i d  was converted t o  

methane and carbon d i o x i d e  i n  a  f i x e d  r a t i o  w i t h  a  convers ion  e f f i c i e n c y  of 

g r e a t e r  t han  95%. F u r t h e r ,  on a t h e o r e t i c a l  b a s i s ,  they  p o s t u l a t e d  t h a t  

t h e  a n a e r o b i c  b ioconve r s ion  proceeded by a  d i f f e r e n t  metabol ic  pathway than  

when done a e r o b i c a l l y .  

With r e s p e c t  t o  p o s s i b l e  metabol ic  pathways of a romat ic  compounds, 

t h e  h i s t o r i c  s tudy  on t h e  anae rob ic  convers ion  of phenanthrene by Rogoff and 

Wender (Ref.  7 1  ) is p e r t i n e n r .  ExperLurl~cs were conducted wi th  pu re  c u l t u r e s  

of b a c t e r i a  ob ta ined  through a  s o i l  enrichment technique  and capable  of 

u t i l i z i n g  phenanthrene a s  a s o l e  car'bon sou rce .  'I'he fo l lowing  p o s s i b l e  path- 

way was p re sen ted  (from Ref.  71  ) :  

Phenanthrene 1-Hydroxy-2-Naphcholc Acid Salicylic Acid 

Evans (Ref .72  ) has  a l s o  presented  p o s s i b l e  pathways f o r  t h e  

o x i d a t i v e  b ioconvers ion  of a romat ic  compounds. Evans p o i n t s  o u t  . t h a t  t h e  

d i s t i n c t i v e  biochemical  s t e p  is r i n g  c leavage ,  a l though he p o s t u l a t e s  t h a t  

enzymes f i r s t  conver t  t h e  a r o m a t i c ' s u b s t r a t e s  i n t o  an o r t h o  o r  pa ra  dihydro- 

xyphenol d e r i v a t i v e  p r i o r  t o  c leavage  of t h e  r i n g  t o  a l i p h a t i c  a c i d s .  



While i t  i s  c l e a r  t h a t  t h e  pathway f o r  t h e  a n a e r o b i c  breakdown 

of t h e  a r o m a t i c  r i n g  i s  d i f f e r e n t  and q u i t e  d i s t i n c t  from t h e  a e r o b i c  pathway 

t h e  f o r e g o i n g  p o s t u l a t e s  a r e  h e l p f u l .  Indeed,  Tay lor  e t  a l . ( R e f , 7 3  ) i s o l a t e d  -- 
a b a c t e r i a  t h a t  u t i l i z e d  a range  of a r o m a t i c  compounds e i t h e r  a e r o b i c a l l y  o r  

a n a e r o b i c a l l y .  T h i s  f a c u l t a t i v e  a n a e r o b i c  microorganism conver ted  p-hydroxy- 

benzoa te  w i t h i n  approx imate ly  1 8  h o u r s .  The pathway f o r  t h e  f e r m e n t a t i o n  of 

benzo ic  a c i d  w a s  g iven  a s  (Ref .73 1: 

- .-  
Benzoic Acid 'Tr ihydroxycyclohexane ~ i h ~ d r o x y  

c a r b o x y l i c  a c i d  cyclohexan-2-one-1- 
c a r b o x y l i c  a c i d  

- i;Y + H 2 0  COOH 
L C 0 2  + H20 

HO 

dihydroxy p i m e l i c  a c i d  

( p o ~ i t i o n ~  of hydroxyl  groups  a r b i t r a r i l y  a s s i g n e d )  

It was on ly  i n  1969 t h a t  Nottingham and Hungate (Ref.  74 ) e s t a b l i s h e d  

c l e a r l y  t h a t  molecu la r  oxygen was n o t  n e c e s s a r y  f o r  b i o l o g i c a l  c leavage  of t h e  

benzene r i n g .  I n  t h e i r  exper iments  benzo ic  a c i d  was conver ted  t o  methane and 

carbon d i o x i d e  under s t r i n g e n t l y  a n a e r o b i c  c o n d i t i o n s .  S p e c i f i c a l l y ,  methane was 

found t o  c o n s t i t u t e  59,  52,  59 ,  and 58% , o f  t h e  p roduc t  gas  i n  t h e  exper iments  



presen ted .  This  i s  i n  reasonably  good agreement w i th  t h e  62.5% t h e o r e t i c a l  y i e l d  

of methane i f  benzoic  a c i d  i s  conver ted  t o  methane and carbon d iox ide  wi thout  t h e  

p a r t i c i p a t i o n  of o t h e r  s u b s t r a t e s .  The o v e r a l l  s to i ch iome t ry  of t h e  r e a c t i o n  is:  

4 C H CO (Benzoic a c i d )  + 18 H20 +- 15 CHL + 13 C02 
6 6  2  

Some of t h e  most r e c e n t  work on anae rob ic  ferme,ntat ion of aro- 

rnatic compounds appea r s  t o  be t h a t  done under t h e  d i r e c t i o n  of McCarty a t  

S t a n f o r d  U n i v e r s i t y  (Ref. 75 1. Here t h e  o b j e c t i v e  i s  h e a t  t rea tment  o f  muni- 

c i p l e  r e f u s e  f o r  i n c r e a s i n g  anae rob ic  b i o d e g r a d a b i l i t y .  A l k a l i  t r ea tmen t  a t  

up t o  250°C has  been found t o  be most e f f e c t i v e  i n  i n c r e a s i n g  b ioconvers ion  

t o  methane. , A s  a  p a r t  of t h e s e  s t u d i e s ,  s e l e c t e d  a romat ic  compounds expected 

t o  be  formed from t h e  t r ea tmen t  of l i g n i n ,  were eva lua t ed .  S p e c i f i c a i l y ,  ben- 

z o i c  a c i d ,  p-hydroxybenzoic a c i d ,  p ro toca t echu ic  a c i d ,  and v a n i l l i n  were found 

t o  b e  r e a d i l y  conver ted  t o  methane. These promising r e s u l t s  g i v e  encouragement 

t h a t  l i g n o c e l l u l o s i c  f r a c t i o n s  of wood-like m a t e r i a l s  such as crop resi.di~es 

may b.e fermented t o  methane fo l lowing  s u i t a b l e  a l k a l i n e  t r ea tmen t .  

3 . 2 . 2  Suppor t ing  S t u d i e s  on Ring Cleavage 

T t  i s  important t o  p o i n t  out s t u d i e s  Lllr auaerublc fe rmenrar ion  

of r a t h e r  complex p l a n t  formed aromatic compnllnrls, such as b i s f lovono idc .  

In 1969, Cheng, Jones ,  Simpson and Bryant (Ref ,  76)  p resented  exper imenta l  

r e s u l t s  on t h e  f i r s t  recorded demonstrat ion of t h e  d e g r a d a t i n n  n f ' t h ~  h ~ t ~ r o c y c l i ~  

r i n g  s t r u c t u r e  of r u t i n  and o t h e r  b io f l avono ids  i n  pure c u l t u r e s  of anaerobic  

b a c t e r i a .  The complex s t r u c t u r e  on some b io f l avono ids  is  given below (Ref, 7 6 ) :  



Q u e r c e t  i n  R=g 

Q u e r c i t r i n  R= Rhamnose 

Rut in  R= Rut inose  

iVar i n g i n  R1 = Rhamnoglucose 

R2 = -H 

R3 = -OH 

Hesper id in  R1 = R u t i n o s e  

S t r u c t u r e  of Some Biof lavonoids  

T h i s  work showed t h a t  microorganisms ( i s o l a t e d  from bovine  rumen) 

a r e  c a p a b l e  of r a p i d  a n a e r o b i c  d e g r a d a t i o n  of t h e  h e t e r o c y c l i c  f l a v o n o i d  

g l y c o s i d e s  r u t i n ,  q u e r c i t r i n ,  n a r i n g i n ,  and h e s p e r i d i n .  S e v e r a l  s t r a i n s  of 

rumen b a c t e r i a  which a c t i v e l y  h y d r o l y z e d . t h e  g l y c o s i d i c  bond of r u t i n  a l s o  

degraded t h e  aglykone.  I n  more r e c e n t  exper iments  t h e  p r o d u c t s  by 

t h e  a n a e r o b i c  d e g r a d a t i o n  of n a r i n g i n  were i d e n t i f i e d .  S p e c i f i c a l l y ,  t h e  

p o s t u l a t e d  pathway f o r  t h e  a n e r o b i c  d e g r a d a t i o n  of n a r i n g i n  i s  g iven  by 

(Ref.  7 7  . 
HO 

I- OH 

N a r i n g e n i n  Kc II 
0 



F u r t h e r  anae rob ic  f e r m e n t a t i o n  t o  methane and carbon d iox ide  occurs  fo l lowing  

t h i s  breakdown of  t h e  more complex s t r u c t u r e s .  

Suppor t ing  s t u d i e s  on t h e  anaerobic  fe rmenta t ion  of o t h e r  complex 

r i n g  compounds a r e  of va lue .  For example, Evans, -- e t  a l . (Re f .  78 ) c a r r i e d  ou t  

exper iments  t o  de te rmine  t h e  b a c t e r i a l  metabolism of  2,4-dichlorophenoxyacetic 

a c i d ,  one of t h e  most wide ly  used of t h e  hormone h e r b i c i d e s .  P o s t u l a t e d  path- 

ways showing t h e  c l eavage  of t h e  benzene r i n g  were p re sen ted .  I n  a  s i m i l a r  

manner t h e  b i o s y n t h e s i s  and degrada t ion  of c a t e c h o l  i n  p l a n t s  h a s  been reviewed 

(Ref.  79 ). W i l l e t t s  and Cain ( ~ e f  .80 ) presented  r e s u l t s  on t h e  m i c r o b i a l  

metabolism of s e v e r a l  a lkylbenzene  su lphonates ,  t h e  major components of com- 

m e r c i a l l y  marketed d e t e r g e n t s .  While an  o x i d a t i v e  convers ion ,  t h i s  work 

f u r t h e r  suppor t s  o t h e r  s t u d i e s  t h a t  m i c r o b i a l  c leavage  of an  a r r a y  of  a romat ic  

compounds i s  f e a s i b l e  . 

It  is of v a l u e  t o  no te  t h e  anaerobic  conversion t o  methane of 

t h o s e  o r g a n i c  a c i d s  such as a c e t i c  a c i d  t h a t  may be  formed when t h e  benzene 

r i n g  is c leaved  i n  t h e  f i r s t  s t a g e  a l k a l i  o x i d a t i o n  s t e p .  While a roma t i c  

a c i d s  w i l l  b e  p r e s e n t  i n  t h e  product  s t ream from t h e  f i r s t  s t a g e  of t h e  pro- 

c e s s ,  t h e r e  w i l l  a l s o  be  produced s u b s t a n t i a l  amounts of low molecular  weight 

a c i d s .  McCarty and Vath (Re-f. 8 1  ) c a r r i e d  ou t  experiments  u s ing  both a c e t i c  

acid aad b u t y r i c  a c i d  as t h e  s o l e  o rgan ic  s u b s t r a t e  t o  anae rob ic  fe rmenters ,  

a long  w i t h  sewage s ludge  d i g e s t e r  e f f l u e n t  a s  n u t r i e n t :  They found t h a t  maxi- 

mum r a t e s  of a c e t i c  a c i d  and b u t y r i c  a c i d  u t i l i z a t i o n  were 21.9 and 13.3 g m l l i t e r l  

day,  r e p s e c t i v e l y .  Moreover, over  99% of t h e  a c e t i c  a c i d  ( t h e  only t o t a l  con- 

v e r s i o n  r epor t ed )  was converted t o  methane and carbon d iox ide .  These above 

r a t e s  of f u e l  gas prnduct inn  f n r  a water so lub le  organic a c i d  a r e  almost t e n  

t imes  g r e a t e r  t han  t h e  maximum r a t e s  obta ined  f o r  complex i n d u s t r i a l  and muni- 

c i p a l  was t e s .  Close c o n t r o l  and ma in ta in ing  optimum environmental  c o n d i t i o n s  

f o r  growth of t h e  microorganisms w a s  c i t e d  as t h e  b a s i s  f o r  t h e s e  high con- 

v e r s i o n  r a t e s  of a c e t i c  and b u t y r i c  a c i d s .  These workers (Ref. 8 1  ) f u r t h e r  

s t a t e  t h a t  t h e r e  appea r s  t o  be no p r a c t i c a l  l i m i t  t o  t h e  p o s s i b l e  r a t e  of 

v o l a t i l e  a c i d  f e rmen ta t ion  t o  methane when proper  environmental c o n d i t i o n s  

a r e  p r e s e n t .  



Temperature P r e t r e a t m e n t  

By s u b j e c t i n g  o r g a n i c  m a t e r i a l s  t o  e x c e s s i v e l y  h i g h  o r  low 

t e m p e r a t u r e s ,  chemical  bonds a r e  broken down t o  y i e l d  a  p roduc t  which i s  more 

e a s i l y  s u s c e p t i b l e  t o  h y d r o l y t i c  a c t i v i t y  d u r i n g  a n a e r o b i c  d i g e s t i o n .  Methods 

used f o r  t empera tu re  p r e t r e a t m e n t  i n c l u d e  b o i l i n g ,  s teaming and f r e e z i n g .  Many 

i n d u s t r i a l  w a s t e s  have a l r e a d y  been t h e r m a l l y  t r e a t e d  d u r i n g  normal p r o c e s s i n g  

(Refs. 82 ,  83 ) and r e q u i r e  no f u r t h e r  h e a t  t r e a t m e n t .  However, i n  t h o s e  

o r g a n i c  m a t e r i a l s  which have n o t  been s u b j e c t e d  t o  t empera tu re  changes  a  re -  

d u c t i o n  i n  b o t h  s t r e n g t h  and d e g r e e  of p o l y m e r i z a t i o n  i s  p o s s i b l e .  Heat treat- 

ment h a s  a l s o  been a p p l i e d  by s teaming  l i g n o c e l l u l o s i c  r e s i d u e s  i n c l u d i n g  s t r a w  

(RrTs. 84-90 ) and wood (Refs .  91 - 941.. Mul le r  found t h a t  steam p r e t r e a t e d  

hardwoods a r e  more e a s i l y  d iges t . ed  by rumina tes  t h a n  t r e a t e d  sof twoods (Ref.  95 ) .  

Bender and co-workers (Refs .  93,94) have  demonstra ted t h a t  a spen  c h i p s  steamed 

f o r  2  h o u r s  a t  100-115 p s i  a r e  r e a d i l y  a c c e p t e d  by sheep a t  up t o  60% of t h e  

t o t a l  r a t i o n .  

Work on aqueous o x i d a t i o n  of l i g n o c e l l u l o s i c  m a t e r i a l  w i t h o u t  

u s i n g  a l k a l i  h a s  been conducted f o r  many y e a r s  by Br ink  and co-workers (Refs .  96 ,97) .  

O v e r a l l ,  t h e  a i r  o x i d a t i o n  o f  p a r t i c u l a t e  wood i n  aqueous s l u r r i e s  from 160- 

220°C and p r e s s u r e s  from 15.3-34.0 atm i n  s t a g e d  r e a c t o r s  r e s u l t s  i n  a c i d  

p r o d u c t  (pH = 2 ) .  A p o r t i o n  of t h i s  p r o d u c t  i s  t h e n  r e c y c l e d  t o  promote hy- 

d r o l y s i s  i n  t h e  f i r s t  s t a g e  u s i n g  f r e s h  .wood c h i p s .  Under a  c o n c e p t u a l l y  

s i m i l a r  r e s e a r c h  program u s i n g  a i r  o x i d a t i o n  w i t h o u t  a l k a l i ,  McGinnfs and o t h e r s  

( R e f s .  98,99,100) have i n v e s t i g a t e d  t h e  "programmed p y r o l y s i s , "  i . e . ,  s t a g e d  re-  

a c t i o n ,  of p i n e  b a r k ,  b u t  a t  somewhat more s e v e r e  c o n d i t i o n s  (200-600°C) t h a n  

Brink.  It would appear .  t h a t  t h e  r e a c t i o n  p r o d u c t s  from cooking t h e  wood c h i p s  

and b a r k ,  l i k e  c rop  r e s i d u e s ,  would be  w e l l  s u i t e d  f o r  a n a e r o b i c  f e r m e n t a t i o n  

t o  a  f u e l  g a s .  These r e s u l t s  may w e l l  p o i n t  t o  p r o c e s s i n g  technology f o r  c r o p  

r e s i d u e s  riot r equ i r in .?  t h e  added cos t  of ch@mica l s .  



3.4 S i z e  Reduct ion of C r o ~  Residues 

Although crop  r e s i d u e s  o f t e n  have a l r e a d y  undergone some s i z e  

r e d u c t i o n  dur ing  h a r v e s t i n g  o p e r a t i o n s ,  f u r t h e r  r educ t ion  i s  advantageous 

t o  i n c r e a s e  deg rada t ion  r a t e s .  I n v e s t i g a t i o n  of t h e  e f f e c t s  of t h e  p h y s i c a l  

m o d i f i c a t i o n  of c e l l u l o s i c  m a t e r i a l s  on t h e i r  d i g e s t i b i l i t y  by ruminant - 
i n h i b i t i n g  microorganisms have i n d i c a t e d  t h a t  e i t h e r  f i n e  g r i n d i n g  o r  b a l l  

m i l l i n g  i s  t h e  most e f f e c t i v e  t r ea tmen t '  t o  date f o r  i n c r e a s i n g  d i g e s t i b i l i t y  

of  wood and o r h e r  c e l l u l o s i c  material (Ref.  101) .  B a l l  m i l l i n g  n o t  on ly  r e -  

s u l t s  i n  a  r e d u c t i o n  i n  p a r t i c l e  s i z e  b u t  a l s o  a  r educ t ion  i n  c r y s t a l l i n i t y ,  

a r e d u c t i o n  i n  mean degree  of  po lymer iza t ion ,  and a marked i n c r e a s e  ' i n  t h e  

f r a c t i o n  of m a t e r i a l  t h a t  i s  water  s o l u b l e .  The i n c r e a s e  i n  s i z e  r e d u c t i o n  

i n c r e a s e s  t h e  a v a i l a b l e . s u r f a c e  of bo th  amorphous and c r y s t a l l i n e ' c e l l u l o s e ,  

t h u s  i n c r e a s i n g  a c c e s s i b i l i t y  t o  t rea tment  by l a r g e  enzyme molecules  (Refs .  

102-108). Data r e p o r t e d  by 14andels - e t  -- a l .  (Ref. 109) on t h e  d i g e s t i b i l i t y  

of m i l l e d  c e l l u l o s e  i n  r e l a t i o n  t o  time m i l l e d  i n d i c a t e  t h a t  a  l i n e a r  r e l a t i o n -  

s h i p  e x i s t s  between i n c r e a s e  i n  d i g e s t i b i l i t y  and i n c r e a s e  i n  m i l l i n g  t ime.  

X i l l e t t  -- e t  al .  (Ref.  110) n o t e s ,  however, t h a t  t h e  degree  of e f f e c t i v e n e s s  

of b a l l  m i l l i n g  v a r i e s  cons ide rab ly  w i t h  d i f f e r e a r  m a t e r i a l s .  

Nelson -- ec a l .  ( R e f .  I l l )  have s t u d i e d  the ef fec t  of size re.." 

d u c t i o n  p re t r ea tmen t  of crop r e s i d u e  on f u e l  gas  product ion  by anae rob ic  f e r -  

menta t ion .  Corn s t o v e r  was chopped us ing  a  s i l a g e  shi-edder t o  3mesh and ground 

t o  a  200 mesh f l o u r  w i t h  a rod m i l l .  Wheat s t r a w  wa.s chopped and ground wi th  

a  hammer m i l l  t o  3  and 16 mesh. P a r t i a l l y  d iges t ed  sewage s ludge  was added 

t o  each s i z e  reduced crop  r e s i d u e s  t o  provide  t h e  a d d i t i o n a l  n i t r o g e n  r equ i r ed  

f o r  d i g e s t i o n  and a s  inoculum of anae rob ic  microorganisms. Each r e s i d u e  

was t e s t e d  a t  f e rmen ta t ion  tempera tures  of 28' t o  30°C (mesophi l ic )  and 50' 

t o  5S0c ( the rmoph i l i c ) .  The ground co rn  s t o v e r  produced 48% more f u e l  gas  

a t  mesophi l ic  c o n d i t i o n s  and only .15Z more than  chopped s t o v e r  a t  thermophi l ic  

tempera ture .  S i z e  r e d u c t i o n  of wheat s t r aw  f o r  enhanced f u e l ' p r o d u c t i o n  was 

1 , e s s ' s i g n i f i c a n t ;  ground s t r a w  y ie lded  an  11% i n c r e a s e  a t  mesophi l ic  tempera ture  

and no i n c r e a s e  a t  thermophi l ic  tempera ture .  



I n  c o n t r a s t ,  P f c f f e r  (Ref. 112) has  found no inc rease  i n  bio-  

conversion e f f i c i e n c y  of corn s t o v e r  mi l led  t o  28 mesh. Mechanical s i z e  

reduc t ion  can s i g n i f i c a n t l y  i n c r e a s e  c a p i t a l  and ope ra t i ng  c o s t s  of a pre-  

t rea tment  process .  It  i s  necessary t o  i n v e s t i g a t e  f u r t h e r  t h e  e f f e c t  of 

s u b s t r a t e  s i z e  r educ t ion  on f u e l  gas  product ion i n  order  t o  eva lua t e  c o s t  

e f f e c t i v e  op t ions .  
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Sec t ion  4 

ANAEROBIC .DIGESTION 

T r a d i t i o n a l l y  , anaerobic  d i g e s t i o n  has  been used a s  a t r e a t -  

ment process  f o r  i n d u s t r i a l  and municipal  wastes .  Fundamental knowledge of 

t h e  process  has  grown o u t  of t h e  waste  t rea tment  i ndus t ry .  Advancement i n  

anaerobic  d i g e s t i o n  technology,  combined w i t h  increased  energy c o s t s ,  ha s  l ed  

t o  an adap ta t i on  of t he  concept f o r  t h e  conversion of biomass t o  methane a s  

t h e  primary product .  

An ex t ens ive  d i s cus s ion  of anaerobic  d i g e s t i o n  concepts  was 

presented by Ashare and Wilson (Ref.113 ) The choice  of p rocess  t o  be 

u t i l i z e d  wi th  a crop r e s i d u e  i s  dependent on composition of t h a t  r e s i d u e  a s  

w e l l  a s  t h e  s c a l e  of t h e  process .  I n  t h i s  s e c t i o n ,  t e c h n i c a l  d e s c r i p t i o n s  

a r e  presen ted  f o r  cont inuous plug flow and CSTR concepts  and f o r  a ba tch  

design.  I n  Sec t ion  6 ,  t h e  base- l ine  d i g e s t i o n  processes  used f o r  small farm, 

coopera t ive ,  and u t i l i t y l i n d u s t r i a l  s i z e s  a r e  d i scussed .  Va r i a t i ons  from 

t h e s e  base l i n e  des igns  a r e  d i scussed  i n  Sec t ion  7 ,  i n  which a s e n s i t i v i t y  

a n a l y s i s  i s  presen ted .  

4 .1  Continuous Diges t ion  Process  

Continuous d i g e s t i o n  can be c a r r i e d  o u t  i n  e i t h e r  a plug f low . 

o r  cont inuous s t i r r e d  tank r e a c t o r  (CSTR). The major d i f f e r e n c e  between 

t h e s e  is  t h a t  f o r  t h e  plug flow system each p a r t i c l e  has  t h e  same r e s idence  

t i m e  i n  t h e  r e a c t o r ,  whereas, f o r  t h e  CSTR t h e r e  is  a broad d i s t r i b u t i o n  of 

r e s idence  t imes.  Experience wi th  continuous anaerobic  d i g e s t i o n  systems 

has  been p r i m a r i l y  wi th  t h e  CSTR, and l a r g e  CSTR d i g e s t e r s  a r e  i n  ope ra t i on ,  

e.g.., sewage t rea tment  d i g e s t e r s . .  The plug f low concept i s  s t i l l  i n  develop- 

ment. Jewel1 -- e t  a l .  (Ref. 114 ) a r e  i n v e s t i g a t i n g  t h e  plug f low anaerobic  

d i g e s t i o n  of d a i r y  cow manure. 



Appl i ca t ions  of t h e s e  concepts  t o  d i g e s t i o n  of crop r e s i d u e s  

on a l a r g e  s c a l e  i s  r a r e .  P f e f f e r  and Quindry (Ref.112 ) have i n v e s t i g a t e d  

d i g e s t i o n  of  corn s t o v e r  i n  200 g a l .  s t i r r e d  t ank  r e a c t o r s ,  and have noted 

d i f f i c u l t y  i n  handl ing  h i g h  s o l i d s  con ten t  feed .  Jewel1 e t  a l .  (Ref. 114)- 

have observed on a  p i l o t  p l a n t  s c a l e  t h a t . p l u g  f low digesti .on of manure wi th  

wheat s t r a w  r e s u l t e d  i n  o p e r a t i n g  problems due t o  s t raw f l o t a t i o n .  It i s  a?- 

pa fen r  t h a t  more I a r g e r  s c a l e  development work f s  neces sa ry ,  t o  determine 

both  optimum d i g e s t i o n  c o n d i t i o n s  and m a t e r i a l  handl ing  p r o p e r t i e s .  

4 .1 .1  K i n e t i c s  of  Continuous Diges t ion  

I f  i t  i s  assumed t h a t  t h e  d i g e s t i o n  p roces s  fo l lows  f i r s t  o r d e r  

k i n e t i c s ,  a d e s c r i p t i o n  of e i t h e r  plug f low o r  CSTR i s  ob ta ined  u t i l i z i n g  

chemical  r e a c t i o n  eng inee r ing  theory  (Ref. 115 ) For f i r s t  o r d e r  k i n e t i c s  

where CB i s  t h e  c o n c e n t r a t i o n  of b iodegradable  v o l a t i l e  s o l i d s ,  k is t h e  

f i r s t  o r d e r  r e a c t i o n  r a t e  c o n s t a n t ,  and t is t i m e .  A m a t e r i a l  ba l ance  

can  be performed around t h e  r e a c t o r ,  

m a t e r i a l  o u t  = m a t e r i a l  i n  - n i a t e r i a l  r eac t ed  

which  give^, f o r  t h e  CSTR 

and f o r  t h e  plug f low systcm 

- 
CBe - CBo exp (- kr) 



where CBo i s  t h e  i n l e t  concent ra t ion ,  CBe i s  t h e  e x i t  concent ra t ion ,  and T 

is  t h e  hydrau l i c  r e t e n t i o n  time (defined by r e a c t o r  volume + i n l e t  volumetr ic  

flow r a t e ) .  A comparison of Eq. (4.2) and (4.3) i n d i c a t e s  t h a t  f o r  t h e  same 

r e t e n t i o n  time, t h e  plug flow system w i l l  r e s u l t  i n  a  g r e a t e r  s u b s t r a t e  u t i -  

l i z a t i o n ,  i . e . ,  a  lower e x i t  concent ra t ion .  

The gas product ion i s  given by 

and 

G~~~~ = A C ~ ~ [  1-exp ( - k ~ )  1 

where A i s  t h e  volume of gas produced per  mass converted.  

The r a t e  of gas  product ion i s  found from t h e  d e r i v a t i v e s  of Eqs. 4.4 and 4.5 

(with r e s p e c t  t o  T ) ,  

G 
PLUG 

= ACBok exp ( - k ~ )  (4.7) 

w l ~ t l t t :  G IS t h e  volume of gas  produced per  r e a c t o r  volume pe r  day (WD). 

Experimental d a t a  a r e  used t o  determine C and k i n  o rde r  t o  
Bo 

use  t h e  above r e l a t i o n s h i p s  f o r  system des ign .  The va lue  of CBo can be ob- 

t a ined  from d i g e s t i o n  r e s u l t s  by e x t r a p o l a t i o n  t o  i n f i n i t e  r e t e n t i o n  time. 

The r e a c t i o n  r a t e  cons tan t  k can be  determined by f i t t i n g  d i g e s t i o n  da t a  t o  

Eq. 4.4 o r  4.6 and using a  l e a s t  squares  r eg re s s ion  a n a l y s i s .  Descr ip t ions  

of t h e s e  techniques a r e  presented by Ashare e t  a l .  (Ref. 116 ) and P f e f f e r  -- 
and Quindry (Ref. 112 ) . 



Ashare -- e t  a l .  (Ref. 116 ) have shown t h a t  a n  Arrhenius t y p e  

r e l a t i o n s h i p  e x i s t s  f o r  k ,  

k = ko exp (- E,/ RT) (4.8) 

9  -1 
where ko = 5.9 x 10 days and t h e  a c t i v a t i o n  energy,  E is approximately 

a  ' 
15 kca l /mo le .  (R is  t h e  gas  cons t an t  and T is t h e  a b s o l u t e  tempera ture) .  

T h i s  r e s u l t  is  a n  average  f o r  many d i f f e r e n t  sou rces  of biomass. For a  

s p e c i f i c  biomass and d i g e s t i o n  cond i t i ons  i t  is  p o s s i b l e  t h a t  t h e  r a t e  con- 

s t a n t  w i l l  d e v i a t e  from t h a t  p red ic t ed  by Eq. 4.8. For example, f o r  a 

tempera ture  of 5g°C, Eq .  4.8 g ives  k = 0.61 days-', whereas P f e f f e r  and 

Quindry  (Ref. 112)  ob ta ined  a  va lue  of 0.25 day'' f o r  d i g e s t i o n  of co rn  

s t o v e r  a t  5g°C. This  d i f f e r e n c e  i s  s i g n i f i c a n t  and l e a d s  t o  t h e  conc lus ion  

t h a t  exper imenta l  r e s u l t s  should be  u t i l i z e d  r a t h e r  t h a n  a  g e n e r a l i z e d  

r e l a t i o n s h i p  such a s  Eq .  4.8. 

4 .2  Batch Diges t ion  Yrocess 

The use  of low c a p i t a l  c o s t  "hole  i n  t h e  ground" ba t ch  d i g e s t i o n  

systems have been proposed f o r  use  wi th  crop r e s i d u e s .  Th i s  approach i s  

s i m i l a r  t o  d i s p o s a l  of municipal  s o l i d  r e f u s e ,  w h i c h  has traditionally bee11 

acc3mplished i n  s a n i t a r y  l a n d f i l l s .  Recent ly,  I n t e r e s t  i n  t h i s  p roces s  has  

extended t o  t h e  p roduc t ion  of methane from biomass w i i h  a  h igh  s o l i d s  con- 

t e n t ,  such a s  food p roces s ing  was tes  and a g r i c u l t u r a l  r e s i d u e s .  

The f i r s t  formal ized  d e s c r i p t i o n  of t h e  s a n i t a r y  l a n d f i l l  method 

of  d i s p o s a l  was i n  t h e  form of a n  ASCE Committee r e p o r r  publ i shed  i a  1959. 

The o p e r a t i o n a l  procedures  drawn up i n  t h e  r e p o r t  a r e  summarized i n  the ASCE 

d e f i n i t i o n  of a s a n i t a r y  l a n d f i l l ,  which is: "Sani ta ry  l a n d f i l l i n g  i s  a 

method of d i spos ing  r e f u s e  on land  wi thout  c r e a t i n g  nuisances  o r  hazards  t o  

p u b l i c  h e a l t h  o r  s a f e t y ,  by u t i l i z i n g  t h e  p r i n c i p l e s  of engineer ing  Cu con- 

f i n e  t h e  r e f u s e  t o  t h e  s m a l l e s t  p r a c t i c a l  volume, and t o  cover  i t  wi th  a  l a y e r  



of e a r t h  a t  t h e  cor ic lus ion o f  each  d a y ' s  o p e r a t i o n  o r  a t  much more f r e q u e n t  

i n t e r v a l s  t h a n  may b e  necessa ry . "  (Ref .117 1. The g u i d e l i n e s  were  geared  

toward a e s t h e t i c s  and d i d  n o t  t a k e  i n t o  c o n s i d e r a t i o n  the '  p o s s i b i l i t y  of 

p o l l u t i o n  of t h e  su r rounding  a tmosphere  and groundwater .  

Anaerobic  c o n d i t i o n s  u s u a l l y  e x i s t  i n  a l l  b u t  t h e  t o p  1 0  f e e t  

of a  l a n d f i l l ,  r e s u l t i n g  i n  t h e  p r o d u c t i o n  o f  g a s e s  and l e a c h a t e s .  Lack of 

c o n t r o l  of t h e s e  con taminan ts  h a s  r e s u l t e d  i n  f i r e s  (Refs.118,119) s u f f o c a t i o n  

(Ref.120 ) ,  ground w a t e r  d e g r a d a t i o n  a f f e c t i n g  a c i d i t y ,  a l k a l i n i t y  and h a r d n e s s  

(Refs .121,122) ,  d e s t r u c t i o n  of v e g e t a t i o n  (Ref .123) ,  and d i s c h a r g e  of micro- 

organisms (Ref .122) .  Consequently a g r e a t  d e a l  of r e s e a r c h  on t h e  p r o d u c t i o n  

of g a s e s  and l e a c h a t e s  from decomposing r e f u s e  h a s  been c a r r i e d  o u t  w i t h  t h e  

o b j e c t i v e  o f  i d e n t i f y i n g  methods f o r  t h e i r  c o n t r o l .  

A p a t t e r n  of b i o g a s  p r o d u c t i o n  i n  r e l a t i o n  t o  t h e  age  of a land-  

f i l l  h a s  been c a t e g o r i z e d  i n t o  f o u r  phases  ( ~ e f s . l 2 3 a , 1 2 4 ) .  The i n i t i a l  a e r o b i c  

phase is  s h o r t ,  l e a d i n g  i n t o  t h e  second phase  of h i g h  ca rbon  d i o x i d e  p r o d u c t i o n  

a t  approx imate ly  a  molar e q u i v a l e n t  t o  t h e  oxygen consumed s o  t h a t  l i t t l e  

n i t r o g e n  i s  d i s p l a c e d .  I n  t h e  a n a e r o b i c  non-methanogenic phase ,  a carbon 

d i o x i d e  "bloom" o c c u r s  a s  o r g a n i c  a c i d  p r o d u c t i o n  p roceeds .  These blooms 

which may produce as much as 90% CO have been r e p o r t e d  t o  occur  a f t e r  11 
2 

days  (70% c o 2 ) ' a n d  23 days  (50% C02) (Ref.125 ) and a f t e r  40 days  (90% C O ~ )  

(Ref.126 1. Hydrogen p r o d u c t i o n  i n c r e a s e s  and n i t r o g e n  d i sp lacement  u s u a l l y  

i n c r e a s e s  d r a m a t i c a l l y .  In the t h i r d  phase ,  methanogenesis  a c t i v i t y  b e g i n s  

and methane c o n c e n t r a t i o n s  i n c r e a s e  as ca rbon  d i o x i d e  and hydrogen l e v e l s  

d e c r e a s e .  T h i s  s t e a d y - s t a t e  phase  has. b.een found t o  occur  as e a r l y  as 180 

days  a f t e r  f i l l i n g  o p e r a t i o n s  began (Ref -127 ) , 250 days  (Ref .128) o r  as l a t e  

as 500 d a y s  (Ref.  126 ) The f o u r t h  s t e a d y - s t a t e  phase  of methane p r o d u c t i o n  

o c c u r s  c o n s i d e r a b l y  l a t e r  and r a n g e s  from 50 - 70% CH4 (Rrfs.126,127, 129) .  

P r e t r e a t m e n t  o p e r a t i o n s  which a f f e c t  t h e  r a t e  of g a s  p r o d u c t i o n  i n  l a n d f i l l s ,  

such  a s  p a r t i c l e  s i z e  r e d u c t i o n ,  c l a s s i f i c a t i o n  and a l a k a l i n e  p r e t r e a t m e n t ,  

a r e  d i s c u s s e d  I n  S e c t i o n  3 .  These o p e r a t i o n s  a r e  performed b e f o r e  d e p o s i t i o n  



of t h e  o rgan ic  m a t t e r  i n t o  t h e  l a n d f i l l  t o  c o n t r o l  p h y s i c a l  and chemical  

r e a c t i o n s  t ak ing  p l a c e  w i t h i n  t h e  system. 

It h a s  r e c e n t l y  been proposed t h a t  enhancement of mic rob ia l  

a c t i v i t y  can  be  achieved by r e c y c l i n g  l e a c h a t e  through t h e  decomposing r e f u s e .  

The l e a c h a t e  which accumulates  a long  a n  impermeable b a r r i e r ,  such a s  a c l a y  

subs t r a tum,  is  c o l l e c t e d  and recyc led  w i t h  t h e  r e f u s e  c e l l s .  A comprehensive 

l a b o r a t o r y  s tudy  o i  t h i s  technique  began i n  1471 a t  t h e  Georgia Ins~iruce 

of Technology under  t h e  d i r e c t i o n  of D r .  Fred Pohland, f o r  t h e  purpose of 

a c c e l e r a t i n g  p o l l u t a n t s  from t h e  l e a c h a r e  (Ref. 130 ) .  Rec i r cu la t ed  l e a c h a t e  

was pumped back through t h e  f i l l  and allowed t o  p e r c o l a t e  through t h e  r e f u s e .  

A f t e r  11 weeks r e f u s e  removed from t h e  f i l l  i n d i c a t e d  t h a t  decomposition had 

proceeded a t  a  more r a p i d  pace i n  t h e  f i . 1 1  r e c e i v i n g  r ecyc led  l e a c h a t e  t han  

i n  t h e  c o n t r o l  f i l l  where t h e  l e a c h a t e  w a s  wasted.  Carbon r e d u c t i o n  and 

v o l a t i l e  s o l i d s  r e d u c t i o n  w a s  g r e a t e r  i n  t h e  exper imenta l  f i l l  t han  i n  t h e  

c o n t r o l  (Ref. 1 3 1  ). 

The economic succes s  of gas  e x t r a c t i o n  from e x i s t i n g  l a n d f i l l s  

h a s  l e d  t o  c u r r e n t  i n t e r e s t  i n  i n c r e a s i n g  l a n d f i l l  gas  y i e l d s  from munic ipa l  

s o l i d  was t e s  and o t h e r  sou rces  of biomass. Attempts a r e  be ing  made t o  ac- 

c e l e r a t e  b iodegrada t ion  r a t e s  of l a n d f i l l  was tes  and hence, gas  product ion  

rates, by p r e t r e a t i n g  t h e  r e f u s e  be fo re  d e p o s i t i o n  i n t p  t h e  l a n d f i l l ,  and 

enhancing m i c r o b i a l  metabolism dur ing  decomposition. The concept  of a "con- 

t r o l l e d  l a n d f i l l "  i m p l i e s  c o n s t r u c t i o n  and d a i l y  o p e r a t i o n  of t h e  l a n d f i l l  

f o r  t h e  purpose of a t t a i n i n g  high methane y i e l d s .  Th i s  "con t ro l l ed  l a n d f i l l "  

t echn ique  i n c o r p o r a t e s  an admixture of n u r r i e n t s ,  b u f f e r ,  and irloculum 

w i t h  t h e  biomass sou rce  (Ref.132 ). Recent l a b o r a t o r y  s c a l e  experiments  

w i t h  munic ipa l  s o l i d  was t e  mixed with d iges t ed  sewage s ludge  C lnoculum 

and n u t r i e n t  supply)  and b u f f e r  have r e s u l t e d  i n  approximately 60% biomass 

convers ion  a f t e r  6  months a t  mesophil ic  cond i t i ons  (Ref. 133) .  Jewel1 

e t  a l .  (Ref.114 ) have shown s i m i l a r  r e s u l t s  wi th  wheat s t r a w  mixed w i t h  -- 
d i g e s t e d  d a i r y  manure e f f l u e n t  and u t i l i z i n g  l e a c h a t e  r e c y c l e .  These r e s u l t s  



were a t  mesophilic cond i t i ons ,  wi th  20% s o l i d s  and approximately 15 l b l f t  3 

d e n s i t y  of s o l i d s  i n  t h e  r e a c t o r .  

The r e s u l t s  wi th  t h e  "cont ro l led  l a n d f i l l "  concept wi th  both 

municipal s o l i d  waste  and wheat s t raw i n d i c a t e  t h e  p o t e n t i a l  of t he  process .  

However, a d d i t i o n a l  experimentat ion i s  necessary t o  determine the  k i n e t i c s  

of high s o l i d s  d i g e s t i o n .  

4 .2.1 K ine t i c s  of Batch Digest ion 

The r a t e  of s u b s t r a t e  removal i n  a  d i g e s t i o n  process  is  assumed 

t o  be given by Eq. (4 .1) .  This  is  a p p l i c a b l e  t o  both ba t ch  and cont inuous 

processes .  For a  ba tch  process  t he  s u b s t r a t e  concent ra t ion  a f t e r  time , t ,  i s  

given by 

and t h e  t o t a l  gas product ion is given by 

= ACBo [l-exp (-kr) ] G ~ a t c h ,  t o t a l  (4 . l o )  

where A i s  t h e  gas produced per  mass of biomass converted.  T h i s  3.s the 

same f o r  t h e  plug flow system. The r a t e  of gas  product ion ,  WD,found from 

the d e r i v a t i v e  of Eq. 4.10, decreases  wi th  t ime and i s  propor t iona l  t o  
-k-r 

e  ( t h i s  i s  t h e  same a s  Eq.  4 .7) .  Experimental r e s u l t s  i n d i c a t e  t h a t  

t h e r e  i s  f i r s t  an inc rease  of gas product ion r a t e  wi th  time followed by a  

decrease.  This  d i f f e r e n c e  between p r a c t i c e  and theory is  due t o  t h e  assumption of 

f i r s t  o rder  k i n e t i c s  f o r  t h e  theory.  This  assumes t h a t  t h e  microorganism 

l e v e l ,  v o l a t i l e  a c i d  concent ra t ion ,  pH, n u t r i e n t s ,  and o t h e r  d i g e s t i o n  con- 

d i t i o n s  are a t  t he  app ropr i a t e  level f o r  f i r s t  o rde r  k i n e t i c s  t o  be app l i cab le .  

I n  p r a c t i c e , - i t  i s  d i f f i c u l t  f o r  such a batch experiment t o  be e s t a b l i s h e d  

a t  i n i t i a t i o n ,  and t h e r e f o r e  a  time delay and lower gas  product ion a r e  ob- 

served i n i t i a l l y .  



Another important aspect of the theory is determination of the 

rate constant, k, as discussed in Section 4.1.1. For high solids digestion, 

it is expected that the type of relationship presented in Eq. 4.8 will still 

be valid, incorporating the same activation energy, E, but with a lower value 

for ko. Data are not available for determination of E and k for high solids 
0 

digestion of crop residues at various temperatures. 

The need of such data ic readily apparent for system design. ,Masr 

experimental results for high solids digestion were presented for constant 

temperature from initiation to completion. In practice, however, a landfill 

system will start at ambient temperature and will increase in temperature 

due to heat of reaction associated with methane production. This increased 

temperature will then give a higher rate of gas production. This temperature- 

gas production change with time needs to be determined in more detail. 

4.2.2 Consideration of Thermal Effects in Landfills 

It is to be expected that crop residues will be landfilled at 

ambient temperature. If this temperature is 55OF ("cave temperature") and 

the residue remains at this temperature, digestion rare at an activation 

energy, E of 15 kcal will be 13% of that at 98OF. This would imply a a ' 
stabilization time requirement of at least 10-15 years for digestion of the 

fill material based on experience with municipal solid waste. This assumes 

that the methane evolution profile of filled material is the same as that 

for the tested municipal solid waste, and that the ultimate yield 1'3.10 ft 3 

(STP)/lb volatile solids] is the same as that for tested municipal solid 

waste. 

However, methanogenesis is exothermic and advantage may be taken 

of the heat of methanogenesis which will warm up the landfill, substantially 

accelerating digestion. m e  heat of methanogenesis is about 13 kcallg mol 

(65 B~U/SCF CH4) .  Although low, this heat is significant. The heat evolved 



will warm up the fill material and be lost by water evaporation, a minor con- 

sideration below 120°F, and by conduction to the environment. 

Some estimates of the magnitude of the,contribution of the 

heat 'of methanation may be made based on likely values for fill thermal 

conductivity, heat capacity, thermal conductivity and heat capacity of the 

environment (including surrounding soil), and fill geometry. Fill geometry 

must be such that heat loss by conduction is minimized and heat retention 

by the fill is maximized. Heat loss due to convection associated with 

evaporated water and product gas leaving is unavoidable. It is to be noted 

that the purpose of these calculations are useful in determining how large 

and deep the fill must be to give valid operating data. 

It is further assumed that the fill has a content of 25% solids 

by weight. Since over half is water (k = 0.33 ~tu/ft.hr."F), but some voids 

will be, present, k is estimated at 0.25 Btu/ft..hr. OF or 6 Btu/ft .dayO~. The 

conductivity is not likely to be much higher, but could be considerably lower 

with a significant void fraction. 

The steady state fill temperature in the center of the fill may 

be computed as a function of depth, assuming no edge effects and that the 

top and bottom of the fill are a. t  ambient temperature, as follows (Ref.134 ) :  

3 where = rate of heat generation, 65 Btu/ft reactorlday 

D = depth of fill, feet 

k = thermal conductivity of fill, Btu/ft day OF 

TF- TA = temperature of fill center above ambient 

B = methane production rate, WD 

Thus, it may be calculated for a 10 foot deep fill and :<. = 0.128, 



T h i s  cal .cul .at . ion i n d i c a t e s  t h a t  the f i .11 c e n t e r  a t  s t e a d y - s t a t e  

w i l l .  b e  1.7 OF abovc ambient  ; a n  n l t c r n a t i v e  way of expressing t h e  r e s u l t  is 

t h a t  i f  t h e  f i l l  c e n t e r  were  17  OF above ambient  w i t h  = 0.1.28 WD (4 = 8 . 3 3  
3 

B t u l f t .  d a y ) ,  a 1 1  h e a t  g e n e r a t e d  w i l l .  be l o s t  t o  t h e  s u r r o u n d i n g s  l e a v i n g  no 

h e a t  a v a i l a b l e  t o  f u r t h e r  w a r m  t h e  Fil.1. ALso,as d i g e s t i o n  rate s lows  w i t h  

i n c r e a s i n g  c o n v e r s i o n ,  h e a t  w i l l  l e a k  rapid1.y and f i l l  t e m p e r a t u r e  would be 

e x p e c t e d  t o  t r e n d  toward ambien t .  

Ftjr  a  20-foot deep  f i l l ,  t h e  same calculaL-.ion shows t h a t  AT = 

70°F.  T l ~ e  f i l  1. w i  1.1, n o t  usun1.l.y rcnc:l, suc:h a t empera t t l r e  b e f o r e  di.!:cstic)n 

is  comple ted .  P l a c i n e  t h i s  resu1.t i n  a n o t h e r  n e r s p e c t i v e ,  502 of t h e  h e a t  

o f  t h e  m e t h a n o e e n e s i s  wou1.d b e  l o s t  i f  .in t h e  c e n t e r  o f  t h e  f i l l  were  3 0 ' ~  

above ambient  and t h e  s u r f a c e  uni.nsul.at.ed. Thc b a l a n c e  of t h e  h e a t  

would be  a v a i l a b l e  t o  f r ~ r t h e r  warm t h e  f i l l . .  

The e f f e c t  o f  c o n d u c t i o n  f rom t h e  t o p  and bo t tom of t h e  F i l l  

s h o u l d  be  c o n s i d e r e d .  C l e a r l y ,  t h e  t o p  s u r f a c e  of t h e  f i1 . l  w i l l  b e  a t  ambient  

t e m p e r a t u r e  i f  t h e r e  i s  no i n s u l a t i o n  e x c e p t  a  t h i n  gas-impermeable membrane. 

I f ,  however,  t h e  f i l l  i s  covered  w i t h  l o o s e  sand o r  e a r t h  (k=3 B t u l d a y - f t o 0 F )  
2 

t o  n d e p t h  o f  2  tee^ L O  g i v e  h - 1 . 5  Btu/ft.dayFIZ, t h e  h e a t  lhss from the 

s u r f a c e  i n s u l a t i o n  may be s u b s t a n t i a l l y  reduced .  I f ,  as i n  rtle p r e v i o u s  

example I) = 8.3 13tu/f t3  day and t h e  ha1. t -cel l  Jeprh 1s 10 [err (D 201, t h e  

s u p p o r t a b l e  AT a c r o s s  t h e  sand . : n s u l a t i o n  w i l l  be 60°F. T h i s  s u r f a c e  l a y e r  
2  

c o n d u c t a n c e  i s  0 .67 f t  OF d a y / h t u .  Heat l o s s  th rough  t h e  e a r t h  u n d e r l y i n g  

t h e  f i l l  may be e s t i m a t e d  t o  a  f i r s t  approx imat ion  by h e a t  t r a n s f e r  t o  a f l a t  

p l a n e  of i n [ - i n i t e  d e p t h  h a v i n g  a v e r a g e  p r o p e r t i e s  o f  t h e  e a r t h ' s  s u r f a c e  

a f t ~ r  i t  i.3 o u b ~ c c t e d  t o  a s t e p  change ( t h i s  c a l c u l a t i o n  is  a l s o  a p p r o x i m a t e ) ,  

a s  f o l l o w s  ( R e f . 1 3 4  ) :  

where:  k  = 23 R t u / f t  dayOF ( a v e r a g e  of e a r t h ' s  c r u s t )  

AT = t e m p e r a t u r e  d i f f e r e n c e  between f i l l  and b u l k  e a r t h  
2 

a = t h e r m a l  d i f f u s i v i t y ,  k / c  f o r  e a r t h ' s  c r u s t  = 0.46 k t  /day 
P  

8 = t i m e ,  d a y s  

7 4 



From t h i s  i t  may be c a l c u l a t e d  t h a t :  

The va lue  f o r  h  wi th  t h i s  approximation w i l l  be  time-dependent; 
2 .  2 a t  30 days, h  = 3 .2  B t u / f t  day°F and a t  180 days,  h  = 1.27 B tu / f t  F day. This  

c a l c u l a t i o n  simply i n d i c a t e s  t h a t  l o s s  through t h e  bottom of t h e  f i l l  is  of 

t h e  same o rde r  a s  through t h e  top  over  gas  product ion d u r a t i o n s  of a  few 

months t o  a  few yea r s .  Taking i n t o  account t h e  thermal  r e s i s t a n c e  of t h e  

top  of a  covered (uninsula ted)  f i l l ,  r e s i s t a n c e  of t h e  underlying e a r t h ,  

and of t h e  f i l l  i t s e l f ,  t h e s e  c a l c u l a t i o n s  suggest  t h a t  f o r  a 20 f o o t  deep 

f i l l  whose c e n t e r  i s  35OF above ambient,  l e s s  than 15% of t h e  h e a t  generated 

w i l l  be  l o s t  t o  t h e  environment. 

It is  c l e a r  t h a t  t h e  top  of t h e  f i l l  should be i n s u l a t e d  i n  o rde r  

t o  ensure t h a t  f i l l e d  m a t e r i a l  does not  cool  near  t h e  s u r f a c e  and r e q u i r e  an  

unacceptably long time f o r  d i g e s t i o n .  Typical  e a r t h  a t  t h e  bottom of t h e  

f i l l ' w i l l  a c t  a s  an  e f f e c t i v e  i n s u l a t o r .  It i s  a l s o  c l e a r  t h a t  t h e  f i l l  

should be l a r g e  and deep i n  order  t o  t a k e . p r a c t i c a 1  Advantage of t h e  warming 

due t o  methanogenesis t o  a c c e l e r a t e  t h e  r e a c t i o n .  Given t h e  unce r t a in ty  a t  

t h i s  s t a g e  i n  va lues  t o  use  f o r  thermal conduct iv i ty  of f i l l  m a t e r i a l  as w e l l  

a s  l o s s e s  through f i l l  f a c e s ,  i t  i s  only p o s s i b l e  t o  s t a t e  t h a t  i t  appears  

t h a t  t h e  depth of f i l l  should be a t  l e a s t  20 f e e t .  It  is  c l e a r  t h a t  t h e  h e a t  

of r e a c t i o n  i s  more completely r e t a incd  the deeper Ll~r Iill; i n  face ,  con- 

d i t i o n s  a t  mid-depth i n  t h e  f i l l  d e v i a t e  from a d i a b a t i c  ( . i .e. ,  tend toward 

t h e  temperature of t h e  surroundings)  approximately i n v e r s e l y  a s  t h e  square  

of t h e  f i l l  depth. A f u r t h e r  cons idera t ion  i s  t h a t  t h e  f i l l  should be of 

l a r g e  a r e a ,  say 100 x 100 f e e t ,  t o  minimize s i d e  o r  edge e f f e c t s .  This  com- 

p l ex  s i t u a t i o n  can be modeled much more exac t ly  wi th  knowledge of c o r r e c t  

va lues  of re1 want  parametera and d e t a i l e d  t l i e~ lua l  modeling procedures.  
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Scct ion  5 

BASIS OF ECONOMIC ANALYSIS 

To ensu re  an o b j e c t i v e  and e q u i t a b l e  economic eva lua t ion  of 

t h e  va r ious  processes  analyzed i n  t h i s  program, a  c o n s i s t e n t  and uniform 

s e t  of cos t  e s t ima t ing  c r i t e r i a  must be app l i ed .  Commonly used methods f o r  

p r o f i t a b i l i t y  eva lua t ion  inc lude  r a t e  of r e t u r n  on investment ,  discounted cash 

flow, p re sen t  worth,  and payout per iod .  Another method which has  been used 

prev ious ly  by Dynatech R I D  Company is  t h e  u t i l i t y  f i nanc ing  method, which is  

app l i cab l e  t o  a  s p e c i f i c  set o f . c o n d i t i o n s .  Each of t h e s e  methods n e c e s s i t a t e s  

a c c u r a t e  p r e d i c t i o n s  of . t o t a l  invcstment and p r o f i t s .  

5..1 Cost Esca l a t i on  Index 

C a p i t a l  c o s t  e s t i m a t e s  used i n  t h i s  s tudy  were based on p r i c e  

l e v e l s  a t  March 1979. Cost d a t a  were ob ta ined  from manufacturers '  quo te s ,  

t h e  l i t e r a t u r e ,  emp i r i ca l  c o s t  c o r r e l a t i o n s ,  and v a r i o u s  o t h e r  sources .  The 

l a s t  t h r e e  c a t e g o r i e s  p re sen t  c o s t s  which a r e  o f t e n  based on p r i c e  l e v e l s  

a t  some time i n  t h e  p a s t .  These d a t a  must be updated t o  p re sen t  c o s t s  be fo re  

they can be used t o  provide  a  r e l i a b l e  a n a l y s i s .  This  can be  done by t h e  

use  of a  c o s t  index. Current  c o s t s  can be determined by mu l t i p ly ing  t h e  

o r i g i n a l  c o s t  by t h e  r a t i o  of t h e  p re sen t  index v a l u e  of t h e  t ime when t h e  

o r i g i n a l  coot was a b t a i u r d .  

The index used i n  t h i s  s tudy  i s  t h e  Chemical Engineering (CE) 

P l a n t  Cost Index (Ref.135 ).  The composite CE P l a n t  Cost Index i s  based on 

n a t i o n a l l y  averaged, c o s t s  f o r  equipment, machinery, suppor t s ,  l a b o r ,  b u i l d i n g s ,  

engineering a d  s u p e r v i s f o r ~ .  It is  commonly accepted  and used i n  t h e  chemical 

i ndus t ry .  Based on a  va lue  of 100 f o r  1957-59, t h e  composite CE p l a n t  c o s t  

index f o r  t h e  base t i m e  frame of Elarch 1979 is  232.  



5.2 Equipment Cost by S c a l i n q  

Digest ion systems f o r  process ing va r ious  feed stream s i z e s  were 

s t u d i e d  i n  t h i s  p r o j e c t .  In  most ins t ances  i t  was necessary t o  e s t ima te  the  

c o s t  based on d a t a  f o r  s i m i l a r  equipment with a d i f f e r e n t  capaci ty .  A corn- 

monly used s c a l i n g  r e l a t i o n s h i p  f o r  t h e  e s t ima t ion  of equipment c o s t  is  t h e  

power f a c t o r  r u l e  ( R e f .  136 1. 
X 

capaci ty  qf equip. a Cost of equip.  a  = c o s t  of equip. b  
capaci ty  of equip. b  (5.1) 

where t h e  s c a l i n g  f a c t o r  x i s  a constant .  .'The value  of t h e  s c a l i n g  f a c t o r  

can va ry  from l e s s  than 0.2 t o  g r e a t e r  than 1.0 depending an t h e  type  of 

equipment being sca led:  I n  t h e  absence of o ther  information,  i t  i s  common 

p r a c t i c e  t o  assume a  rule-of-thumb value of 0.6 f o r  t h e  s c a l i n g  f a c t o r .  I n  

t h i s  s tudy,  the  power f a c t o r  r u l e  was used when necessary f o r  e s t ima t ing  equip- 

ment c o s t s  based on s c a l i n g  f a c t o r s  considered t o  be  most s u i t a b l e  f o r  the  * 

p a r t i c u l a r  equipment being considered. 

5.3 Comparative Investment Evaluat ion ...-- 

In o rde r  t o  canpare t h e  va r ious  processes considered i n  t h i s  

s tudy ,  i t  i s  e s s e n t i a l  t o  have a c o n s i s t e n t  procedure t o  determine fdral  

p l a n t  investment, opera t ing  c o s t s ,  and p r o f i t s ,  r ega rd less  of t h e  comparative 

method of evaluat ion .  

5.3.1 Cap i t a l  Cost ..-- 

The procedure f o r  c a l c u l a t i n g  the  t o t a l  p l a n t  investmefit is outlined 

i n  Table 5.1. C a p i t a l  requirements inc lude  a l l  i n s t a l l e d  o n s i t e  p l a n t  s e c t i o n s ,  

suppor t ing  f a c i l i t i e s ,  c o n t r a c t o r ' s  werhead  and p r o f i t s ,  engineering and 

des ign,  and p r o j e c t  contingency. No land a c q u i s i t i o n  c o s t  was included i.n 

t h e  c a l c u l a t i o n  of t o t a l  p l a n t  investment. The d i f f e r e n t  components of t h e  

t o t a l  p l a n t  investment a r e  discussed below. 



Table 5 . 1  

BASIS FOR CALCULATING TOTAL CAPITAL REQUIREMENT 

C a p i t a l  Investment 

A l l  Ons i te  P l a n t  Sec t ions  I n s t a l l e d  

Supporting F a c i l i t i e s  5% of A l l  P I .  Sec. 

T o t a l  C a p i t a l  Investment 

Con t r ac to r ' s  Overhead & P r o f i t s  10% of Tot.  Cap. Inv.  

Engineering and Design 5% of Tot.  Cap. Inv. 

S u b t o t a l  P l an t  Investment 

P r o j e c t  Contingency 15% of Sub. P I .  Inv.  

T o t a l  P l a n t  Investment 

XXX 

XXX 

XXXX 

XXX 

XXX 

XXXXX 

XXXX 



Costs f o r  a l l  o n s i t e  p l a n t  s e c t i o n s  inc lude  process equipment 

d e l i v e r e d ,  p ip ing,  ins t rumenta t ion ,  and i n s t a l l a t i o n .  Cap i t a l  c o s t s  f o r  

pumping and m a t e r i a l s  handling were found t o  be about 5% of the  t o t a l  equip- 

ment c o s t  f o r  a  t y p i c a l  s t i r r e d  tank anaerobic d i g e s t i o n  process (Ref.116 ). 

This  f r a c t i o n  has been assumed f o r  t h i s  a n a l y s i s .  The cos t  f o r  piping,  e l e c t r i -  

e a l ,  and i n s t r i ~ m ~ n t a t i o n  was est imated t o  be about 42 of t h e  i n s t a l l e d  equip- 

ment c o s t .  

Si~pporting f a c i l i t i e s  inc lude  equipment f o r  the  genera t ion  and 

d i s t r i b u t i o n  of power, waste d i sposa l ,  s t o r a g e ,  f i r e - p r o t e c t i o n ,  landscaping,  

fencing,  pa in t ing ,  maintenance and o f f i c e  equipment, outdoor and indoop 

l i g h t i n g ,  communication equipment, and o the r  miscel laneous s e r v i c e  i tems.  
I 

Most of these  i t e m s  r ep resen t  incremental  a d d i t i o n  t o  support ing f a c i l i t i e s  

r equ i red  f o r  t h e  opera t ion  of the  o v e r a l l  f u e l  gas  production p l a n t .  It w a s  

es t imated  t h a t  suppor t ing  f a c i l i t i e s  r e q u i r e . a b o u t  5% of t h e  c o s t  of a l l  

i n s t a l l e d  p l a n t  s e c t i o n s .  

Con.ttnctotr. '~ r3\1enhe.ad and P f i o B a  

Cont rac to r ' s  f e e s  were assumed t o  amount t o  10% of t o t a l  c a p i t a l  

investment. This  inc ludes  overhead such a s  f i e l d  and home o f f i c e  se tups  

during cons t ruc t ion ,  supervis ion ,  cons t ruc t ion  coordinat ion  and engineering, 

insurance,  t a x e s ,  and o t h e r  i n d i r e c t  expenses incurred  by the  con t rac to r  a s  

w e l l  as Llle necessary p r o f i t  LWL assr.rmlng t.hc riclcc and r ~ s p n n s i b i l i t i e s  

involved. 

This component of t h e  c a p i t a l  requirement includes the  c o s t s  

f o r  cons t ruc t ion  design and engineering,  d r a f t i n g ,  purchasing, accounting,  

c m s t r u c t i o n  and c o s t  engineering,  and genera l  we thead  involved i n  t h e  



prepa ra t i on  of cons t ruc t ion  p l ans  and s p e c i f i c a t i o n s .  An a l l w a n c e  of 5  

percent  of t h e  t o t a l  d i r e c t  c o s t s  of t h e  process  p l an t  was used f o r  engineer ing  

and des ign  s e r v i c e s  (Ref. 136 ) . 

Ptro j ec t  Co vtting ency 

Contingency funds a r e  u s u a l l y  included i n  t h e  e s t ima te  of t o t a l  

c a p i t a l  requirement .  I n  a d d i t i o n  t o  counterbalancing p o s s i b l e  e r r o r s  i n  

e s t ima t ion ,  contingency funds a r e  necessary t o  compensate f o r  unforseen 

expenses such a s  a d d i t i o n a l  p o l l u t i o n  c o n t r o l  equipment due t o  change i n  

r egu la to ry  r u l i n g s ,  sma l l  design changes, unexpected de l ays ,  sudden p r i c e  

changes, and o t h e r s .  Contingency usua l ly  does no t  inc lude  r e g u l a r  c o s t  

e s c a l a t i o n  due t o  i n f l a t i o n .  I n  t h i s  s tudy ,  an allowance of 15 percent  of 

s u b t o t a l  p l a n t  investment ( s ee  Table 5.1) was included f o r  cont ingenc ies .  

5.3.2 Operat ing Costs 

The procedure f o r ' d e t e r m i n i n g  t h e  annual  n e t  ope ra t i ng  c o s t s  i s  

o u t l i n e d  i n  Table  5 .2 .  Operat ing c o s t s  a r e  expenses incur red  d i r e c t l y  by 

t h e  ope ra t i on  of t h e  p l a n t .  These expenses a r e  u sua l ly  ca l cu l a t ed  on an 

annual  , b a s i s  and inc lude  product ion m a t e r i a l s ,  purchased u t i l i t i e s ,  l a b o r ,  

admin i s t r a t i on  and overhead, s u p p l i e s ,  l o c a l  t axes  and insurance ,  and ~ r e d i t  

f o r  any va luab le  by-product. A s e r v i c e  f a c t o r  of 90% was used i n  c a l c u l a t i n g  

a l l  ope ra t i ng  expenses with t h e  except ion of p rocess  ope ra t i ng  l a b o r ,  f o r  

which a  100% s e r v i c e  f a c t o r  was used. Each of t h e  ope ra t i ng  c o s t  i t e m s  is  

b r i e f l y  d i scussed  below. 

Product ion m a t e r i a l s  i nc lude  raw m a t e r i a l s  and replacement f o r  

expendable s u p p l i e s  necessary  f o r  t h e  normal ope ra t i on  of t h e  f a c i l i t y .  The 

primary raw m a t e r i a l  f o r  t h e  d i g e s t i o n  system i s  t h e  raw feed .  Other product ion  

m a t e r i a l s  i nc lude  chemicals f o r  p re t rea tment .  



Table 5.2 

BASIS FOR CALCULATING NET OPERATING COSTS 

Produc t ion  M a t e r i a l s  

Purchased Ut i l i t i es  

E l e e t r i c  Power 

stem 

Lab o r  

P roces s  Opera t ing  

Maintenance 

Superv is ion  

Admin i s t r a t i on  and Overhead 

S u p p l i e s  

Opera t ing  

Maintenance 

Local  Taxes and Insurance  

T o t a l  Gross Operat ing C o ~ t  

p e n a l t i e s  f o r  E f f l u e n t  Treatment/Disposal  

C r e d i t  f o r  By-Product 

T o t a l  N e t  Operat ing Cost 

XXX 

XXX 

XXX 

XXX 

XXX 

XXX 

XXX 



Util i t ies requ i rements  f o r  d i g e s t i o n  p r o c e s s e s  i n c l u d e  e l e c t r i c  

power and steam. P r o c e s s  w a t e r  and c o o l i n g  wate r  could a l s o  be r e q u i r e d .  

The c o s t  of t h e s e  u t i l i t i e s  u s u a l l y  v a r i e s  wide ly  depending upon t h e  amount 

of consumption, p l a n t  l o c a t i o n ,  and s o u r c e .  

Planpower r e q u i r e d  f o r  t h e  normal o p e r a t i o n  of a  d i g e s t i o n  f a c i -  

l i t y  i s  dependent on t h e  s i z e  of t h e  f a c i l i t y  and i n c l u d e s  p r o c e s s  o p e r a t i n g ,  

maintenance,  and s u p e r v i s o r y  l a b o r .  Maintenance l a b o r  requ i rement  i s  r e l a t e d  

t o  t h e  s c a l e  and complexi ty  of t h e  o p e r a t i o n .  For l a r g e  sys tems an  a l lowance 

of 1 . 5  p e r c e n t  of t o t a l  p l a n t  inves tment  f o r  maintenance l a b o r  was assumed. 

The amount of s u p e r v i s o r y  l a b o r  needed i s  r e l a t e d  t o  t h e  o p e r a t i n g  

and maintenance l a b o r  requ i rement  and s c a l e  of t h e  system. Cost of super-  

v i s o r y  l a b o r  was e s t i m a t e d  t o  be 1 5  p e r c e n t  of o p e r a t i n g  and maintenance 

l a b o r  f o r  l a r g e  d i g e s t i o n  sys tems .  

Adminh;t;tLnRion and Ovmhead 

T h i s  i t e m  of c o s t s  i n v o l v e s  i n d i r e c t  o p e r a t i n g  expenses  t h a t  a r e  

r e q u i r e d  f o r  r o u t i n e  l a r g e  p l a n t  o p e r a t i o n .  These expenses  i n c l u d e  e x e c u t i v e  

and c l e r i c a l  s u p p o r t  as w e l l  a s  g e n e r a l  overhead e x p e n d i t u r e s  such  a s  medical  

s e r v i c e s ,  g e n e r a l  e n g i n e e r i n g ,  s a f e t y  s e r v i c e s ,  employee b e n e f i t s ,  c o n t r o l  

l a b o r a t o r i e s ,  j a n i t o r i a l  s e r v i c e s ,  shops ,  communications, r e c e i v i n g  f a c i l i t i e s ,  

e t c .  A d m i n i s t r a t i v e  and overhead c o s t s  were e s t i m a t e d  t o  amount t o  60 p e r c e n t  

of t o t a l  l a b o r  requ i rements .  

Replenishment of expendable  s u p p l i e s  a r e  n e c e s s a r y  t o  m a i n t a i n  

normal o p e r a t i o n  of t h e  p l a n t .  Opera t ing  and maintenance s u p p l i e s  i n c l u d e  



misce l laneous  i t e m s  such  as c h a r t s ,  l u b r i c a n t s ,  j a n i t o r i a l  s u p p l i e s ,  t e s t  

chemica ls ,  e t c .  The c o s t  of ope ra t ing  s u p p l i e s  was assumed t o  b e  30 pe rcen t  

of p roces s  o p e r a t i n g  l a b o r  wh i l e  maintenance s u p p l i e s  were e s t ima ted  t o  be  

1.5 pe rcen t  of t o t a l  p l a n t  investment .  

Locd T a x u  and Tmunance 

Local  t a x e s  and in su rance  are charges  wi th  magnitudes which va ry  

w i t h  t h e  type  and l o c a t i o n  of  operat iof i .  They were e s t ima ted  t o  amount t o  

2 .7  p e r c e n t  of t o t a l  p l a n t  investment  for gas  t r ea tmen t  systems. 

C r e d i t s  f o r  recovery  of t h e  d i g e s t e r  e f f l u e n t ,  and p o s s i b l y  t h e  

a c i d  gas  s t ream,  could be  s i g n i f i c a n t  and might a l t e r  t h e  economics of t h e  

e n t i r e  ope ra t ion .  P e n a l t i e s  a r e  a s s o c i a t e d  wi th  e f f l u e n t  t rea tment  o r  d i s -  

posa l .  

5.3.3 Discounted Cash Flow Method 

The discounred  cash f low method (Ref. 136) is one technique which 

can  be  usdd t o  e v a l u a t e  t h e  v a r i o u s  process ing  a l t e r n a t i v e s  considered i n  

t h i s  s tudy .  T h i s  method i s  based on t h e  t i m e  v a l u e  of money and u t i l i z e s  

d iscounted  annual  ca sh  f lows  wi th  a r e t u r n  on investment .  The d iscounted  

cash  f low method de termines  t h e  rate of r e t u r n  t o  provide  ze ro  p re sen t  worth.  

T h i s  d i f f e r s  from t h e  p r e s e n t  worth method which determines t h e  p r e s e n t  v a l u e  

f o r  a s p e c i f i e d  r e t u r n  on investment .  

In order t o  c a l cu l a t e  tlie prese~i(; uiostli oL a prucsrss ~1x1 aru~ual 

cash  f lows  ( inc lud ing  i n i t i a l  c o s t s  f o r  p l a n t  investment  f o r  yea r  0) are 

m u l t i p l i e d  by d i scoun t  f a c t o r s  (which a r e  t a b u l a t e d  o r  can b e  ca l ' cu la ted)  

w i t h  t h e  sum of t h e  p roduc t s  equal  t o  t h e  p re sen t  worth., 



where PW is  t h e  present  worth, C .  is t h e  annual cash flow f o r  year  j ,  n  i s  
J 

t he  expected l i f e  of t h e  system, and d .  i s  t h e  corresponding d iscount  f a c t o r  
J 

def ined  by 

where r i s  t h e  expected r a t e  of r e t u r n .  This r e l a t i o n s h i p  assumes cont inuous 

compounding. I f  annual compounding were u t i l i z e d ,  t h e  d iscount  f a c t o r ,  d '  
j ' 

would be 

The di.scount f a c t o r s  f o r  cont inous compounding a r e  lower than  f o r  annual  com- 

pounding and t h e r e f o r e  use  of d; would g ive  a  lower present  worth than  u s e  of 

Calcu la t ion  of annual cash flow inc ludes  c o n t r i b u t i o n s  f o r  

g ros s  revenue, ope ra t ing  c o s t s ,  dep rec i a t ion ,  and t axes .  Gross revenue 

is  t h e  va lue  of energy and o the r  products  produced i n  t h e  d i g e s t i o n  process .  

Operating c o s t s  a r e  t he  process  c o s t s  i nd ica t ed  i n  Table 5.2,  Deprec ia t ion  

is  a func t ion  of t h e  p l a n t  l i f e  and t o t a l  p l an t  investment.  Fede ra l  t a x e s  

a r e  determined from t h e  taxable  income. A procedure f o r  c a l c u l a t i o n  of annual 

cash flow i s  presented  i n  Table 5.3. 

Another method of us ing  discounted cash flow is t o  assume an  

expected r a t e  of r e t u r n  on investment and determine t h e  u n i t  gas c o s t  which 

w i l l  g ive  a  p re sen t  va lue  of zero f o r  t h a t  r a t e  of r e t u r n .  This  procedure 

w i l l  be  u t i l i z e d  i n  t h e  a n a l y s i s  t o  determine u n i t  gas  c o s t  f o r  each system 

des ign  a s  a  func t ion  of expectkd ra te  of r e t u r n  on investment .  

It should be noted t h a t  t h i s  procedure only compares r a t e  of re -  

turn and u n i t  gas  c o s t  and g ives  no i n d i c a t i o n  of t h e  magnitude of investment 

o r  revenues. These f a c t o r s  a r e  important i n  determining which system should 

be considered.  



Table 5.3 

ANNUAL CASH FLOW 

1. Gross Revenue 

2.  operat ing Costs 

3 .  Gross P r o f i t  (1-2) 

4 .  Depreciat ion (Tot. Plant  Investment/Plant Life) 

5. Taxable Income (3 -4 )  

6. Federal  Tax ( t ax  r a t e  x 5) 

7 .  A£ ter-Tax Income (5-6) 

8. Annual Cash Flow (7+4) 

- XXX 
-- -.--~ 

- XXX 



Table  5 .4  

GAS COST CALCULATION PROCEDURE 
UTILITY FINANCING METHOD* 

Bas is  : 

20-year p r o j e c t  l i f e  

5%/year  s t r a i g h t  l i n e  d e p r e c i a t i o n  on T o t a l  C a p i t a l  Requirement ex- 
c l u d i n g  Working C a p i t a l  

E s s e n t i a l  I n p u t  Paramete rs :  

~ e b t / c ~ u i t ~  r a t i o  used t o  s p l i t  T o ~ a l  C a p i t a l  Requirement 

a P e r c e n t  i n t e r e s t  on d e b t  

a P e r c e n t  r e t u r n  on e q u i t y  

a F e d e r a l  income t a x  r a t e  

Derived Paramete rs  : 

Rate Base = T o t a l  C a p i t a l  Requirement l e s s  Accrued D e p r e c i a t i o n  ( in -  
c l u d e s  % d e p r e c i a t i o n  f o r  g i v e n  y e a r )  

P e r c e n t  Return on Rate  Base = F r a c t i o n  Debt x P e r c e n t  I n t e r e s t  + Frac- 
t i o n  Equi ty  x P e r c e n t  Return on Equi ty  

C a l c u l a t e d  Cash Flows i n  Given Year: 

Re turn  on  Ra te    ask = Rate  Base x ( P e r c e n t  Re turn  on Rate  Base + 100) 

Re turn  on Equi ty  = ( F r a c t i o n  E q u i t y  x   ate Base) x ( P e r c e n t  Re turn  on 
Equi ty  + 100) 

F e d e r a l  Income Tax = Return on E q u i t y  x ( P e r c e n t  Tax Rate  5 [ I 0 0  - Per- 
c e n t  Tax R a t e ] )  

D e p r e c i a t i o n  = 0.05 x ( T o t a l  C a p i t a l  Requirement - Working C a p i t a l )  

T o t a l  Gas Revenue Requirement in. Given Year = Return  on Rate Base + 
F e d e r a l  Income Tax + Deprecia t ion** + T o t a l  N e t  Opera t ing  Cost 

G a s  Cos t s :  . - 
. .. . . . . .  

I n  g i v e n ' y e a r :  T o t a l  Gas Revenue ~ e ~ b i r e m e n t  5 Annual Gas P r o d u c t i o n  

20-year average :  T o t a l  Gas Revenue Requirement Over P r o j e c t  L i f e  
+ (20 x Annual Gas Produc t ion)  

Notes:  

* AGA Method as modi f ied  by Panhandle-Eastern,Pipeline Company and used by Syn- 
t h e t i c  Gas-Coal Task Force  

**Deprecia t ion i s  s p l i t  a c c o r d i n g  t o  t h e  d e b t / e q u i t y  r a t i o  akd used t o . p a y  back 
d e b t ,  and e q u i t y  i n  a n n u a l  i n s t a l l m e n t s ,  (Working c a p i ' t a l  is  used t o  o f f s e t  
unpaid  d e b t  and e q u i t y  a t  t h e  end of t h e  p r o j e c t  l i f e . : )  



5.3.4 U t i l i t y  F inancing  Method 

The procedure  f o r  c a l c u l a t i n g  t h e  u n i t  gas  c o s t  based on t h e  u t i -  

l i t y  f i n a n c i n g  method used by t h e  American Gas Assoc ia t ion  (Ref. 137) is  out-  

l i n e d  i n  Table  5.4.  Th i s  procedure  w a s  desc r ibed  i n  a r e p o r t  from Esso Research 

and Engineering Company t o  t h e  Fede ra l  Power Commision (Ref. 138) .  The average  

u n i t  gas  c o s t  based on t h i s  method is  g iven  by 

where N = t o t a l  annual  o p e r a t i n g  c o s t ,  $ 

C = t o t a l  c a p i t a l  requi rement ,  $ 

W = working c a p i t a l ,  $ 

p '  = f r a c t i o n a l  r e t u r n  on r a t e  base  [ p '  = d i  + (1 - d ) r ]  

t = f r a c t i o n a l  f e d e r a l  income tax r a t e  

d = f r a c t i o n  deb t  

r = f r a c t i o n a l  r e t u r n  on e q u i t y  

i = f r a c t i o n a l  i n t e r e s t  on d e b t  

G = annual  gas  product iui l ,  IIMDTU/yeor 
Y 

UGC = t1ni.t gas c o s t ,  $/M!BTU 

The f i r s t  term on t h e  r i g h t  s i d e  corresponds t o  t h e  n e t  operaL111g c o s ~ ,  t h e  

second te rm is due t o  5 pe rcen t  p e r  y e a r  s t r a i g h t - l i n e  d e p r e c i a t i o n ,  and t h e  

t h i r d  term accounts  f o r  t h e  r e t u r n  on r a t e  base  as w e l l  a s  f e d e r a l  income 

t a x .  The sum of  t h e s e  te rms  g i v e s  t h e  t o ~ a l  average annual  revenue r e q u i r e -  

ment. The u n i t  gas cost  is obta ined  by d i v i d i n g  t h e  average  annual  revenue 

requiremerit  by t h e  a~inlual gas product ion .  N o  e s c a l a t i o n  of o p e r a t i n g  c o s t  

du r ing  t h e  l i f e  of t h e  p r o j e c t  w a s  assumed. 

The fo l lowing  bases  were used i n  t h i s  s tudy:  

~ e b t l e q u i t y  r a t i o  = 752125% 

Percent  i n t e r e s t  on deb t  = 10% 

Percen t  r e t u r n  on e q u i t y  = 15% 
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Sect ion  6 

BASE LINE SYSTEMS ANALYSIS 

One approach t o  systems a n a l y s i s  of engineer ing  processes  i s  t o  

e s t a b l i s h  a  base  ca se  f o r  which the  economic a n a l y s i s  i s  performed. This  

would then be followed by a s e n s i t i v i t y  a n a l y s i s  t o  determine t h e  e f f e c t s  

of changes i n  t h e  va r ious  system parameters .  The procedure i n  t h i s  s tudy  

is more .complicated because of t h e  many p o t e n t i a l  ba se  ca se s ,  r e s u l t i n g  i n  

the s e l e c t i o n  of n ine  base  l i n e  systems.  These systems w e r e  chosen t o  

i nc lude  the  d i f f e r e n t  types  of a v a i l a b l e  r e s i d u e s  and the  t h r e e  s i g n i f i -  

c an t ly  d i f f e r e n t  s c a l e s  of  ope ra t i on ,  namely, sma l l  farm, cooperati .ve,  and 

u t i l i t y / i n d u s t r i a ' l  s i z e s .  The cond i t i ons  f o r  t he se  base l i n e  c a s e s  a r e  

presen ted  i n  t h i s  s e c t i o n ,  followed by t h e  a n a l v s i s  of t h e  sytems. The 

s e n s i t i v i t y  a n a l y s i s  is  d iscussed  i n  Sec t ion  7. .  

6 . 1  Crop Residues 

The summary of a g r i c u l t u r a l  d a t a  presen ted  i n  Sec t ion  2 i n d i c a t e s  

t h a t  t h e r e  a r e  t h r e e  major crop r e s i d u e s  which shou ld ' be  cons idered ,  namely, 

smal l  g r a i n  s t r aws  ( p r i m a r i l y  wheat s t r a w ) ,  corn s t o v e r ,  and l a r g e  g r a i n  s t r aws  

( r i c e ) .  These choices  were based on the  t o t a l  U.S. r e s idue  a v a i l a b l e  and 

on l o c a l i z e d  cond i t i ons  of high r e s i d u e  concen t r a t i on ,  e ig . , .  r i c e  s t r a w  i n  

t h e  Sacramento River  Valley of C a l i f o r n i a .  

The pe r  a c r e  y i e l d  f o r  t h e s e  r e s idues  a r e  es t imated  from t h e  

r e s u l t s  i n  Sec t ion  2 t o  be 1 . 6 ,  1 .75 ,  and 2 . 3  t o n s l a c r e ,  r e s p e c t i v e l y .  The 

composition of t h e s e  r e s idues  u t i l i z e d  i n  t h e  a n a l y s i s  a r e  presen ted  i n  

Table  6 .1 .  



Table  6 .1  

Residue Composition 

% S o l i d s  Content  

% V o l a t i l e  S o l i d s  

% B i o d e g r a d a b i l i t y  

(of  V o l a t i l e  S o l i d s )  

wheat Straw Corn S tover  Rice Straw 

6 .2  System S i z e  

I n  t h i s  a n a l y s i s ,  ba se  l i n e  c o n d i t i o n s  were e s t a b l i s h e d  f o r  sma l l ,  

medium, and l a r g e  s c a l e  p roces se s .  By small s c a l e  Is ~ueallt a p roces s  designcd 

f o r  use  on a  s m a l l  farm, u t i l i z i n g  t h e  r e s i d u e  produced on t h a t  farm. The 

medium s c a l e  sys tem would be  a coope ra t i ve  v e n t u r e ,  des igned  t o  u t i l i z e  t h e  

r e s i d u e  from 100 small farms (two o r d e r s  of magnitude g r e a t e r  t han  t h e  

s m a l l  farm system).  The l a r g e  s c a l e  system i s  an o r d e r  of magnitude g r e a t e r  

t han  t h e  medium s i z e ,  u t i l i z i n g  r e s i d u e  from 1000 farms. This wuuld be a s i z e  

s u f f i c i e n t l y  l a r g e  f o r  a  u t i l i t y  o r  i n d u s t r i a l  complex. 

The average  s i z e  of a  sma l l  farm i n  t h e  U.S. i s  approximate ly  

400 a c r e s  (Table  2.12).  The t h r e e  d i f f e r e n t  s i z e s  w i l l  u t i l i z e  r e s i d u e s  from 

400, 40,000, and 4P0,000 a c r e s  f o r  t h e  s m a l l ,  medium, and l a r g e  s c a l e  systems.  

The c a p a c i t i e s  of t h e  sys tems ,  ob t a ined  by m u l t i p l y i n g  the  acreage  by rhe 

y i e l d s  a r e  p re sen t ed  i n  Table  6.2 f o r  each  c rop  r e s i d u e  cons idered .  The 

v a l u e s  p r e s e n t e d  a r e  t ons /day ,  assumlng 365 days p e r  year o p e r a t i o n .  

These n i n e  c a s e s  p re sen t ed  i n  Table  6.2 a r e  t h e  base  l i n e  c a s e s  

u t i l i z e d  i n  t h i s  a n a l y s i s .  A d i s c u s s i o n  of  t h e  o t h e r  system v a r i a b l e s  is 

p r e s e n t e d  i n  t h e  fo l l owing  s e c t i o n s .  



Table  6 . 2  

System C a p a c i t i e s  

( t o n s l d a y )  

Wheat St raw 

Small  (400 a c r e s )  1 .75  

Medium (40,000 a c r e s )  175 

Large (400,000) 1,750 

Corn S t o v e r  Rice  Straw 

6 .3  Method of Cost  A n a l y s i s  

The c o s t  a n a l y s i s  methods a r e  d i s c u s s e d  i n  S e c t i o n  5 .  The t y p e  

of . r o u t i n e  w i l l  be dependent on system s i z e .  The u t i l i t y  f i n a n c i n g  method of 

c o s t  a n a l y s i s  w i l l  b e  u t i l i z e d  o n l y  t o  de te rmine  t h e  u n i t  gas  c o s t  f o r  t h e  

l a r g e  s c a l e  sys tem.  The d i s c o u n t e d  cash  f low (DCF) method w i l l  a l s o  b e  u t i l i z e d  

f o r  t h e  l a r g e  s c a l e  sys tem t o  d -k te rmineuni t  g a s  c o s t s  f o r  s e v e r a l  d i f f e r e n t  

r e t u r n s  on inves tment .  The DCF method w i l l  be  used f o r  t h e  s m a l l  and medium 

s c a l e  sys tems.  

6.4 P r o c e s s  Opt ions  
--P 

The v a r i o u s  process  o p t i u n s  utilized f o r  e a c h  base  l i n e  sys tem 

a r e  p r e s e n t e d  i n  Tab le  6 .3 .  The o p t i o n s  c o n s i d e r e d  are t h e  same f o r  each 

s c a l e  and c rop  r e s i d u e  c o n s i d e r e d .  D i f f e r e n c e s  i n  o p e r a t i n g  c o n d i t i o n s  a r e  

d i s c u s s e d  below. 

6 . 4 . 1  D i g e s t i o n  

The . d i g e s t i o n  p r o c e s s  i n c o r p o r a t e d  i n t o  t h e  b a s e - l i n e  d e s i g n s  i s  

t h e  CSTR, because  i t  i s  t h e  p r o c e s s  w i t h  most a v a i l a b l e  performance d a t a  ( b u t  

w i t h  o t h e r  s u b s t r a t e s ) .  The b a t c h  d i g e s t i o n  p r o c e s s  u t i l i z i n g  t h e  " c o n t r o l l e d  

l a n d f i l l "  t echn ique  f o r  enhanced g a s  p r o d u c t i o n  i s  l e s s  developed t h a n  t h e  



cont inuous  p roces s  and w i l l  be  analyzed i n  t h e  s e n s i t i v i t y  a n a l y s i s .  

The c o n d i t i o n s  f o r  d i g e s t i o n  a r e  p re sen ted  i n  Table 6 .4 .  I n  a l l  

c a s e s ,  i t  is  assumed t h a t  manure i s  added wi th  t h e  crop r e s i d u e  ( i n  t h e  r a t i o  

of 1 p a r t  manure s o l i d s / l O  p a r t s ' f e e d  s o l i d s )  t o  provide  n u t r i e n t s  and inoculum. 

Tah1.e 6 . 3  

Base Line P roces s  Options 

Small Medium Large 
S c a l e  S c a l e  S c a l e  

-.- 
Sto rage  Y Y Y 

Shredder  Y Y Y 

P re t r ea tmen t  N N N 

Diges t ion  e C 

Heat Exchange 

Dewa t c r i n g  

Gas P u r i f i c a t i o n  

Y = o p t i o n  used 

N = o p t i o n  no t  used 

C = CSTR d i g e s t e r  



The major difference between the small scale and the other two 

sizes is the digestion temperature and retention time. The medium and large 

scale systems utilize thermophilic conditions, 60°C, with a retention time of 

10 days. The small scale system incorporates a mesophilic temperature of 35°C 

with a 16-day retention time. The major reason for this is the small farm 

system should be less complicated due to the possibility that the farmer does 

not have suf£icient time to operate a complicated process. The medium and 

large sca1.e operations require,technically trained operators. 

Table 6.4 

Base Line Digestion Conditions 

Small Ned ium Large 
Scale Scale Scale 

Digester Temperature ("C) 35 

Retention Time (days) 16 

Solids Concentration * (%) 10 

The digester feed solids concentration is assumed to be 10% for 

all cases. High solids concentration is preferred since it results in smaller 

reactor volume and lower effluent stream heat losses, both factors contributing 

to lower costs. Higher solids continuous digestion (up to 17%) has been obtained 

with other substrates, such as dairy cow manure (Ref. 139). However, Pfeffer 

and Quindry (Ref. 112) have indicated some difficulty in digester mixing of corn 

stover with solids content above 8%. A value of 10% solids is utilized for feed 

concentration to ensure that the digester solids concentrating will be less than 

8%. Note that with effective pretreatment, a 10% feed concentration would re- 

sult in significantly less than 8% digester solids and could justify use of 

higher feed solids with an associated rcd~iction in digester size and costs. 



6.4.2 S t o r a g e  

S to rage  of crop r e s i d u e  i s  necessary.  f o r  cont inuous d i g e s t i o n  

p roces s ing .  The r e s i d u e  i s  a  s easona l  sou rce  and t h e r e f o r e  must be s t o r e d  

a f t e r  c o l l e c t i o n  and d e l i v e r y  t o  t h e  d i g e s t e r  f a c i l i t y . a n d  p r i o r  t o  process ing .  

The r e s i d e n c e  t i m e  f d r  s t o r a g e  has  been assumed t o  be  12  months. It i s  pos- 

s i b l e  t h a t  r e s i d u e  could b e  s t o r e d  i n  s t acked  b a l e s  o r  bunker s j . 1 .0~  wi thou t  

s i g n i f i c a n t  deg rada t ion  (except  i n  t h e  t o p  l a y e r  of r e s i d u e ) .  

A sh redde r  i s  inc luded  i n  t h e  base l i n e  des ign  i n  o r d e r  t o  pro- 

v i d e  comminution of t h e  c r o p , r e s i d u e  t o  an  e a s i l y  handled s i z e .  

6.4 .4  Pre t r ea tmen t  

P re t r ea tmen t  was n o t  i nc luded  i n  t h e  b a s e ' l i n e  des ign .  A d e t a i l e d  

d i s c u s s i o n  of  p re t r ea tmen t  is includkd i n  t h e  s e n s i t i v i t y  a n a l y s i s  presented  

i n  S e c t i o n  7 .  

6.4.5 Heat Exchange - .. - 

A h e a t  exchanger I s  pro"lded 11; tlic base dcoign t o  recovpr the 

s e n s i b l e  h e a t  of ' the d i g e s t e r  e f f l u e n t  s t ream.  

6.4.6 Dewatering 

Dewatering was not i nc lude  i n  t h e  base  l i n e  des ign ,  bu t  i s  inc luded  ' 

i n  i n s t a n c e s  of d i g e s t e r  e f f l u e n t  s u l i d s  r ecove ry ,  d iccussed  in Ser.t ion 7 .  

6.4.7 Gas P u r i f i c a t i o n  

The base  l i n e  systems d i d  nor i nc lude  g a s  p u r i f i c a t i o n .  Th i s  op t ion  

i s  inc luded  only f o r  t h e  l a r g e  u t i l i t y / i n d u s t r i a l  s c a l e  p roces s  when gas  c lean-  

up i s  r equ i r ed  f o r  d e l i v e r y  i n t o  a p i p e l i n e ,  a s  d i scussed  i n  Sec t ion  7 .  



6.5  Labor 

The l a b o r  requ i rements  and c o s t s  f o r  t h e  b a s e  l i n e  d e s i g n s  w i l l  

s i g n i f i c a n t l y  a f f e c t  t h e  annua l  o p e r a t i n g  c o s t s .  The v a l u e s  u t i l i z e d  a r e  

p r e s e n t e d  i n  Tab le  6 . 5 .  

Table  6 . 5  

Labor A l l o c a t i o n  

Small  S c a l e  M e d i u m s c a l e  Large S c a l e  

Men P e r  S h i f t  

Hours P e r  S h i f t  

S h i f t s  P e r  Day 

Hourly Wage ($ )  

The e f f e c t  o f  v a r i a t i o n  i n  l a b o r  a l l o c a t i o n  w i l l  be d i s c u s s e d  i n  S e c t i o n  7.  

For  t h e  s m a l l  s c a l e  sys tem,  i t  is assumed t h a t  t h e  p r o c e s s  w i l l  

r e q u i r e  2 h o u r s  per  day of t h e  f a r m e r ' s  t ime ,  b u t  t h e  v a l u e  o f  t h i s  t i m e  was 

t a k e n  t o  be  $O/hr. The c o s t  of maintenance l a b o r  f o r  t h e  s m a l l  s c a l e  o p e r a t i o n  

was a l s o  t a k e n  a s  $O/hr. There  was a l s o  no s u p e r v i s i o n ,  overhead,  o r  admini- 

s t r a t i o n  c o s t  a t t r i b u t e d  t o  t h e  s m a l l  s c a l e  b a s e  l i n e  d e s i g n .  

6 . 6  Crop Residue Cost 

The c o s t  of c rop  r e s i d u e  w i l l  s i g n i f i c a n t l y  a f f e c t  t h e  economics 

nf  the converc ion  p r o c e s s .  For  a 1 1  base l i n e  cases, t h e  v a l u e  of t h i s  c rop  

r e s i d u e  was t a k e n  t o  be $O/ton.  A d e t a i l e d  d i s c u s s i o n  of t h e  e f f e c t  of r e s i d u e  

c o s t  i s  p r e s e n t e d  i n  t h e  s e n s i t i v i t y  a n a l y s i s  i n  S e c t i o n  7 .  



S i g n i f i c a n t  c r e d i t s  o r  p e n a l t i e s  can be  a t t r i b u t e d  t o  t h e  

d i g e s t e r  e f f l u e n t  system, e .g. ,  c r e d i t  f o r  f e r t i l i z e r  o r  r e f eed  va lue .  However, 

f o r  t h e  base  l i n e  system, t h e  c r e d i t s  and p e n a l t i e s  a r e  d i , s r ega rded .  A d e t a i l e d  

d i s c u s s i o n  of t h e s e  f a c t o r s  i s  included i n  t h e  s e n s i t i v i t y  a n a l y s i s  p re sen ted  

i n  S e c t i o n  7.  

6.8 Other  Base Line  System Parameters  

The v a l u e  of t h e  o t h e r  p a r a u e t e r s  uscd i n  t h e  hase l i n e  ana lyses  

a r e  p re sen ted  i n  Table  6.6. 

6.9 Base Line Systems R e s u l t s  

The r e s u l t s  f o r  t h e  base  l i n e  systems a n a l y s e s  are p re sen ted  i n  

F i g u r e s  6 .1 ,  6.2, and 6 . 3  f o r  co rn  s t o v e r ,  r i c e  s t r aw  and wheat s t r aw ,  r e s p e c t i v e l y .  

The d e t a i l s  of t h e  a n a l y s e s  a r e  presented  i n  Tab le s  6.7 - 6.15,. It is  apparent  

from t h e s e  r e s u l t s  t h a t  t h e r e  is  an  economy of s c a l e ,  i . e . ,  t h e  u n i t  gas  c o s t  

i s  lowes t  f o r  t h e  l a r g e s t  s c a l e  system f o r  a l l  c rop  r e s i d u e s  cons idered .  

The r e s u l t s  i n  F igu res  6.1, 6 .2,  and 6.3 i n d i c a t e  uniC gas cvvL 

a s  a  f u n c t i o n  of system s i z e  u t i l i z i n g  a  d i scoun ted  cash f l o w  mrLllucl f a r  t h o  

r e t u r n s  on . inves tmen t  i n d i c a t e d .  Por t h e  large s c a l e  sjrstem, t h e  n n i t  gas 

c o s t  ob ta ined  us ing  t h e  u t i l i t y  f i n a n c i n g  method is  a l s o  presented .  For  each 

c a s e ,  t h e  u n i t  gas  c o s t  neces sa ry  t o  provide  a s p e c i f i e d  re tu rn  on investment  

i s  h i g h e r  f o r  h i g h e r  R O I .  Also, t h e  u t i l i t y  f i n a n c i n g  method r e s u l t s  i n  a  

lower u n i t  gas  c o s t  Chaa f o r  10% ROI d i ~ r . o u n t e d  cash f low,  even though t h e  

r e t u r n  on e q u i t y  f o r  the  u t i l i t y  f i n a n c i n g  system is 15%. One r eason  f o r  

this is the DCF method inco rporaees  a  Lime v a l u c  of money hy use  of d i scoun t  

f a c t o r s ,  t h u s  r e q u i r i n g  n h ighe r  u n i t  gas  c o s t .  

There a r e  s e v e r a l  s i g n i f i c a n t  performance d i f f e r e n c e s  between t h e  

d i f f e r e n t  s i z e  systems.  The medium and l a r g e  s c a l e  base  l i n e  systems i n c o r p o r a t e  

a  CSTR a t  60°c and 10 days r e t e n t i o n ,  which g ives  a f r a c t i o n a l  conversion of 



' t a b l e  6 . 6  

BASE LINE SYSTEI'! PARAMETERS 

Parameter  Value 

A 

Aid 

C EP 

CF' 

CONS 

CRF 

CST 

D I G M C  

DIGWK 

D I R  

DLIFE 

DNSDG 

DNSHL 

DNSTR 

DPRC 

E A 

EFFS 

EX 

FBVSF 

FBVSM 

FD 

FDBT 

FITR 

FMAN 

FSF 

FSM 

FS 1 

3 
f t  CH / l b  conver ted  

4  
Labor c o s t  ( $ / h r )  

Cost of e l e c t r i c i t y  ( ~ I k w h )  

Heat c a p a c i t y  of d i g e s t e r  s l u r r y  (Btu / lb°F)  

Cosr c o n s t a n t  f o r  equipment 

Cost  of f e e d s t o c k  ( $ / t o n )  

c o s t  of steam (S/PDI BTU) 
3 

D i g e s t e r  maximum c a p c i t y  ( f t  ) 
3 

D i g e s t e r  work. (HP/f t  ) 

6.6 

See Tab le  6 .5  

5 .0  

1 . 0  

See Appendix A 

0.  

5  .O 

100,000 

0.0002 

I n t e r e s t  on d e b t  ( f r a c t i o n )  0 . 1  

System l i f e t i m e  ( y e a r s )  
3 

Di 'ges ter  s l u r r y  d e n s i t y  ( l b / f t  ) 
3 

Holding t a n k  c o n t e n t s  d e n s i t y  ( l b / f t  ) 6 4 
3 

S t o r a g e  c o n t e n t s  d e n s i t y  ( l b / f t  ) 2  2  

Ra te  of d e p r e c i a t i o n  (fraction) 0.05 . 

A c t i v a t i o n  energy f o r . A r r h e n i u s  r a t e  e q u a t i o n  (cal /mole)15180 

E f f i c i e n c y  of steam u t i l . i z a t i o n  (fraction) 0.89 

Equipment c o s t  s c a l e  exponent See Appendix A 

F r a c t i o n  of b io .vo1.  s o l i d s  i n  f e e d  v o l a t i l e  s o l i d s  See Tab le  6 . 1  

F r a c t i o n  of b i o .  v o l .  s o l i d s  i n  manure 0 . 6  

Residuc f e e d  r a t e  (tons/day) See T a b l e  6 .2  

F r a c t i o n  d e b t  0.75 

F e d e r a l  income t a x  r a t e  ( f r a c t i o n )  0 . 4 F  

R a t i o  of manure s o l i d s  t o  r e s i d u e  s o l i d s  0 . 1  

F r a c t i o n  of s o l i d s  i n  f e e d  See Tab le  6 . 1  

. F r a c t i o n  of s o l i d s  i n  manure 0 .12 

F r a c t i o n  of s o l i d s  i n  h o l d i n g  t a n k  0.1 



Parameter Value 

FS3 

FVS F 

FVSH 

HEXMC 

HLDMC 

HLDW 

HRTDG 

HRI'HL 

HRTST 

YT!: 

OIND 

OINDX 

PAH 

Fraction of solids in digester feed 

Fraction of volatile solids in feed 

Fraction of volatile solids in manuqe 

Heat exchanger maximum capacity (ftL) 
3 Eolding tank maximum capacity (ft ) 

-'I 

Holding tank work (hplit ) 

Digester retention time (days) 

Holding tank retention fiae (days) 

Storage tank retention time (days) 

Heat transfer coefficient in heat exchanger 

Cost index for year of equipment cost estimation 

Current cost index 

Fraction of Labor cost for administration and 

See Table 6.1 

0.8 

10000 

300,000 

(1.0002 

See Table 6.4 

1 

3hCJ 

8 0 

See Appendix A 

220. 

0.6 

overhead 

P COP Fraction of equipment cost for contractor's overhead 0.1 

and profit 

PED Fraction ot equipment cosr: for erlgiueeriag and d c y i g u  0.05 

Pf DC Fraction of toea1 planr:  l[lves~lue~~c f o r  intcrcgt during 0.09 

construction 

PLTI Fraction of total plant investment for local taxes and 0.027 

i n ~ u r ~ n c e  

Fraction of to.tal planr favestrner~l: for maintenance 0.015" 

labor 

PPIM Fraction of total plant investment for maintenance 3.015* 

supplies 

POPS Fraction of operacing labor cost for operating supplies 0.3* 



Parameter Value 

PPC 

PSEP 

PSF 

PSUP 

PSV 

PWC 

RE 

RKO 

SHRMC 

SHRWK 

S TF 

STRMC 

T A 

TC 

1'MP 

WD 

F rac t ion  of s u b t o t a l  p l a n t  investment f o r  p r o j e c t  

contingency 

F rac t ion  of equipment c o s t  f o r  m a t e r i a l s  handl ing 

equipment 

F rac t ion  of equipment cos t  f o r  e l e c t r i c i t y  and p ip ing  

F rac t ion  of equipment c o s t  f o r  supp,ort f a c i l i t y  

F rac t ion  of annual. g r o s s  ope ra t i ng  c o s t  f o r  p l a n t  

s t a r t -up  

F rac t ion  of l a b o r  c o s t  f o r  s~ l -perv is ion  

F r a c t i o n  o f . t o t a 1  p l a n t  investment f o r  working c a p i t a l  

Return on equ i ty  

Rate equa t ion  cons t an t  (day-') 

Shredder maximum c a p a c i t y  ( t o n s l h r )  

Shredder work (HP/tons/hr) 

Stream f a c t o r  ( f r a c t i o n  of y e a r  i n  ope ra t i on )  
3  

Storage maximum c a p a c i t y  ( f t  ) 

Ambient temperature  (OC) 

Diges t e r  temperature  (OC 

Manpower requirement  

Hours per  work day 

0.15;k 

0.02 

0.15 

3.0 x 10 
9 

25. 

15. 

0 .9  

300000 

10.0 

See Table  6 .4  

See Table  6 .5  

Table  6 .5  

For t h e  smal l  s c a l e  system t h e s e  f a c t o r s  a r e  0 ,  except  f o r  t h e  tax r a t e  

which i s  taken  a s  20%. 



Fig. 6.1 Unit Gas Cost as a Function of System C.apaciry 

Base Line Systsms Analyses for 
Corn Stover ( -- DCF PIethod; 
O Utilicy Financing Method) 

2 2 0 200 

SYSTEM C-WACITY, TCNS PF.R 3AY 

L 
I I I I 

> 

202 RETURN OU IHVESTMENT 

Li CORN STOVER - ,  

- - I  

- - 

- - 

- - 

+ I I 1 I b 



Fig .  6 .2  U n i t  Gas Cost  a s  a  F u n c t i o n  of Sys tem C a p a c i t y  

Base L i n e  Sys tems A n a l y s e s  f o r  
R i c e  S t r a w  ( - DCF Method; 
a U t i l i t y  F i n a n c i n g  Method) 

20 200 

SYSTEM CAPACITY, TONS P ~ R  DAY 

I 1 I I 

RICE STRAW - - 

202 RETURN ON INVESTMENT 
- - 

- - 

- - 

- - 

I I I I A 



F i g .  6 . 3  U r . i t  13as Cost  a s  a Func t ion  of System C a p a c i - ~ y  

Bas? L i n e  Systems Ana lyses  f o r  
Wheat S t raw (- TICF Method; 
A U t i l . i t p  F i n a n z i n g  ?Iethod) 

SYSTEM CAPACITY, TONS PER DAY 



T a b l e  T i t l e  

B a s e  L i n e  S y s t e m  A n a l y s i s  - S m a l l  S c a l e  C o r n  S t o v e r  

B a s e  L i n e  S y s t e m  A n a l y s i s  - S m a l l  S c a l e  R i c e  S t r a w  

R a s e  L i n e  S y s t e m  A n a l y s i s  - S m a l l  S c a l e  Wheat S t r a w  

B a s e  L i n e  S y s t e m  A n a l y s i s  - Nedium S c a l e  C o r n  S t o v e r  

B a s e  L i n e  S y s t e m  A n a l y s i s  - Medium S c a l e  R i c e  S t r a w  

B a s e  L i n e  S y s t e m  A n a l y s i s  - Medium S c a l e  Wheat S t r a w  

B a s e  L i n e  S y s t e m  A n a l y s i s  - L a r g e  S c a l e  C o r n  S t o v e r  

B a s e  L i n e  S y s t e m  A n a l y s i s  - L a r g e  S c a l e  R i c e  S t r a w  

B a s e  L i n e  S y s t e m  A n a l y s i s  - L a r g e  S c a l e  Wheat S t r a w  



Table 6.7a 

FEED S O M P O S I T I C N  

T Q T l l .  '?nCIpS ?, ; TCh. ls /E 
S O L f O S  F c 4 C T T C h  IN F'Ed .?LC 
\IO I.ATI!LE S ~ L I O S  F.RA(;TI~)Y I ~ I  SOLIOS 95e 
ETOD.FC,?. V O L *  SOL, F?f iZT.  T V  \!OL SOL . 3 C Z '  

G A S  c?nr)(lT;TTPv 

TOTAL HEPT PEQ!J IC 'ER=4JT 

0425 V V D  
*4673E+?1 M" 9TU/O 

G A S  PIJ? IF I 'CATION-NONE USED 



Table 6.7b 

c : ~ r ? r ~ f i  L -S,\ ;T r C : ; T T ' . a A T F  



Table 6.7~ 

p.QO?USTTON I'IA T E Q I A C S  

F E E 0  - 'X i j , C $ / T O V  3 

\J'T 14-1 1 I !?< 

E L E C T R I C  - 5.C C'TS./KW-H7 1418. 

F1.1F1, -. T: 5 . 2 C / 4 M  'TV 23i7, 

l lJ 9nri 

A 9 M I N I S T ? B T  I O N  + O V c R Y ' 4 G  

SIJPIJL ! E Y  

QPFRAT T P I G  

M A T  NTEhlAFICE 

LOCAL T A X r S  + T'JSLJ?ANCF 

6QOSS bNWlJAL C D F Q A t I Y G  C O S T  

CRE!3TTS/PFYALT 15s CqST 

NET 4NNlIAL O F ' P . A t I N G  C O S T  

!3XSCOUYTC,rJ :CBSY F L O W '  V Y T Y 0 0  
Q T U Q N  O Y  ' U N I T  G A S  COST 
I N  VE? 1 MEh! T (p'/HM RTIJ )  

ii. 



T a b l e  6.8a 



Table 6.8b 

I ? ! T F ? E S T  qUeIr.lG CC?.ITT?!jCT 1Or.I 

C T 4 0 T - U Q  C Q S T F  

W n i ? K I N G  S A P I T n L  

'TOTAL  C d P f  T 4 l .  2 E O U f  b E ? ~ p b  



Table 6 . 8 ~  

!. A PO? 

S l J P * L T E S  

C P ~ R 4 T Z N G  

MAINTFNANGF 

LOCAL T 4 ' X E S  + IhlSIJPAhlCF 

Gods5 AYVUAI .  p P r 2 4 T T Y S  C O S T  

C R E ~ I T S / : D r L J A L . T I E S  C O S T  

~ F T  ANjNU4L ~ P F K A T  ' V G  COST 

O I S C O U N T E O  r A S H  FLOW 7ETHOr3 
RFfUWN ON I J Y I T  GAT: COST 
INVE5VH.ENT . ( $/,MY 9TU) 



Table 6.9a 

STOPAG" 
PJiJUqCP CiF ! J V T J S  
,cqF 6.C. T T Y  PF 9 I I W I ' T  

HEL T E Y C H A V G 7 2  
N U q R E E  06 l , . l w I T S  
M E A T  'EXCHANGE0 A'9E.4 



Table 6.9b 

T A Q T T 4 L  C n S T  i ? T T f 9 A T E  

'TOTAL F a m I T 4 C  n E n l J T ? ~ ? - l ~ b J T  



Table 6 . 9 ~  



Table 6.10a 

SYSTEM FEFFCEMANCE 

FEED C O Y P O S I T I C N  

TOTAL  S O L I D S  202 .0  TONS/D 
S O L I D S  F R A C T l O h  IN FEEO a 5 C G  
V O L 4 T I L E  S C L I D I  F R 4 C T I C N  I F :  S G L I O S  :35 tj  

E1CDEGF.a VOLa S C L a  F P A C T *  I h  V C L  S C L  a 3 6 C  

STOPAGE 
hUME!EF OF U N I T S  
C A F A C I T Y  PER U N I T  

SHGEOOING 
N U M B E W F  U N I T S  
C A F A C I T Y  P E ?  U K I T  
POWEP EEQUIREMEtdT 

KUHBEF OF UNIT :  
C A P A C I T Y  PER U K I T  
POWER REQUIPEMENT 

P?ETRE ATMENT-NONE USE0  

CIGEST I O N  

CSTP  
N U M B f Q  OF U N I T S  
C A P A C I T Y  PER U N I T  
D I G E S T E R  TEYFERATURE 
R E T E N T I O N  T I M E  
COKVF t?S ION E F F I C I E N C Y  
POYEE pEQUI .REMENT 

G A S  F R C O U C T I C K  

HE CT EYCHANGER 
KUPgER OF U N f T S  
H E b T  EXCHANGER APEA 

TOTAL  HEAT R E Q U I F E P E N T  

G A S  PURIFICATION-NONE USED 



Table 6.10b 

C A P I T A L  C O 5 T  E S T I r ? A T E  

Y A Y  1 4 7 Y  CUS'TS ( X I  

I N S T A L C E C  E S U I P M F N T  

STORAGE U N I T S  
SFREDOE R S  
H O L O I N G  TANKS 
D I C E F T E G S  
H r n i  E X C H A N C E F S  
Y A T E F I A L Z  Y dN0  L I H G  E O U I P H E k ' T  

SUEITOT AL 

SUPPORT F A C I L I T I E S  

SUPTOTAL C A P I T A L  I N V E S T M F N T  

E N G I N E E P I N G  D E S I G N  

EUQTOTPL PLANT INVESTMEFIT 

P S O J E C T  CCNTINGENCY 

TOTAL FLANT INVESTMENT 

I N T E R E S T  D U Q I N G  CCNSTwUCT I O N  

STACT-UP COSTS 

#OPKLh'E C A P I T A L  

T3TAL CAPITAL F E C U I R E M E N T  



Table 6.10~ 

CNNUAL CPEGATIFJG COSTS 

ANNUAL C O S T  ( $ 1  

PFOCUCTICK P A T E F I A L S  

U T I L I T I E S  

OPEEATIKG LAECR - M E \  FEF  DAY i 2 .  
H9S P E F  S H I F T  R e  !I 
HOUPLY FATE T 6 .LS  

PAINTENANCE LAGOR 

S U F E E V I S I O h  

A D Y I N I S T R A T I O N  + CVEFYEAO 

S U P P L I E S  

O P E R A T I N G  

FAINTENANCE 

LOCAL T A X E S  + IKSUPANCE 

CROSS ANNUAL OPEPATING COST 

C F E D I T S / P t  N A L T I E S  COST 

NET ANNUAL OPERPTING C O S T  

DISCCUNTEO CASH fLCM HETHOD 
RETU.PN ON U N I T  GAS COST 
INVESTPENT ( R / M M  ETU)  



Table 6.11a 

SySTft . !  C - C F f Z p A P l . ~ : z <  

T O T A L  S O L I D S  25u .  C . ' 3N5 /3  
S C L I C S  F k A C T I P h  I N  FEEC , 9 2 5  
J C L 4 T  I L E  S C L  I F  F F A C T I C N  IF\ S I S L I 7 c  . 3 3 ':. 
3 I C ! 7 E G c .  V C L e  Z O L *  = F A C T .  I h  V C L  S C L  S . ; L  

;icWEalj I N C  
\ U V ' ? E =  C F  U N I T '  
C A F A C I Y Y  PES U N T T  
FOkEc  E E C U I ? E W E N T  

NUWSE? OF U N I T S  
c n = n c I T v  P E ?  U ~ I T  
JCWEZ .EEQUIPEMENT 

F ? E T F E A T Y E R T - N C N E  U S E D  

CS TS 
NUVRE? C F  UN'ITE 
C A F A C I T Y  PGQ LIMIT 
C I G E S T E E  T  EYPE?ATUP.E 
a E T E N T I 3 N  T I Y E  
C D K V E Q Z I C N  E F F I C I E N C Y  
POhE,= C i ? S U I ? E P E N T  

HE !T EXCHPFJCER 
51uluc.oEd O F  U Y I T S  
H E A T  EXCHANGEP A G E A  

T O T A L  F E A T  R E C I U I F E F E N T  

1,375 V V O  
* i l 8 l E + C  b Y M  9 T U / 3  
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Table  6.11~ 

4hNUAL C C S T  1 5 )  

CPEF3T:?;G L i ? F n F  - r E b  F E F  C A Y  ~ 2 ,  
82 3 F.ES S Y  I F 1  3.1: 
;In!j=l..Y G A T r  F.::,, 



Table 6.12a 

C 5 T  ? 
NUMBEO O C  l I ! d T T ?  

. C A ~ A C  IT y D F =  IJVI.T 
lJ1 Gf 3T,-.? T7v2E;iATU!72 
i3.c . T ..,.JTTC!lr r T T M E  
cnhl\/Fc?cIpt\I E"FIC1FFJC.v 
Frl!4EK u=Qlj T Q ' z M F V T  

G A S  P U P ' I F I C A T  rC\J-YONTT. US?P  



Table 6.12b 

r f i F T T 4 l -  C O . 2 T  - ? T I ' l & i  



. . .  

. . . .. . . 

.. . . .  . . . . .  . . Table 6.12~ 

4 O M I N  I S T R A T I 9 h '  + O\lE'?HFA!: 

Sl.lDPL T E S  

OPCP!lTIk!c. 

M A T N r E ,  h.lC\N$T 

I. crC~3.L T C U E S  + I N C I . J ? A Y C E  

GROSS ANVlJAI-  ? P . ? R A T I N C 2  C O S T  

C C F D I  T 3 / P C W > L T T E S  C Q S T  



Table 6.13a 

S Y S T E Y  pE"FQ?44 NCE 

4 1  C . ~ L T ~ ? S  Z ~ O C . ;  T C W S I ~  
Snl-I'lc F c 4 C T I O k  I h l  F E E E  5:  2 
\/CI'LbTILIL SnLTDS F Y P C T I O N  I Y  SOLIUS a 9 5 C  
qTOn'EGQa ' J O L a  q4I-e F i i A C T a  TEJ 'IOL ?!It . a 3 6 C :  

ST  O S A  G'F 
Y U M 9 ' D  q =  1 J h ! T T S  

C A P A C T T V  D ~ R  IJNIT 

TCTA!. HEAT P r n l l T 3 E H E N T  

D = W A T E *  IMC-NON' ! IS . rn  

GAS PUSIFTCATTCN-NOYF IISET 



Table 6 .13b 

, 
G A p T f  AC 2 n S T  C S T I M A T E  

Y A Y  1979 C O S T S  ( f )  

SUET~I'TAL C A P I T A L  IN \JESTqLYT 

SUBTOTAL P L 4 N T  Ib !VESTME?JT 

P R O  J fCT  'CCNTTNGENCY 

TOTAL 'PLAhlT I b I V . ~ S T ~ ' E ; I N P  

TOTAL CAPITAL.  SE Q U I 9 ' M E N T  



Table 6.13~ 

4NNUAL nPFRdTIhIC COSTS 

aFJ?I!J 4 L  C O S T  ( I )  

G .  

C R F r ! I r S / o c N A L " I E S  C O S T  

NFT ANNIIAI OPcR4TTNG COST 

x ~ x x ~ ~ ~ ~ ~ ~ x ~ ~ ~ ~ ~ ~ x x ~ x ~ ~ ~ x x ~ ~ ~ x x x x x ~ x X ~ x ~ x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x  
XX X X  
XX T O T N  ANNUAL C4'PfTAL RErJUTPEYENT = 9 7 3 2 1 i i 7 9 ,  - X X  
X X  X X  
X X  T n T A I  ANNU41 G A S  '3ii00UCTI13hl = 2615117.  YU 9TU X X  
X Y ,  XX 
XX U N I T  G A S  'COST = S 2.80/'?lw BTU X X  
XX x x  
x x x x x x ~ x x x x x x x w x x x x ~ x x x x x x x x x x x x x x x x x ~ x x x x x x x x x _ x x x x x x x x _ x _ ~ x _ x _ x _ . ~ ~ x _ x _ x _ x _ x _ x _  ---- 

. .  . . . . . . .. . . . . . - . . -. - -. .. - .. . . . . . .- - -. - 

~ I S C O U Y T E O  C A S H  FLOW r(ET'r100 
RETLs?N O N  UNIT G A S  ~ O S T  
1 NVESTPlENT ( $ / M Y  ?TU! 



Table 6.14a 

F E E D  C O M ? O Z I T I ? N  

1.175 V V G  
.i?f31.:+?5 Y V  9 T U J O  



Table 6.14b 

C A ' P I T C L  cI)'?T E S T I Y A ? E  



Table 6 . 1 4 ~  

4:V!fiJA1. O P = P 3 T T V G  C O S T S  

LOCAL T f i x C S  t IhlSUSaNi:F 

C ? O S S  ANhlUAL W ? ! ? P T I N G  C O S T  

CQEElITS/DrNAC. 'TTFS C O S T  

N c T  AhlN!IA Un'f?,LT ThlC: CT)C;T 
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biodegradable v o l a t i l e  so l ids '  'of 77%. The f r a c t i o n a l  conversion of v o l a t i l e  

s o l i d s  i s  dependent on t h e  f r a c t i o n a l  conten t  of biodegradable s o l i d s  i n  t h e  

feed;  t he  conversions a r e  28, 38, and 32% f o r  corn s t o v e r ,  r i c e  s t r aw ,  and 

wheat s t raw,  r e s p e c t i v e l y .  The smal l  s c a l e  sysiem u t i l i z e s  a  CSTR a t  a  lower 

temperature,  35OC, and 'longer re te* t ion  time, 16 days. This  l e a d s  t o  a  lower 

f  r ac t%ona l  conversion of biodegrada'ble vol.Atj.le s o l i d s ,  45%, and 3 lower con- 

vers ion  .of v o l a t i l e  s o l i d s ;  16,  23, and 19% f o r  corn s t o v e r ,  r i c e  s t r aw ,  and 

wheat s t raw,  r e s p e c t i v e l y .  I f  t h e  smal l  s c a l e  case  were t o  u t i l i z e  60°C and 10 day 

r e t e n t i o n  time ope ra t ion ,  t h e  u n i t  gas c o s t s  would be about 40% lower than  presented  

i n  F igures  6 . 1  - 6.3 .  

I n  a l l  cases ,  t h e  u n i t  gas  c o s t s  a r e  h ighes t  f o r  corn s t o v e r  and 

lowest f o r  r i c e  s t raw.  One reason f o r  t h i s  i s  t h e  gas product ion  f o r  r i c e  s t raw 

is  about 50% g r e a t e r  than f o r  corn s t o v e r  o r  wheat s t r aw . ,  This  h ighe r  output  

i s  due t o  high r e s idue  content  pe r  a c r e  and high biodegradable s o l i d s  conten t  

i n  t h e  r e s idue .  The corn s tove r  and wheat s t r aw  produce approximately t h e  same 

amount of gas ,  bu t  t h e  corn. s t o v e r  u t i l i z e s  more r e s i d u e  d u e . t o  a  h igher  per  

a c r e  r e s idue  y i e l d .  This  increased  amount of r e s idue  r e q u i r e s  l a r g e r  equipment 

s i z e s  and correspondingly l a r g e r  power and h e a t  requirements ,  t hus  r e s u l t i n g  

i n  a  g r e a t e r  u n i t  gas  cos t  f o r  corn s t o v e r  compared t o  wheat s t raw.  

Another i n t e r e s t i n g  comparison is  t h e  r e l a t i v e  c o n t r i b u t i o n s  due 

t o  f i x e d  and ope ra t ing  c o s t s .  For t h e  small- ,  medium-, and l a rge - sca l e  systems 

t h e  r a t i o  of ope ra t ing  t o  f i x e d  c o s t s  a r e  approximately 0.5,  2.2, and 1 .4 ,  

r e spec t ive ly .  The smal l  s c a l e  system has  a  low r a t i o  s i n c e  a l l  l abo r  and s u p p l i e s  

c o s t s  were assumed t o  be zero .  For t h e  medium and l a r g e  s c a l e  systems, l abo r  

and s u p p l i e s  c o s t s  accounted f o r  approximately 60 and 35% of ope ra t ing  c o s t s ,  

r e s p e c t i v e l y ,  which r e s u l t s  i n  t h e  high r a t i o s  of ope ra t ing  c o s t s  t o  f i x e d  

c o s t s .  

The major con t r ibu t ion  t o  c a p i t a l  c o s t s  is  due t o  d i g e s t e r  c o s t ,  

which accounts  f o r  approximately 70, 70, and 752 of c a p i t a l  c o s t s  f o r  small-, 



medium-, and l a r g e - s c a l e  systems,  r e s p e c t i v e l y .  Approaches which l e a d  t o  

lower d i g e s t e r  c a p i t a l  c o s t s  should r e s u l t  i n  s i g n i f i c a n t  r e d u c t i o n s  i n  

u n i t  gas  c o s t s  . 
% 

The energy ba lance  f o r  a  conversion p roces s  is  an impor tan t  con- 

s i d e r e t i o n  i n  d e s i g n .  Obviously, a  system must u t i l i z e  l e s s  energy than  i t  

produces.  For t h e  s m a l l  s c a l e  s i z e  system wi th  corn  s t o v e r  f eeds tock  ( t h e  

lowest energy o u t ~ u t ) ,  t h e  system u t i l i z e s  about 502 of t h e  energy i t  produces.  

The energy ba l ance  i s  s l i g h t l y  b e t t e r  f o r  r i c e  s t r aw  and wheac s t r aw .  For 

t h e  medium and l a r g e  s c a l e  systems wi th  corn  s t o v e r ,  t h e  p roces s  u t i l i z e s  

25% of t h e  energy i t  produces,  which i s  b e t t e r  then  t h e  small s c a l e  system. 

S ince  t h e  medium and l a r g e  s c a l e  .systems o p e r a t e  a t  thermophi l ic  c o n d i t i o n s ,  

t h e  conversion and g a s  product ion  a r e  g r e a t e r  t h a n  for ehe small scale s y s l e n l ,  

t h u s  g i v i n g  a  more f a v o r a b l e  energy ba lance .  

The r e s u l t s  of t h e  base  l i n e  systems a n a l y s i s  i n d i c a t e  which 

f a c t o r s  make l a r g e  c o n t r i b u t i o n s  t o  u n i t  gas  c o s t s .  Approaches t o  a b a t e  

t h e s e  c o s t s  by a p p r o p r i a t e l y  a l t e r i n g  t h e s e  f a c t o r s  a r e  d i scussed  i n  t h e  

s e n s i t i v i t y  a n a l y s i s  i n  Sec t ion  7.  



Sect ion  7  

SENSITIVITY ANALYSIS 

The r e s u l t s  presented i n  Sec t ion  6  were f o r  s p e c i f i e d  base l i n e  

condi t ions .  These cond i t i ons  were e s t a b l i s h e d  from p r i o r  experience wi th  s i m i -  

l a r  processes .  I n  t h i s  s e c t i o n ,  t h e  e f f e c t s  of vary ing  some of t h e s e  base 

l i n e  parameters  on system economics is  presented .  

7 . 1  Diges t ion  

The d i g e s t i o n  condi t ions  assumed f o r  t h e  base l i n e  systems a r e  pre- 

sented i n  Table 6. One s i g n i f i c a n t  change from t h e s e  condi t ions  is t o  u t i l i z e  

a  batch d i g e s t i o n  process .  A second v a r i a t i o n  i s  CSTR r e t e n t i o n  time. 

7.1.1. Batch Digest ion 

A c o n t r o l l e d  l a n d f i l l  concept is incorpora ted  wi th  a  low c a p i t a l  

cos t  r e a c t o r  (e .g . ,  a hole-in-the-ground concept a s  t h e  ba tch  d i g e s t e r ) .  For t h e  

ba tch  l a n d f i l l  system, t h e  d i g e s t i o n  temperature i s  assumed t o  be  35°C. For 

t h i s  temperature,  t h e  r e a c t i o n  r a t e  cons tan t  u t i l i z e d  is  one !which would y i e l d  

60% conversion of biodegradables  i n  6  months, a s  was obtained i n  l abo ra to ry  

experiments (Refs.  114, 133) .  Buffer  chemical a d d i t i o n  is  included f o r  t h e  

batch process ,  equal  t o  1% of t h e  s o l i d s  conten t ,  and a t  a  c o s t  of $30/ton. 

The r e s u l t s  are p r e ~ e n t e d  i n  Figures 7 . 1 ,  7.2, and 7.3 f o r  ba tch  d i g e s t i o n  

of corn s t o v e r ,  r i c e  s t raw,  and wheat s t raw,  r e s p e c t i v e l y ,  over a  range of 

batch d i g e s t i o n  r e t e n t i o n  t imes.  (The c o s t s  i n  t hese  f i g u r e s  and a l l  o t h e r  

f i g u r e s  a r e  f o r  10% BOI DCF un le s s  otherwise i n d i c a t e d ) .  D e t a l l s  of t h e  

a n a l y s i s  a r e  presented i n  Tables 7.1,  7 . 2 ,  and 7.3 f o r  small- ,  medium-, and 

l a rge - sca l e  batch d i g e s t i o n  of corn s t o v e r  ( a t  a  180 day r e t e n t i o n  t ime).  

Analysis  of t h e  r e s u l t s  i n d i c a t e s  t h a t  f o r  t h e  range of ba tch  d i -  

g e s t i o n  r e t e n t i o n  t imes of 6  months t o  1 year  , t h e  gas  c o s t  is lower f o r  t h e  

h ighe r  r e t e n t i o n  t imes.  This  is  due t o  t h e  l a r g e  d i f f e r e n c e  i n  conversion 

e f f i c i e n c i e s  ( e .g . ,  60% a t  6 months and 83% f o r  1 yea r )  and t h e  corresponding 



Figu re  7 . 1  

UNIT GAS COST FOR BATCH DIGESTION OF CORN STOVER 
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F i g u r e  7 . 2  

UNIT GAS COST FOR BATCH DIGESTION OF RICE STRAW 
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UNIT GAS COST FOR BATCH DIGESTION OF WHEAT STRAW 
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T a b l e  7.1 

SYSTEM D E S I G N  FOR BATCH D I G E S T I O N  O F  CORN STOVER - SMALL SCALE 

Table 7.la . 
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Table 7 . l b  
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Table 7 .lc 
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Table  7 . 2  

SYSTEM DESIGN FOR BATCH DIGESTION OF CORN STOVER - MEDIUM SCALE 

Table 7 .2a  
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T a b l e  7 . 3  

SYSTEM DESIGN FOR BATCH DIGESTION OF CORN STOVER - LARGE SCALE 

Table  7 . 3 a  
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Table 7 .3b 
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d i f f e r e n c e  i n  g a s  product ion .  

A comparison of ba t ch  d i g e s t i o n  'with t h e  base  c a s e  CSTR system 

i n d i c a t e s  s e v e r a l  i n t e r e s t i n g  r e s u l t s .  For t h e  medium and l a r g e  s i z e s ,  t h e  

base  c a s e  CSTR system r e s u l t s  i n  a lower u n i t  gas  c o s t  t han  t h e  ba t ch  p roces s .  

?or t h e  small s c a l e  system, t h e  ba t ch  p roces s  is  e q u i v a l e n t  t o  o r  b e t t e r  t han  . 

t h e  CSTR,. There, are several reasons  f o r  t h i s . ,  F i r s t  i s  t h e  gas  product ion .  

For  t h e  b a s e  l i n e  CSTR des ign ,  t h e  medium and l a r g e  s c a l e  systems u t i l i z e  60°C, 

whereas f o r  t h e  s m a l l  s c a l e ,  a  35OC d i g e s t i o n  tempera ture  i s  inco rpora t ed .  The 

convers ion  e f f i c i e n c y  i s  much h ighe r  f o r  t h e  the rmoph i l i c  mode than  f o r  meso- 

p h i l i c ,  whether a b a t c h  o r  CSTR d f g e s t i o n  i s  employed. Thus, t h e  gas  productj.on 

f o r  t h e  medium and l a r g e  s c a l e  systems i s  about  15% g r e a t e r  t han  t h e  ba t ch  

p roces s  ( a t  180 days r e t e n t i o n  t ime) .  For t h e  small s c a l e  system, t h e  g a s  pro- 

d u c t i o n  i s  50% g r e a t e r  f o r  t h e  ba tch  system ( a t  180 days r e t e n t i o n  t ime) .  These 

d i f f e r e n c e s  i n  gas  p roduc t ion  a r e  p a r t i a l  c o n t r i b u t o r s  t o  t h e  v a r i a t i o n s  i n  

u n i t  gas  c o s t .  

A second cause  of t h e  d i f f e r e n c e s  i n  u n i t  gas  c o s t s  is due t o  t h e  

c a p i t a l  c o s t  of t h e  d i g e s t e r . '  The b a t c h  system u t i l i z e s  a low c o s t  p e r  u n i t  

volume r e a c t o r ,  bu t  because  a l l  t h e  s o l i d s  must be loaded i n  t h e  reac,tor i n i -  

t i a l l y ,  t h e  volume of t h e  r e a c t o r  f o r  b a t c h  o p e r a t i o n  i s  s i g n i f i c a n t l y  g r e a t e r  

t h a n  f o r  t h e  CSTR mode,. 20 and 35 t imes  g r e a t e r  f o r  t h e  s m a l l  and l a r g e  s c a l e s ,  

r e s p e c t i v e l y .  The d e n s i t y  and concentra ' t ion of s o l i d s  a l s o  a f f e c t s  t h e  s i z e  and 

c o s t ,  of t h e  d i g e s t e r .  Typ ica l ly ,  a  d e n s i t y  of 40 l b / f t 3  i s  maximum f o r  a land- 
3 f i l l ,  compared t o ' a b o u t  64 l b / f t  f o r  a cont inuous flow system. The s o l i d s  

con ten t  f o r  t h e  l a n d f i l l  i s  about  20% whereas i t  i s  10% f o r  t h e  cont inuous  pro- 

ce s s .  The diges~rr c o s t  t o r  the l a r g c  c c n l e  b a ~ c h  system ( f o r  corn s t o v e r )  is 

$44 m i l l i o n ,  which i s  4.5 t i m e s  t h e  $9.8 m i l l i o n  f o r  t h e  base  l i n e  CSTR des ign  

f o r  corresponding c o n d i t i o n s .  This  r a t i o  i s  much lower ehan t h e  r a t i o  of 

d i g e s t e r  volumes due t o  t h e  lower pe r  volume d i g e s t e r  c o s t  f o r  t h e  b a t c h  system, 
3  3  $4.70/yd , compared t o  $ 4 0 / ~ d  f o r  t h e  CSTR diges te r . .  F o r , t h e  sma l l  s c a l e  s y s - '  

tem t h e  ba t ch  d i g e s t e r  c o s t  i s  $100,000, which i s  2.3 t imes  t h e  CSTR d i g e s t e r  

c o s t  of $43,000. 



It should be noted t h a t  t h e  major c o s t  i t e m  f o r  t h e  sma l l  s c a l e  

ba tch  system was f o r  t h e  digester . .  Since t h i s  is  a  hole-in-the-grourid d i g e s t e r  

i t  i s  p o s s i b l e  t h i s  c o s t  could, be reduced s i g n i f i c a n t l y  by having t h e  farmer 

cons t ruc t  t h e  d i g e s t e r .  I f  t h e  d i g e s t e r  c o s t  were reduced by SO%, t h e  u n i t  gas  

c o s t  would a l s o  decrease  by about 50% s i n c e  t h e  d i g e s t e r  c o s t  c o n t r i b u t e s  about 

90% t o  the  gas c o s t .  

These r e s u l t s ,  which i n d i c a t e  t h e  r e l a t i v e  economic .advantage of 

t he  s m a l l  s c a l e  ba t ch  system over t h e  convent ional  CSTR, i n d i c a t e  t h a t  develop- 

ment f o r  small  farm d i g e s t i o n  of crop r e s i d u e s  should cont inue  on t h e  c o n t r o l l e d  

l a n d f i l l  concept.  This system probably has  t h e  a'dvantage of r e q u i r i n g  l e s s  

labor  i npu t ,  once t h e  system is  i n i t i a t e d ,  a  d e s i r a b . 1  c h a r a c t e r i s t i c  f o r  small  

farm opera t ion ;  i . e . ,  t h e r e  is  no need f o r  p e r i o d i c  loading  of r e s i d u e  a s  is  

t h e  case  f o r  a  continuous d iges t ion .  

Since i t  is ind ica t ed  t h a t  smal l  s c a l e  ba t ch  d i g e s t i o n  has  a  po- 

t e n t i a l  economic advantage over a  cont inuous process ,  i t  i s  important  t o  

desc r ibe  t h e  s c e n a r i o  f o r  t h i s  process .  The crop r e s i d u e  is  addded t o  t h e  d i -  

g e s t e r  with t h e  a p p r o p r i a t e  a d d i t i o n  of manure ( i n o c u l e  and - n u t r i e n t ) ,  b u f f e r ,  

and water  t o  provide a  m i x t u r e  w h i c h ' w i l l  r e s u l t  i n  a  h igh  r a t e  of gas  product ion.  

This  loading and admixing s t e p  should t ake  about one month. The d i g e s t i o n  

process  w i l l  b e  designed t o  r e s u l t  i n  60% conversion of biodegradable ma t t e r  

i n  s i x  months. However, t h e  d i g e s t i o n  process  could cont inue  up to ,  

t e n  months, which would y i e l d  about 78% conversion a f t e r  which t i m e . t h e  d i -  

g e s t e r  i s  unloaded and prepared f o r  t he . . r e s idue  obta ined  from t h e  next  season ' s  

crop.  Th i s  unloading s t e p  should t ake  one month. The t o t a l  cyc l e  w i l l  thus  

be  12 months, wi th  one month each f o r  loading and unloading,and up t o  10 months 

f o r  diges. t  i on ,  

It should be noted t h a t  s e v e r a l  c r i t i c a l  f a c t o r s  could in f luence  

t h i s  s cena r io .  F i r s t ,  it is necessary  t o  s t a r t  t h e  ba tch  d i g e s t e r  a t  t h e  ap- 

p r o p r i a t e  t i m e  t o  ensure  maximum gas  product ion  a t  t h e  t ime of maximum need, 

i.e., t h e  win te r  months. Also, i t  is  e s s e n t i a l  t h a t  t h e  per iods  of i n t e n s i v e  

l a b o r  i npu t  (loading and unloading) . f o r  t h i s  process  do no t  co inc ide  w i t h  

o t h e r  h igh  l abo r  farm ope ra t ions  (such a s  crop ha rves t ing ) .  To meet such 



c o n d i t i o n s  w i l l  probably r e q u i r e  use of a r e s idue  system. The a c t u a l  t iming  
of t h i s  p roces s  w i l l  be  dependent on l o c a t i o n  and crop r e s i d u e  u t i l i z e d .  

7.1.2 D iges t e r  Re ten t ion  Time 

The e f f e c t  of va ry ing  CSTR d i g e s t e r  r e t e n t i o n  t ime i s  shown i n  

r i g u r e s  7.4,  7.5,  and 7.6 f o r  co rn  s t o v e r ,  r i c e  s t r aw ,  and wheat s t r a w  f o r  t h e  

medium and l a r g e  s c a l e  systems.  The e f f e c t  of dec reas ing  . r e t e n t i o n  t ime is  t o  

d e c r e a s e  t h e  d i g e s t e r  volume; t h e r e f o r e  t h e  c a p i t a l  c o s t  i s  a l s o  decreased .  

However, lower ing  r e t e n t i o n  t i m e  d e c r e a s e s  t h e  f r a c t i o n a l  conversion and he,nce 

t h e  gas product ion .  The e f f e c t s  of t h e s e  opposing f a c t o r s  r e s u l t s  i n  dec reas ing  

gas  c o s t  w i t h  lowering of t h e  r e t e n t i o n  t i m e  i n  t h e  ratlge of 4 t o  1 G  days f a r  

t h e  d i g e s t i o n  c o n d i t t o n s  and f eeds tocks  inco rpora t ed  i n  t h i s  a n a l y s i s .  The 

d e c r e a s e  i n  u n i t  gas  c o s t  i s  ab61ir 2OK f o r  t-he l a r g e  s c a l e  ayotcm when goiv.8 

from 10 days t o  6 days  r e t e n t i o n  t i m e .  P f e f f e r  has  found s t a b l e  thermophi l ic  

d i g e s t i o n  f o r  r e t e n t i o n  times a s  low as f o u r  days f o r  d i g e s t i o n  of co rn  s t o v e r .  

7 . 2  Pre t r ea tmen t  

The r e s u l t s  f o r  t h e  base  l i n e  systems des igns . show t h a t  t h e  

f r a c t i o n a l  conversion of  v o l a t i l e  s o l i d s  is extremely low, less than  40%; i . e . ,  

l e s s  than  40%'6f che heating va lue  of biorna3o i c  ob ta ined  in the form of methane. 

One approach t o  improve t h e  y i e l d  is t o  use  a p re t r ea tmen t  s t e p  t o  s o l u b i l i z e  

t h e  o r i g i n a l l y  non-biodegradable v o l a t i l e  s o l i d s .  Chemical and/or  thermal  pro- 

c e s s i n g  can'  be used t o  improve the  ~ i e i d  (Ref. 75, 1121. 

The e f f e c t  of  p re t r ea tmen t  added t o  a l l  t h e  base  l i n e  c a s e s  w a s  

ana lyzed ,  and t h e  r e s u l t s  a r e  presented  i n  Table 7 . 4  f o r  co rn  s t o v e r ,  r i c e  straw, 

and wheat s t raw.  Details 01 t h e  analysis are prccented  i n  Tahle 7 . 5  for pre- 

t r e a t m e n t l d i g e s t i o n  of co rn  s t o v e r  f o r  200 tons  p e r  day ( tpd )  throughput  and 

5% pre t r ea tmen t  chemical  requirement .  The c o n d i t i o n s  of p re t r ea tmen t  u t i l i z e d  ' 

i n  t h e s e  a n a l y s e s  were 115OC tempera ture ,  4 hours  r e t e n t i o n  t i m e ,  50% convers ion  

of non-biodegradable v o l a t i l e  s o l i d s  t o  b iodegradable  v o l a t i l e  s o l i d s ,  and 5% 

l o s s  of i npu t  b iodegradable  s o l i d s .  The chemical p re t r ea tmen t  convers ion  

of  50% w a s  w i t h  a d d i t i o n  of  sodium hydroxide which h a s  a c o s t  of about  $300/ton.  



F i g u r e  7 . 4  
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F i g u r e  7.5 

EFFECT OF CSTR RETENTION TIME ON 
UNIT GAS COST FOR RICE STRAW 
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F i g u r e  7 .6  

EFFECT OF CSTR RETENTION 'TIME O N  
UNIT GAS COST FOR WHEAT STRAW 
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Table 7.4 

Effect of Pretreatment* on Residue Digestion 

Wheat Straw 

2.4 x 10 3 

12.76 

4 . 1 0 ~ 1 0  5 

5.15 

4.10 x 10 6 

4.15 

Small Scale 

Annual Gas Production (PlM Btu) 

Unit Gas Cost ($/MM Btu) 

Intermediate Scale 

Annual Gas Production (MM Btu) 

Unit Gas Cost ($/MM Btu) 

Large Scale 

Annual Gas Production (MM Btu) 

Unit Gas Cost ($/MM Btu) 

* Pretreatment Conditions 
N ~ O H  Requirements = 5% of feed solids 

Conversion = 50% of non-biodegradable solids 

Temperature = 115OC 

Retention Time = 4 Hours 

Corn Stover 

2.65x103 

12.81 

4.56 x lo5 

5.29 

4.56 n lo6 

4.33 

Rice Straw 

3 . 2 ~ 1 0  

12.36 

5.47 x 1 U  

5.18 

5.47 x 10 

4,38 



T a b l e  7 . 5  

SYSTEM DESIGN FOR DIGESTION OF CORN STOVER UTILIZING PRETREATMENT 
MEDIUM SCALE 

T a b l e  7.5.a 

SYSTEM FEFFCFMPNCE 

TOTAL  S O L I D S  2 9 0 . 3  r O N S / D  
S O L I D S  FRACf  I O h  I N  F E E C  a 5 U t  
V O L A T I L E  S O L I D '  F R A C T I O N  I F ;  S O L I D S  • 3 5 t. 
BICOEGFa  VOL.' ZOLa F F A C f .  Ih' VOL SQL 036C: 

STCRAGE 
KUMBEF. OF U N I T 5  
C A P A C I T Y  PER U Y I T  

SHREOOING 
NUHBE!? OF U N I T S  
C A P A C I T Y  PE!? U N I T  
POWER RECUIREMENT 

H O L D I N G - M I  X I h G  

NUMBEf? OF U N I T S  
C A P A C I T Y  PER U K I T  
POWEE PEQUI?EMENT 

PRETREATMENT 
R A T I O  OF C H E M I C A L  TO F E E D  
CONVERSICN E F F I C I E N C Y  
KUMBEO OF U N I T S  
C A P A C I T Y  PES U N I T  
CHEMICAL  REQUIPEMENT 
POWEF! REQUIREMENT 

GTGESTION 

CSTR 
NUMBEE OF U N I T S  
C A P A C I T Y  PER U N I T  
D IGESTER.  TEMFERATURE 
FETENTTON T I M E  

, CONVERSION E F F I C I E N C Y  
POWER WEQUIREHENT 

GAS PRODUCTION 

HEAT EXCHANGER 
NUHBER OF U N I T S  
HEAT EXCHANGER AREA 

T O T A L  HEAT R E Q U I R E P E N T  

CEWATERING-NONE USED 

GAS P U R X P I C A T I O N - N O N E  USED 



Table 7.5b 

C A P I T A L  C O Z T  E S T I M A T E  

HAY 1 9 7 3  COSTS ( 3 )  

I N S T A L L E E  EQUIPMENT 

STOEAGE U N I T S  
S ~ ? E O O E ! ? S  
HCLOING TANKS 
PPETFEA ir.1CPlT 
O I G E S T E E S  
HEAT EXCHANGEFS 
M 4 T E e I A L S  H A N C L I N G  Er31JI?M<FjT - - 

SUPFOGT F A C I L I T  I E 5  

CONTRACTOR OVE3FEPO t O R O F I T  

E N G I N E E R I N G  + D E S I G N  

S l l *T  OTAL PLANT I K V E S T M E N T  

P P O  JECT CONTINGENCY 

T O T A L .  FLANT INVESTMENT 

I NT E E E S T  D U R I N G  CONSTRUCTION 

STA KT-UP COSTS 

WORKING C A P I T A L  

TOTAL C A P I T A L  P E Q U I R E R E N T  



Table  7 . 5 ~  

ANNUAL OPEEPTING COSTS 

4NNUAL C O S T  ( 3 )  

PROCUCTION MATEQIPLS 

PPETPEATMEKT CHEMICAL e 3 0 2 .  CE/TON 

U T I L I T I E S  

FUEL - 3 5 . 8 ! > / M N  S T U  

LAROP 

OPEFATING LABOF - MEN ? € I ;  C A Y  12. 
H 9 2  P E C S H I F T  8.: 
YOUPLY RATE 3 6 e C G  

FAINTEKANCE L A O O i ?  

SUPEFiVISIO) \ :  

A C M I N I S T R A T I O N  + CVEPHEAD 

S U P P L I E S  

OPERATING 

RAINTENAWE 

LCCPC TAXES + IhSUPANCE 

GFOSS ANNUAL O P E ~ A T  INC cosr  

C F E D I T S / P E N A L T I E S  COST 

NET ANNUAL OPERATING C O S T  

OISCOUNT'ED C A S H  F'LOW HETHOD 
RETURN ON U N I T  GA5 COST 
INVESTMENT ( S / M M  BTU)  



Pfeffer and Quindry (Ref. 112) presented economics for pretreat- 

ment and digestion of corn stover. Pfeffer and Quindry obtained a unit gas 

cost of about $ 1 0 1 ~ ~  Btu compared to about $4.30/MM Btu for the analysis pre- 

sented in this study. However, Pfeffer's economic analysis uses net energy 

production, whereas in this study the gross energy output is used. The net 

gas output used by Pfef fer of 143 GJ/hr is about half of the gross value cal- 

culated using the composition and conversion parameters in this report. This 

gross value would yield a gas cost of abvuL ?5/14l4 Dtu, whi~h is comparable t o  

the results presented for this study. 

The results of the analysis of pretreatment indicates that the 

cost of chemical significantly affects the unit gas cost. For 5% chemical 

requirement, chemical cost is about 50% of- operating cost for medliim and luge 

scale systems. This chemical cost is a critical factor in the unit .gas cost 

resulting from pretreatment digestion of crop residue and suggests approaches 

in pretreatment processing to reduce unit gas co-st. These alternative methods 

include use of lower cost chemicals or less chemical. However, experimental 

evidence results in less conversion to biodegradables (Ref. 112a) so that the 

gas prnduction is less and unit gas cost is higher. For example, if use of 

2.5% NaOH were to result in only 25% conversion of non-biodegradables, the unit 

gas cost for pretreatmentldigestion of corn stover (for the intermediate size) 

will be approximately $5.35/MM ~tu'. This compares to about $5.29'1~~ Btu for 

t h e  5% NaOH pretreatment case, i.e., essentially no difference in unit gas cost. 

The capital cost increase due to the pretreatment process is nnly 

about 15%. Thus, the use of pretreatment would be justified if good conversion 

can be obtained with either low chemical ruquirement or use of chemicals with 

lower cost. An analysis was made of varying pretreatyent conditions from a 

chemical requirement of 0 to 30 pexcent of feedstock, assuming that 50% of the 

non-biodegradable volatile solids fraction is converted to biodegradable solids. 

The results of this analysis are presented in Figures 7.7, 7.8, and 7.9 for corn 

stover, rice straw, and wheat straw, respectively. It should be reemphasized 

that the available experimental data indicate that a reduction in chemical ad- 

dition results in a lower fractional conversion to biodegradable solids. 

15 8 



Figure 7 . 7  

E F F E C T  O F  P R E T R E A T M E N T  ON U N I T  GAS C O S T  
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EFFECT OF PRETREATMENT ON UNIT GAS COST 
RICE STRAW 
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F i g u r e  7.9 

E F F E C T  O F  PRETREATMENT ON U N I T  GAS COST 
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These results indicate that every 1% increase in.% chemical requirement adds 

about $0.50/M~ Btu to the gas cost. However, since pretreatment does increase 

the gas output, the use of about 3% chemical to feedstock ratio will result 

in the same unit gas cost as the base line system design. Higher chemical 

requirement will result in greater unit.gas costs, and .lower chemical require- 

ment would be correspondingly more economical. It is interesting to note 

that the condition of 0 chemical requirement, which is similar to an aueo- 

hydrolysis of biomass as investigated by McCar Cy -- et al. (Ref. 75),  results 

in a unit gas cost which is about 40% lower than the base line design, as- 

suming no change in the amount converted. 

Thc offect of varying other pretreatment conditions is also shown 

i n  Figures 7.7, 7.8, and 7.9 for the medium and large scale systems. The other 

pretreatment conditions used are 150'~ and 1 hour retention time, with 5% chemi- 

cal added and 50% conversion. The effects of these changes is to lower the 

capital cost and increase the heat requirement, with the net result of approxi- 

mately no change in unit gas cost, with an assumed 5OX cor~version. 

'The results of this analysis of pretreatment conditiorls indicates 

the economic advantages if the assumed conditions can he obtained. Since there 

is insufficient experimental data to verify such conditions, it is necessary 

to continue development in this area to provide an economically feasible pre- 

treatment process. 

7.3 Gas Purification 

Thc large ccsle sy'stem prnrluc&s a of gas which could 

justify delivery to a pipeline system. This would require purification and 

compression of the digester gas., 

Analyses of the large scale systems indicate that gas purification 

will add about $0.75/NM Btu to the gas cost for corn stover, rice straw, and 

wheat straw feedstocks. Details of the analysis are presented in Table 7.6 

for corn stover. The use of gas purification adds about 15% to the capital 

cost and about 30% to operating costs, primarily for compression power costs. 



T a b l e  7 . 6  

SYSTEM DESIGN FOR DIGESTION OF.  CORN STOVER UTILIZING GAS PURIFICATION 

LARGE SCALE 

T a b l e  7 . 6 a  

SYSTEM P'FFCQY4NCE 

F E E 0  C O Y P Q S I T I O N  

TOTAL  S O L I O S  2 C d ? a C  TONS/@ 
' Z O L I D S  F E A C T I C b  I N  F E E C  a 5 9 6  

VO'LATILE S O L I D S  FRACTIC~ I h  S O L I g S  .95c 
FICPEGR.  V C L e  5 O L e  FF.ACT.  I h  VCL SCL ' i 3 6 C  

STC9AGE 
NUMBEF OF U Y I T Z  
C A P A C I T Y  PER U K T T  

ZYEEODING 
hUVSEF OF U N I T 5  
C A P A C I T Y  PE? U N I T  
FOCEF FECUI !?EVFNT  

NURBEU OF  U N I T S  
C b P A C I T Y  P E P  U N I T  
PO'WEF! P E C U I ~ E M E N T  

C S T ?  
NUYOEf OF U N I T S  
C A P A C I T Y  PER U N I T  
G I 6 E S T E F  TEMFEFATUPE 
R E T E N T I O K  T I M E  
CONVEPSICN E F F I C I E N C Y  
?ObER REQUIREYENT 

GA 5 PRGOUCTI  CN 

HE 4.1 E XCHANGEP 
NUVBEP OF U N I T S  
HEAT EXCHANGER APEA 

TOTAL HEAT REQUIGECENT 

DEWATEPI  hG-NONE USED 
C A f  P U F I F I C A T I C N  

C A F A C I T Y  P E 2  U K I T  



Table  7.6b 
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Table 7 . 6 ~  

Arit.JtJAL C D E F  A T I N G  C O S T S  
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7 . 4  Labor Cost 

Opera t ing  l a b o r  c o s t s  c o n t r i b u t e  about  25 and 10% t o  t h e  o p e r a t i n g  

c o s t s  f o r  t h e  medium and l a r g e  s c a l e  systems.  I n  a d d i t i o n ,  o t h e r  f a c t o r s  such 

a s  s u p e r v i s i o n ,  overhead,  and s u p p l i e s  a r e  d i r e c t l y  r e l a t e d  t o  o p e r a t i n g  l a b o r  

c o s t s  which would double t h e  percentage  c o n t r i b u t i o n s  a s s o c i a t e d  w i t h  o p e r a t i n g  

l a b o r .  For t h e  small farm system, t h e s e  l a b o r  and a s s o c i a t e d  c o s t s  were as- 

sumed t o  be  zero.  

S ince  l a b o r  c o s t s .  a r e  such a  s i g n i f i c a n t  f a c t o r ,  i t  is  e s s e n t i a l  

t o  de te rmine  t h e  e f f e c t s  of va ry ing  t h e  l abo r .  r e q u i r e m e ~ l t s  and a s s o c i a t e d  c o s t s .  

The r e s u l t s  of t h i s  a n a l y s i s  a r e  presented  i n  F igu re  7.10, 7 . 1 1 ,  7.12. 

For t h e  small s c a l e  system, t h e  b a s e  l i n e  c a s e  u t i l i z e d  $U/hr t o r  

t h e  f a r m e r ' s  l a b o r  c o s t .  However, t h i s  l a b o r  could be  u t i l i z e d  f o r  ano the r  

farm o p e r a t i o n  which is p r o f i t a b l e  and should be  a s s igned  a va lue .  The v a l u e  

of a  f a r m e r ' s  l a b o r  is  extremely d i f f i c u l t  t o  a s s e s s ,  s i n c e  i t  is  ve ry  seasona l .  

Obviously,  dur ing  h a r v e s t i n g  t h e  l a b o r  c o s t  is  h igh  and mid-winter i t  would b e  

low. The e f f e c t  of l a b o r  c o s t  is shown i n  F igu re  7.10, assuming $6/hr  average  

c o s t ,  and vary ing  t h e  l a b o r  requirement  f o r  t h e  d i g e s t i o n  p roces s .  (The r e -  

s u l t s  i n  t h i s  f i g u r e  can  a l s o  be  used t o  determine t h e  e f f e c t  of d i f f e r e n t  

average  hour ly  l a b o r  r a t e s ,  e .g . ,  2 h r s l d a y  a t  $6 /hr  would g i v e  t h e  same c o s t  

as 1 hr /day  a t  $12/hr . )  For 1 h r l d a y  l a b o r  r e q ~ i r e m e n t s ~ a t  $6 /h r ,  t h e  gas  c o s t  

w i l l  i n c r e a s e  by $1.50/HK Btu and f o r  2 hr /d& t h e  c o s t  w i l l  i n c r e a s e  Ly $3/MM 

Btu. 

Tha r e s u l t s  f o r  the mf?dil.lm s i z e  system a r e  p re sen ted  i n  F igu re  7.11. 

A v a r i a t i o n  i n  operac ing  l a b o r  r e q u i r e ~ i r ~ ~ i t  is  shown, from t h c  b a ~ e  l i n e  case of 

4 .men / sh i f t  t o  1 m a n l s h i f t .  The u n i t  gas  c o s t  is  reduced by about  $ 0 . 4 0 1 ~ ~  Btu 

f o r  each  m a n l s h i f t  r e d u c t i o n  i n  l a b o r  requirements .  

For t h e  l a r g e  s c a l e  system, t h e  base  l i n e  c a s e  u t i l i z e d  8 m e n l s h i f t .  

The r e s u l t s  of  va ry ing  t h i s  l a b o r  requirement ,  p resented  i n  F i g u r e  7.12, a r e  

that a reduc t ion  of 1 m a n l s h i f t  reduces  t h e  u n i t  gas  c o s t  by about  on ly  $0.05 MM/ 

S t u .  
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Figure  7 . 1 1  
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It is concluded from these results that simple digestion systems 

which require minimal operating labor is essential for an economically feasible 

process, particularly for the small and medium scale systems. The rnanpowet 

required for loading feedstock for a continous digestion process would make any 

reduction in labor requirement very difficult to justify. 

7.5 Feedstock Cost 

The base line system analysis utilized a $O/ton residue cost. 

For some biomass sources (e.g,, municipal solid waste) drop charges, or nega~ 

tive feedstock costs, are the case, but: f o r  agric.ultural crop residues, it ici 

most likely that a positive cost will be attributed to the feedstock. . This cost 

wila be due to removal or harvesting the crop residue from the field, and then 

delivery to the processing facility. 

The effects of feedstock cost on unit gas cost is presented in 

Figures 7.13, 7.14, and 7.15 for corn stover, rice straw, and wheat straw, 

respectively. For the medium and large scale system, unit gas cost will in- 

crease by S2.50/MM Btu for every $lO/ton increase in feedstock cost. For the 

small scale system, the increase is about $4.00/MM Btu per $lO/ton increase in 

feedstock cost. It should be noted, however, that if pretreatment were used, 

the gas production would be about doubled, resulting in a sensitivity to feed- 

stock cost of about half of the no pretreatment case. . 
These results presented in Figures 7.13 - 7.15 must be compared 

with estimated costs for agricultural crop residue- collection and delivery. 

Approximate costs for crop residues have been developed by SRI International 

(Rcf 1). They give $lO/dry ton fur high rfioistilre crop residues (such as 

corn stover) and $6/dry ton for low moisture residues (such as rice .and wheat 

straws) . Vetter (Ref. 140) estimated the cost of harvesting and transporting 

corn stover to range from $15-20/dry. ton for a range of 175-1000 tons per year. 

The output from a small farm (400 acres) is approximately 700 tons./year. These 

costs include amortized costs for farm machinery required for the harvesting 

procedure. Horsfield and Williams (Ref. 141) estimate the cost of rice straw 

harvesting to be at least $7/ton and a cost of about $6/ton to transport the 

straw 10 miles. 
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Figure 7.15 . 

EFFECT OF RESIDUE COST ON UNIT GAS COST FOR WHEAT STRAW 

I I I 

- WHEAT - 
- 

- - 
- 

- - 
- 
- 

- - 
- 

- 

- BASE-CASE: ZERO FEEDSTOCK COST - 
1 1 I b 

10 2 0 

DELIVERED FEEDSTOCK COST, 



The ave rage  d i s t a n c e  f o r  t r a n s p o r t a t i o n  can b e  e s t ima ted  by con- 

s i d e r i n g  t h e  p roces s ing  f a c i l i t y  i s  c e n t r a l l y  l oca t ed  w i t h i n  t h e  a r e a  from 

which t h e  r e s i d u e  i s  c o l l e c t e d .  For t h e  400 a c r e  smal l  s i z e  system, t h e  

ave rage  d i s t a n c e  t o  t r a n s p o r t  r e s i d u e  i s  l e s s  than  !5 mile .  For t h e  coope ra t ive  

s i z e  system, c o l l e c t i n g  r e s i d u e  from 100 small farms, o r  40,000 a c r e s , t h e  

ave rage  d i s t a n c e  is  about .  10 m i l e s ,  assuming crop  r e s i d u e  is  obta ined  from 

on ly  10% of  t h e  a r e a  around t h e  p roces s ing  f a c i l i t y .  For t h e  l a r g e  s c a l e  

f a c i l i t y ,  t h e  average  d i s t a n c e  i s  30 m i l e s ,  a l s o  assuming c o l l e c t i o n  from 

10% of t h e  a r e a .  If 25% of t h e  a r e s  were ha rves t ed ,  the average  dis.canceo 

would be  about  6 and 20 m i l e s  f o r  t h e  medium and l a r g e  s c a l e  systems,  r e s p e c t i v e l y .  

Thus, f o r  t h e  medium s i z e  system, S6l ton  f o r  t r a n s p o r t a t i o n  i s  r easonab le .  

For  t h e  l a r g e  scale system t h e  t r a n s p o r t a t i o n  c o s t  would be  about  $12/ ton,  

u t i l i z i n g  a  ~ ' o s t  of about  3 0 ~ / m i  f o r  t h e  a d d i t i o n a l  d i s t a n c e  (Ref. 142) .  

It is  obvious  from t h e  r ange  of v a l u e s  p re sen ted  t h a t  t h e  r e s i d u e  

c o s t  can  range  from $5 - 20 l ton . '  The corresponding i n c r e a s e s  i n  u n i t  gas  c o s t  

would r ange  from abou t  $ 1  -$5/MM Btu f o r  t h e  medium and l a r g e  s c a l e  systems 

wi thou t  p r e t r e a t m e n t  and about  $0.50-2.50/MM Btu when p r e t r e a t m e n t  i s  u t i l i z e d .  

For  t h e  s m a l l  s c a l e  system t h e  c o l l e c t i o n  c o s t  would be  on t h e  low end (no 

t r a n s p o r t a t i o n  c o s t )  s o  chis would c o n t r i b u t c  about $ 3 1 ~ ~  h t u  KO the gas 

c o s t  . 

The b a s e  l i n e  des igns  inco rpora t ed  t h e  assumption t h a t  t h e r e  would 

be  no c r e d i t  o r  p e n a l t y  a s s o c i a t e d  wi th  the d i g e s t e r  e f f l u e n t .  P o t e n t i a l  u ses  

of t h e  e f f l u e n t  s o l i d s  i n c l u d e  f e r t i l i z e r  and animal  f eed .  The v a l u e  f o r  such 

uses could be 3 I g n i f i c l t r i ~ .  Or! t h ~  o t h e r  hand, a p e n a l t y  could be a s s o c i a t e d  
4 

w i t h  d i s p o s a l  of d i g e s t e r  e f f l u e n t ,  p a r t i c u l a r l y  t h e  waste  water  s t ream a f t e r  

dewater ing  t o  r ecove r  t h e  s o l i d s .  

The e f f e c t  of c r e d i t s / p e n a l t i e s  f o r  t he  e f f l u e n t  stream was 

i n v e s t i g a t e d .  The c o n d i t i o n s  u t i l i z e d  i n  t h e  a n a l y s i s  were a dewater ing 

p roces s ing  s t e p . i n  which 95% of t h e  s o l i d s  were recovered  a t  a  c o n c e n t r a t i o n  

of 25% s o l i d s .  The low s o l i d s  was te  s t ream was disposed a t  a c o s t  of $2/1000 g a l  

and t h e  c r e d i t  f o r  t h e  s o l i d s  ranged from $0 t o  75/ ton .  



The r e s u l t s  of t h i s  a n a l y s i s  f o r  e f f e c t s  of c r e d i t s / p e n a l . t i e s  

a r e  presen ted  i n  F igures  7.16 and 7.17 f o r  corn  s t o v e r  f o r  t h e  medium and 

l a r g e  s i z e  systems. The r e s u l t s  a r e  presen ted  a s  u n i t  gas  c o s t  as a func t ion  

of DCF r e t u r n  on investment f o r  va r ious  e f f l u e n t  s o l i d s  c r e d i t  va lue .  For 

high c r e d i t  va lue ,  t h e  u n i t  gas  c o s t  i s  nega t ive ,  i . e . ,  a zero  p re sen t  n e t  

worth could only be ob ta ined  wi th  nega t ive  gas  va lue .  Since t h e  primary 

product i s  t o  be  energy,  i n  t h e  form of gas ,  nega t ive  gas  va lues  a r e  meaningless.  

Ano the r .  more r ea sonab le  approach t o  ana lyze  t he se  r e s u l t s  i s  t o  assume a 

gas va lue  and determine t h e  R O I  r equ i r ed  t o  g ive  zero p re sen t  worth u s i n g  t h e  

DCF method. A gas  va lue  df $21MM Btu was assumed and i s  i n d i c a t e d  i n  F igures  

7.16 and 7.17 by t h e  h o r i z o n t a l  dashed l i n e .  The r e t u r n s  on investment 

obtained by t h i s  procedure a r e  presen ted  f o r  each crop r e s i d u e  i n  Table  7.7 

and f o r  corn s t o v e r  i n  F igure  7.18. From t h i s  f i g u r e  i t  i s  noted t h a t  every 

$lO/ton i n c r e a s e  i n  by-product va lue  i n c r e a s e s  t h e  r e t u r n  on investment about 

4%. These r e s u l t s  i n d i c a t e  t h a t  i f  t h e  by-product c r e d i t  v a l u e  is h igh ,  

i t  w i l l  have a g r e a t e r  v a l u e  than  t h e  va lue  of gas .  (Under t hose  cond i t i ons ,  

i t  might b e  b e t t e r  t o  cons ider  t h e  gas  a s  t h e  by-product stream.) 

A comparison should be made between expected by-product c r e d i t  

va lues  and t h e  range of va lues  u t i l i z e d  f o r  t h e  s e n s i t i v i t y  a n a l y s i s .  V e t t e r  

(Ref. 141) i n d i c a t e s  t h a t  corn s t o v e r  would have a f e r t i l i z e r  va lue  of about 

$5.00/dry ton.  Th i s  va lue  i s  due p r i m a r i l y  t o  t h e  n i t rogen ,  phosphorus and 

potassium conten t  which would n o t  change s i g n i f i c a n t l y  du r ing  d i g e s t i o n .  

However, s i n c e  some biodegradable  s o l i d s  a r e  removed du r ing  d i g e s t i o n ,  t h e  

va lue  of t h e  e f f l u e n t  s o l i d s  would be g r e a t e r  than $5/ ton.  Diges t ion  wi thout  

p re t rea tment  removes about 25% of t h e  t o t a l  s o l i d s ,  g i v i n g  an e f f l u e n t  va lue  

of about  $6.70/ton. Pre t rea tment  r e s u l t s  i n  about  50% t o t a l  s o l i d s  r educ t ion  

g iv ing  an  e f f l u e n t  va lue  of  about $lO/ton. SRI (Ref. 143) h a s  i n d i c a t e d  t h a t  

a $25/dry ton v a l u e  f o r  dzgested animal manure e f f l u e n t  would be  o p t i m i s t i c .  

The range  used i n  t h i s  s e n s i t i v i t y  a n a l y s i s  appears  t o  extend t o  h i g h l y  o p t i -  

m i s t i c  va lues .  The range more probably encountered would be $5-25/ton, which 

would g ive  a R O I  (assuming $2/MM Btu gas  va lue)  of up t o  about  10% f o r  t h e  

l a r g e  s c a l e  system. 
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Table 7.7 

E F F E C T  O F  BY-PRODUC,T C R E D I T  VALUE .ON 
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Figure 7.18 

EFFECT OF BY-PRODUCT VALUE ON DCF RETURN ON INVESTMENT 
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Enerpy Balance , 

One of t h e  most c r i t i c a l  f a c t o r s  i n  any a l t e r n a t e  energy o r  energy 

conve r s ion  p roces s  i s  t h e  energy  ba lance ,  i .e. ,  some i n d i c a t i o n  of t h e  d i f f e r e n c e  

between energy i n  and energy o u t .  There are s e v e r a l  ways t o  d e f i n e  t h e  energy 

ba l ance .  One 'is t h e  r a t i o  of p roces s  energy requirement  t o  g r o s s  energy ou tpu t  

( t h e  energy con ten t  of t h e  d i g e s t e r  g a s ) .  This  can b e  expressed  a s :  

annual  p roces s  energy re-quirement 
r l =  
1 anfiual d i g ~ b ~ e r  g ~ n  c n Q r g ~  con ten t  

I f  t h i s  r a t i n  were g r e a t e r  Lhan 1, t h c  process  would u t i l i z e  more energy than  

i t  d e l i v e r s  and hence would be  uneconomical on an  energy account ing .  It is 

thus  de s i r ab l e  f g  have a  p roces s  w i th  a s  low a  v a l u e  of n as p o s s i b l e .  
1. 

It should  be noted  t h a t  t h e  d e f i n i t i o n  of nl  does n o t  i n c o r p o r a t e  

t h e  energy con ten t  of t h e  r e s i d u e  f eeds tock  ( t h e  h i g h e r  h e a t i n g  v a l u e  of t h e  

r e s i d u e ) .  If it i s  d e s i r e d  t o  i n c o r p o r a t e  t h i s  energy con ten t  i n t o  t h e  energy , 

t a l a n c e ,  an expres s ion  such a s  g iven  below can be  used: 

( d i g e s t e r  gas  enerpy con ten t )  - (p roces s  energy con ten t )  n =  
2 ( f eeds tock  energy c o n ~ e u t )  

Thus, f o r  n1 > 1, t h e  numerator would be  negat ive ,  which is  an i n d i c a t i o n  ehar 

more energy i s  u t i l i z e d  by t h e  p roces s  t han  i s  provided.  The r a t l u ,  n 2 ,  r cp re -  

s e n t s  t h e  r a t f o  of n e t  energy ou tpu t  t o  f eeds tock  energy con ten t  which i s  a 

measure of t h e  p roces s  energy e f f i c i e n c y .  

Vafuk~ uf t h e w  r a t i o s  (q and n ) f o r  t h e  v a r i o u s  systems and op- 
1 2 

t i o n s  a r e  p re sen ted  i n  Table 7.8 f o r  co rn  s t o v e r ,  r i c e  s t r aw ,  and wheat s t r a w  

and t h e  s m a l l ,  i n t e rmedfa t e ,  and l a r g e  s c a l e  systems.  The energy e f f i c i e n c i e s  

p re sen ted  i n  t h i s  t a b l e  i n d i c a t e  t h a t  t h e  h i g h e s t  energy e f f i c i e n c y  (n2) occu r s  

f o r  p re t r ea tmen t  fol lowed by cont inuous thermophi l ic  d i g e s t i o n ,  i . e . ,  t h e  con- 

d i t i o n s  f o r  t h e  i n t e r m e d i a t e  and l a r g e  s c a l e  systems. These systems a l s o  have 

].ow v a l u e s  f o r -  0 t h e  r a t i o  of p roces s  energy use  t o  energy ou tpu t .  The 1 ' 



Table 7.8 

Energy Ef f i c i ency  of Crop Residue Diges t ion  Processes  

"1 
= (process  energy requirement) / ( d i g e s t e r  gas of energy conten t )  

n 2  = ( d i g e s t e r  gas  energy ccn t en t )  - (process  energy requirement) 

( feeds tock  energy conten t )  ' 

1 

1 
I 

Base Line CSTR 
! 

Batch Diges t ion  
(180d r e t e n t i o n  
time) 

CSTR wi th  Pre- 
t rea tment  

(5% NaOH, 50% 
, conversion)  

CSTR wi th  Gas 
P u r i f i c a t i o n  r 

q1 

2 

ql 

"2 

n1 

"2 

n2 

STOVER 

l a r g e  

0.21 

0.21 

0.08 

0.21 

0.14 

0.19 

0.30 

0.18 

CORN 

smal l  

0.49 

0.08 

0.08 

0.21 

0.35 

0.17 

R I C E  STRAW 
inter- 
meriiate 

0 .21 

0.21 

0.08 

0.21 

0.14 

0.39 
- 

- 
IJHEAT STRAW 

smal l  i n t e r -  1 l a r g e  
Imediat e 

l a r g e  

0.14 

0.30 

0.03 

0.29 

0.12 

0.44 

0.24 

0.27 

smal l  1 i n t e r -  

0.16 

0.24 

0.04 

0.24 

0.40 

0.25 

0.35 

0.14 

0.03 

0.29 

0.33 

0.19 

0.40 

0.10 

0.04 

0.24 

0.33 

0.18 

- 

-:::I\ 

mediate 

0.15 

0.30 

0.03 

0.29 

0.13 

O.Lt4 

0.16 

0.24 

I 

0.04 

0.24 

0.12 

0.40 



lowes t  v a l u e s  of n1 a r i s e  f o r  t h e  ba t ch  d i g e s t i o n  p roces s  s i n c e  t h i s  des ign  

u t i l i z e s  t h e  h e a t  of r e a c t i o n  t o  provide  p roces s  h e a t  and t h e r e  i s  no h e a t  

l o s s  a t t r i b u t e d  t o  t h e  d i g e s t e r  e f f l u e n t  s t ream. Also, t h e  ba t ch  system does 

n o t  r e q u i r e  any energy f o r  d i g e s t e r  mixing. 

7.8 Summary 

The r e s u l t s  of t h e  s e n s i t i v i t y  a n a l y s i s  i n d i c a t e  which parameters  

s i g n i f i c a n t l y  a f f e c t  t h e  system economics. The s e n s i t i v i t y  a n a l y s i s  i n d i c a t e s  

t h e  d i r e c t i o n  and. magnitude of  changes which would make t h e  conversion of crop 

r e s i d u e s  t o  f u e l  gas  economical ly f e a s i b l e .  I n  some i n s t a n c e s ,  t h e s e  changes 

a r e  t o  c o n d i t i o n s  f o r  which no s u p p o r t i v e  exper imenta l  d a t a  e x i s t .  It is  recom- 

mended t h a t  development of t h e  p roces s  be  extended t o  t h e s e  a r e a s .  



Sect ion  8 

CONCLUSIONS AXD RECOMMENDATIONS 

The r e s u l t s  of t h e  engineering economic ana lyses  performed on 

t h r e e  s i z e  systems, smal l  farm, coopera t ive  and i n d u s t r i a l  s c a l e ,  u t i l i z i n g  

va r ious  a g r i c u l t u r a l  crop r e s idues  have l e d  t o  t he"  fol lowing conclusions and 

recommendations. The c o s t  e s t ima te s  f o r  f u e l  gas product ion by a pre t rea tment1  

anaerobic fe rmenta t ion  process ing  r o u t e  a r e  basdd on design concepts  of DOE 

Fuels  from Biomass con . t rac tors .  The a c t u a l  u t i l i z a t i o n  of t hese  processes  

should be  preceded by a d d i t i o n a l  experimental  work t o  determine i f  t h e  per- 

formance parameters  u t i l i z e d  i n  t hese  ana lyses  can be a t t a i n e d ,  

8 . 1  Conclusions 

1. The average farm s i z e  f o r  t h e  t o t a l  United S t a t e s  i s  393 a c r e s .  

2. The a v a i l a b i l i t y  of crop r e s i d u e  f o r  conversion . t o  a f u e l  gas  de- 

pends on the  e f f i c i e n c y  of c o l l e c t i o n  methods, s e a s o n a l i t y  of t h e  

crop,  and competi t ion wi th  o t h e r  end-uses. Curren t ly  75% of r e s i -  

dues a r e  r e tu rned  t o  t he  s o i l  f o r  t h e  purposes of f e r t i l i z i n g ,  con- 

d i t i o n i n g  and d i sposa l .  

3 .  Residue y i e l d s  of small  g r a i n  s t raws  (wheat s t r a w ) ,  corn  s t o v e r ,  

and l a r g e  g r a i n  .straws (+ice) a r e  1 . 6 ,  1.'15 and 2 . 3  t o n s l a c r e ,  

r e s p e c t i v e l y .  

4 .  The r e s u l t s  of t h e  engineer ing  economic 'analyses  i n d i c a t e  t h a t  

t h e  d i g e s t i o n  of unpre t rea ted  crop r e s idues  i s ,  a t  b e s t ,  marg ina l ly  

economir. ,~l,  n i g e s t i o ~ ~  uf corn s t o v e r  r e s u l t e d  i n  t h e  h ighes t  gas  c o s t  

and d i g e s t i o n  of r i c e  s t r aw  gave the  lowest gas cos t  f o r  a1.1. system 

s i z e s  considered.  



5 .  Batch d i g e s t i o n ,  u t i l i z i n g  a  low c o s t  "hole-in-the-ground" d i g e s t e r ,  

r e s u l t s  i n  h i g h e r  gas  c o s t s  than  f o r  a  cont inuous p roces s  f o r  t h e  co- 

o p e r a t i v e  and i n d u s t r i a l  s c a l e  p roces ses .  For t h e  sma l l  farm system, 

t h e  ba tch  p roces s  i f  more economical than  t h e  cont inous  p roces s  and. 

t h e  economics could  be improved f u r t h e r  i f  t h e  d i g e s t e r  c o s t  were r e -  

duced by having  t h e  fa rmer  c o n s t r u c t  t h e  d i g e s t e r .  

6 .  Experimental rusults indicate that c a u s t i c  and a u t o h y d r o l y s i s  

p r e t r e a t m e n t  of crop r e s i d u e  has  t e c h n i c a l  m e r i t .  Hdwever, t h e r e  

i s  i n s u f f i c i e n t  d a t a  a v a i l a b l e  t o  warran t  a d e t a i l e d  engineer ing  

des ign  s tudy  . . . 

7 .  The u s e  of chemical  p re t r ea tmen t  w i l l  result i n  a higher u n i t  gas 

c o s t ,  p r i m a r i l y  due t o  t he  c o s t  of p re t r ea tmen t  chemical.  Chemical 

c o s t  is  abou t  50% of  o p e r a t i n g  c o s t  f o r  medium and l a r g e  s c a l e  

systems.  Every 1% i n c r e a s e  i n  chemical  requirement  adds about  

$O.50/MP! ES t u .  

8. The i n c l u s i o n  of f e e d s t o c k  c o s t  s i g n i f i c a n t l y  i n c r e a s e s  t h e  g a s  

cOsr.  The eLSect is  n o t  03 s e v e r e  when pretreatment' is employcd 

because  t h e  gas  product ion  is  inc reased .  

9. I f  a  c r e d i t  v a l u e  f o r  d i g e s t e r  e f f l u e n t  i s  cons idered ,  t he  eco- 

nomics f o r  t he  convers ion  of  c rop  residues- 'become f a v o r a b l e .  The 

v a l u e  f o r  by-products could  be g r e a t e r  than  t h e  va lue  of gas  

produced. 

8 .2  Recomenda t i o n s  

Tnt r e s u l t s  of t h i s  s tudy  have l e d  t o  the  recommendations t o :  

1. Continue develo'pment of au tohydro lys i s .  p r e t r ea tmen t  r e q u i r i n g  no 

chemical a d d i t i o n .  

2.  Continue development of chemical p re t r ea tmen t  w i th  emphasis, on 

lower chemical requirement  and/or  .lower c o s t  chemicals .  



3 .  Develop ba t ch  d i g e s t i o n  u t i l i z i n g  t h e  c o n t r o l l e d  l a n d f i l l  con- 

c e p t  f o r  sma l l  farm d i g e s t i o n  of c rop  r e s i d u e s  t o  f u e l  gas .  

4 .  Eva lua te  t h e  f e rmen ta t i on  by-products a s  c r e d i t s  f o r  animal 

f eed  o r  f e r t i l i z e r  i n  o rde r  t o  de te rmine  i f  t h e  p roces se s  a r e  

economically f e a s i b l e .  



S i n c e  t h i s  method i s  a  u t i l i t y  f i n a n c i n g  method, i t  i s  a p p l i c a b l e  

t o  a u t i l i t y  o p e r a t i o n  and w i l l  b e  used only  f o r  t h e  l a r g e s t  s c a l e d  sys tems  

c o n s i d e r e d  i n  t h i s  s t u d y .  



Appendix A 

CAPITAL COSTS 

C a p i t a l  c o s t s  f o r  equipment are e s t i m a t e d  from c o s t  d a t a  found 

i n  t h e  1 . i t e r a t u r e  o r  c u r r e n t  c o s t s  o b t a i n e d  from equipment m a n u f a c t u r e r s .  

The c o s t  r e l a t i o n s h i p s  p r e s e n t e d  i n  t h i s  appendix g i v e  t h e  c o s t  as a f u n c t i o n  

of equipment s i z e  f o r  a  b a s e  y e a r .  U s e  of  t h e  CE p l a n t  c o s t  i n d d x  is  u t i l i z e d  

t o  u p d a t e . t h e s e  c o s t s  t o  May, 1979. T h i s  i n d e x  h a s  a v a l u e  of 100 f o r  1957- 

1959. P a l u e s  f o r  t h e  CE p l a n t . c o s t  i n d e x  f o r  o t h e r  y e a r s  are p r e s e n t e d  i n  

T a b l e  A.1. (Ref. 1 3 5 ) .  

Tab le  A . l  

CE P l a n t  Cost Index  

Year - Index  Value 

1957-1959 ......................................... 100 . 

1967 ................................... ;......... 109.7 

1968 .............................................. 113.7 

19bY ............................................... 113.0 

1970 ......... ..................................... 125.7 

161 ........ . ....................... .... . . . .  132.2 

1972 .............................................. 137.2 

1973 .............................................. 144 .1  

1974 ........................................ 165.4 

1975 ......................................... ;.-.. 1.82.4 

1976 .............................................. 192 .1  

1972 ............................................ 204.3- 

1978 ............................................... 218.8 

May 1979 ......................................... 236.2 



A. 1 Storage 

The cost of units for storage of crop residues is estimated 

to be (on a 1979) cost basis) : ,; 

cost, = 2.65 (cu. ft.) 0.54 

A , ?  Shredder 

Shredder costs were obtained from manufacturers' quotes (Williams 

Patent Crusher and Pulverizer Co., Inc., St. Louis, KO) and the cost relation- 

ship is (on a May 1979 ' basis) : 

cost = 6400 (tonslhr) 
0.67 

A. 3 HoldingIMixing 

The cost of holding/mixing~tanks, obtained from manufacturer 

quotes, (BrownBoiler and Tank Works, Franklin, PA) is given by (on a May 1979 

basis) : 

cost = 284 (cu. f t. ) 0.54 

A.4 Pretreatment 

Pretreatment will.be done at temperatures up to 200°C, thus 

necessitating the use of pressure vessels. Costs of 150 psi pressure vessels 

are estimated from manufacturers' quotes (Chicago Bridge and Iron Company, 

Boston, MA) as (on a May 1979 .basis) : 

cost = 1600 (cu. ft. ) 
0.50 

A. 5 Digestion 

The cost of digesters is dependent on the type of system employed, 

e.g., a standard high capital cost concrete or steel tank or a low capital 



cost "hole-in-the-grounl" digester Lsed for a batch system. The cost for 

the high capital digesters is given by the same relationship as for the 

holdinglmixing tanks. This relationship gives a cost of $98,000 for a 50,000 
3 3 ft digester compared to $130,000 for a 50,000 ft digester for the Bartow, 

FL demonstration facility. 
. . 

The.10~ capital sys.tem cost is dependent on size. Kays (Ref. 144) 

estimates costs in the range of 2-5C per gallon. The lower value will be 
3 

used for large landfill type systems and is equivalent to approximately $4/yd . 
For smaller hole-in-the-ground systems, the higher value will be utilized. 

3 This is equivalent to '$lOlyd . 

A.6 Heat Exchangers 

The cost of heat exchangers is estinated from Peters and Timmerhaus 

(~ef. 136) and is given by (on a 1967 basis): 

A.7 Dewatering 

Dewatering can be accomplished via centrifugation or vacuum fil- 

tration. The cost of centrifugation, obtained from manufacturers' quotes 

is given by (on a May 1979 basis): 

cost = 1960 (gal/hr) 
0.67 

3 
For a liquid stream density of 64 lblft , this cost can also be given as: 

cost = 77,000 (tonslhr) 0.67 

The cost for vacuum filtration is estimated from data provided by Patterson 

and Banker (Ref. 145) as (on a 1971 basis): 

2 0.687 
cost = 5500 (ft ) 



I f  i t  i s  assumed t h a t  t h e  f l u x  through t h e  f i l t e r  i s  10 g a l  p e r  h r  p e r f t  
2  

and d e n s i t y  is  64 l b / f t  , t h e  c o s t  i s :  

c o s t  = 47,900 ( tons /h r )  
0.697 

When t h i s  exp res s ion  is  updated t o  May 1979, t h e  c o s t  f o r  a 'vacuum f i l t e r  

is  approximate ly  t h e  same as f o r  a c e n t r i f u g e  when throughputs  are e q u i v a l e n t .  

A . 8  Gas P u r i f i c a t i o n  

The c o s t  of g a s  p u r i f i c a t i o n  i s  e s t ima ted  from Ashare -- et  a l .  

(?pf . U h )  as (on a 1?79 b a s i s )  : 

where t h e  f low i s  s t a n d a r d  cub ic  f e e t  of d i g e s t e r  gas  (CH4 + C02) pe r  day. 



Appendix B 

POLER REQUIREMENTS 

B.l Shredder 

The power requirement for shredding is estimated as 15 hpltonlhr 

throughput. 

Power will necessary for the holding stage only when mixing 

will be required. This power requirement is estimated at 0.2 hpIMCF. 

B. 3 Chemical Pretreatment 

The power for chemical pretreatment will depend on whether 

the process requires mixing. If so, the mixing requirement will be estimated 

at 0.2 hp/PfCF, 

B.4 Digestion 

The power requirement for digestion will be 0.2 hp/MCF when 

mixing is utilized. 

B. 6 Dewatering 

The power requirement for dewacering is estimated as 3.15 

hp/ton/hx. 

B.7 Gas Purification 

The power requirement for gas purification is estimated as 

300 hp/ MMSCPD. 



r 1-- - " .  1 HIS PAGE 

A INTENTIONALLY 

LEFT BLANK. 



Appendix C 

MATERIAL SALAN CE 

M a t e r i a l  b a l a n c e s  can be  made around each p i e c e  of equipment 

f o r  t h e  o v e r a l l  p r o c e s s .  These b a l a n c e s  w i l l  be  f o r  s o l i d s  ( t o t a l ,  v o l a t i l e ,  

b i o d e g r a d a b l e  v o l a t i l e ,  and a s h ) ,  w a t e r ,  g a s  and t o t a l .  (The terms used i n  

t h e  e q u a t i o n s  are t h e  v a r i a b l e s  used i n  t h e  computer program. 

C . 1  S t o r a g e  

The i n p u t  and o u t p u t  s t r e a m s  f o r  t h e  s t o r a g e  u n i t  a r e  i d e n t i c a l .  

C.  2 Shredder  

The i n p u t  and o u t p u t  s t r e a m s  a s s o c i a t e d  w i t h  t h e  s h r e d d e r  a r e  

assumed t o  b e  i d e n t i c a l .  T h e ' o n l y  change i s  t h e  s i z e ' o f  t h e  p a r t i c l e s .  

The h o l d i n g  (,and mixing) s e c t i o n  i s  used t o  p r e p a r e  t h e  f e e d  

material f o r  t h e  p r e t r e a t m e n t  and /or  d i g e s t i o n  s t e p .  T h i s  i n c l u d e s  mixing 

(when n e c e s s a r y )  and a d d i t i o n  o f  w a t e r  t o  o b t a i n  t h e  d e s i r e d  c o n c e n t r a t i o n .  

The m a t e r i a l  ba lance  is  I n d i c a t e d  hi Figure C . 1 .  The s o l i d c  c o n c e n t r a t i o n  

i n  t h e  h o l d i n g  t a n k  i s  FS1 which is r e l a t e d  t o  t h e  e f f l u e n t  from t h e  h o l d i n g  

t a n k  by 

TF1 = TSF/FSl 

and t h e  w a t e r  requ i rement  is  

WE1 = TF1 - TFF 

s i n c e  on ly  w a t e r  i s  added a t  t h i s  s t e p  and t o t a l  s o l i d s  remain c o n s t a n t .  



Figure C . l  Material Balance for Holding/W:$ing Section 

TSF/FSl  

TSF 

TF1 - TFF 



C.4 Chemical P r e t r e a t m e n t  

The chemical  p r e t r e a t m e n t  m a t e r i a l  b a l a n c e  is  g iven  i n  F i g u r e  C.2. 

The amount of non-biodegradable v o l a t i l e  s o l i d s  conver ted  t o  b i o d e g r a d a b l e  

v o l a t i l e  s o l i d s  is: 

TGBVS = EPRT (TVSF - TBVSF) 

where EPRT i s  t h e  convers ion  e f f i c i e n c y .  The amount of chemical  added i s  

assumed t o  b e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  amount conver ted .  

TCHEM = CHEM (TVSF -TBVSF) x EPRT 

where CHEM i s  t h e  amount of chemical  r e q u i r e d  p e r  amount c o n v e r t e d .  It is  

assumed t h a t  a f r a c t i o n  of t h e  i n p u t  b iodegradab le  v o l a t i l e  s o l i d s  is  l o s t  

i n  t h e  p r o c e s s :  

TLBVS = ELPRT x TBVSF 

A m a t e r i a l  b a l a n c e  g i v e s  f o r  b i o d e g r a d a b l e  v o l a t i l e  s o l i d s :  

TBVS2 = TBVSF + TGBVS - TLBVS 

and t h e  t o t a l  v o l a t i l e  s o l i d s  i s  assumed unchanged. 

TVS2 = TVSF 

I f  t h e  f r a c t i o n  of s o l i d s  l e a v i n g  t h e  p r e t r e a t m e n t  r e a c t i o n  i s  

FS2, then :  

where t h e  t o t a l  s o l i d s  is:  

TS2 = TSF + TCHEM 

Also,  t h e  a s h  c a n t e n t  changes (assuming a l l  TCHEM is  a s h ) :  

TA2 = TAF + TCHEM 



WP TCHEM 

. .  . 1. 
'IGE.VS -=  ECHP x 

~.TVSP-TBVSF) 
---- 

TBVSF TLEVS = ELPRT x TBVS2 = TBVSF + TGBVS = TLBVS 

TVSF TBVSF 
TP1 

- 

F i g u r e  C - 2  Pretreatment Material Balance 



The w a t e r  makeup i s  g iven  by: 

C .  5  ' D i g e s t e r  

The m a t e r i a l  b a l a n c e  f o r  the  d i g e s t i o n  s t e p  i s  i n d i c a t e d  i n  

F i g u r e  C.3. I t  i n c l u d e s  s t r e a m s  f o r  a d d i t i o n  of manure ( n u t r i e n t  and inoculum) 

and w a t e r  t o  t h e  d i g e s t e r .  Th i s  t h e n  l e a d s  t o :  

and cor responding  e q u a t i o n s  f o r  v o l a t i l e  s o l i d s ,  w a t e r ,  e t c .  Gas is  produced 

i n  t h e  d i g e s t i o n  p r o c e s s ,  g iven  by: 

GPD = A (TBVS3) (FCONT) (DNSDG) / (TF3) (HRTDG) 

where FCONV i s  t h e  f r a c t i o n  of b i o d e g r a d a b l e  s o l i d s  conver ted  i n  r e t e n t i o n  

t ime ,  HRTDG. DNSDG i s  t h e  d e n s i t y  of t h e  d i g e s t e r  c o n t e n t s .  

The b i o d e g r a d a b l e  s o l i d s  l e a v i n g  t h e  d i g e s t e r  is :  

and t h e  t o t a l  sys tem f low is: 

TF4 = TF3 - [II20EV + (FCONV) (TRVS3) ] 

The dewate r ing  u n i t  s p l i t s  t h e  d i g e s t e r  e f f l u e n t  i n t o  two s t r e a m s ,  

as shorn i n  F igu re  C . 4 ,  One i s  a h igh  s o l i d s  c o n t e n t  s t r e a m  and t h e  o t h e r  

a low s o l i d s  c o n t e n t .  The e f f i c i e n c y  of s o l i d s  removal is  EDWT and t h e  h i g h  

s o l i d s  c o n t e n t  i s  FS5 ' ( f r a c t i o n  of s o l i d s ) .  Hence, 
, 

TS5 = TS4 x EDWT 
C' 

and t h e  f r a c t i o n  o f  s o l i d s  i n  t h i s  s t ream,  FS5, i s  r e l a t e d  t o  t h e  t o t a l  



C.3 Digester Material Balance 

* 4 

TF2 i W 3  

TBVS3 

WDIG 



.r High Solids 

Low ( TF6 = TF4 - TF5 
TS6 = TS4 - TSF I T'6 = TW4 - 'J3J5 

Figure C.4 Dewatering Material Balance 



flow by: 

The low so l ids  stream is a s  indicated i n  Figure C .4 .  



APPENDIX D 

Heat Balance 

The heat requirements for the system are given by: 

HREQ = HGAS + HEVAP + HEFF + HLOSS - HFEED - HW - HRXN + O.Ol(PRTHT) Btu/d 

where. 

HREQ is the heat requirement 

HGAS is the sensible heat of the gas stream 

HEVAP is the sensible heat and heat of evaporation of the moisture 

in the gas stream 

HEFF is the sensible heat of the digester effluent 

HLOSS is the heat loss through the digester walls 

HFEED is the sensible heat of the input stream 

HW is the sensible heat of the water make-up stream 

HRXN is the heat of reaction 

PRTHT is the pretreatment heat.requirement. 

For this analysis, the ambient or base temperature is TA, the digester 

temperature is TC, and pretreatment temperature is W P R  (For these equations, 

all temperatures are in OC.) 

D.l Input Stream 

The sensible heat of the input stream is: 

HFEED = 3600 (TF2) (TMPF-'LA) Btu/day 

The heat capacity is assumed to be 1 Btu/lb°F. TME'F is the temperature of 

the Teed stream, assumed ro  be TA. 



D.2 Water Fake-Up 

HW = 3600 (TFJ2) (TMPW - TA) Btu/d 

where T M P W  i s  t h e  makeup wa te r  tempera ture ,  assumed t o  b e  TA. 

D.3 E f f l u e n t  Stream 

The sensible  h e a t  of Llie d i g e s t e r  e f f l u e n t  stream is ;  

HEF'F = 3600 T F 4  (TPEX - TA) Btu 

where TPEX i s  t h e  e x i t  t empera ture  ( e i t h e r .  from t h e  digester o r  h e a t  exchanger) 

and t h e  h e a t  c a p a c i t y  i s  assumed t o  be  1 Btu/lb°F'. 

D.4 D i g e s t e r  Heat Loss 

The h e a t  l o s s  from t h e  d i g e s t e r  can  be expressed  a s :  

HLOSS + USAs (TC-TA) + UB$ (TC-TA) + UTAT (TC - TA) 

where t h e  terms on t h e  r i g h t  hand s i d e  r e p r e s e n t  t h e  l o s s  from t h e  walis, 

bot tom and top r e s p e c t i v e l y .  I n  each c a s e  U i s  t h e  o v e r a l l  h e a t  t r a m f e r  

c o e f f i c i e n t  and A is  t h e  s u r f a c e  a r e a .  For a  conc re t e  tank  w i t h  d i r t  i n s u l a t i o n ,  

approximate o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  ( i e f . 1 4 7  ) :  

I f  t h e  d i g e s t e r  is  assumed t o  b e  c y l i n d r i c a l  w i t h  equa l  d iameter  

and h e i g h t ,  t h e  d i g e s t e r  volume is: 

and t h e  s u r f a c e  a r e a s  a r e :  



The h e a t , l o s s  i s  then  found t o  be approximated by: 

HLOSS = 96.23 V 2 I 3  (TC - TA) Btu/d 

3 
where V is  the  d i g e s t e r  volume (Ft ) and t h e  temperatures  a r e  i n  O C .  

D. 5  Gas 'Stream 

The s e n s i b l e  hea t  l o s s  w i th  t h e  gas s t ream is  made up of c o n t r i b u t i o n s  

from methane, carbon d iox ide ,  and water .  The water  i s  included i n  HEVAP (D.6). 

Methane Cont r ibut ion  = DGP x  - 16 x 0.56 x (,TC-TA) x 1 .8  

f t 3  l b  Btu - - O C  OF - 
d 2'  OF O c 

(Note t h a t  a  molar volume of 370 f t 3  was used s i n c e  t h e  gas i n d u s t r y  t akes  STP 

a t  60°F and t h e  gas  produdtion was c a l c u l a t e d  on t h a t  b a s k .  The hea t  capac i ty  

o f ,  methane is taken a s  0.56 Btu/lb°F (Ref. 148 .) . 

Hence, t h e  methane con t r ibu t ion  is: 

0.04 DGP (TC - TA) 

The CO c o n t r i b u t i o n  is  found t o  be (assuming t h e  CH4:C02 r a t i o  of 6:4) wi th  
2  

C = 0 . 2 1 5 / ~ t u / l b ~ F  (Re5 148) o r :  
P, co2 

0.02 DGP (TC - TA). 

Thus, 

HGAS = 0.072 DGP (TC - TA) Btu/d, 



D.6 Evaporated Water 

The heat loss due to evaporated water is due to the sensible 

heat loss of the stream and heat of evaporation of water. The amount of 

water evaporated is dependent on temperature and is calculated assuming the 

gas stream is saturated with water at digester temperature. 

HEVAP = HZOEV [AHVAp + Cp (TC - TA) 1 

where H20EV is the amount of water evaporated Clb/d).  

The amount of water T.oaving the digester by evaporation is: 

H20EV = 0.0474 (DGP) (XX) / ('1- XX) lb/d 

where XX is the mole fraction of water (.assuming saturation) -given by: 

6 
XX =1.27 x 10 exp [-5220/(TC + 273.1611 

D. 1 Heat of React1011 

For t h e  digcgtion of biomass t~ methane the reaction is exothermic. 

For : 

cellulose + H20 = 3CH + 3C0 
4 . 2  

the heat of reaction is: 

'51 = c + '%, C O ~ )  - A%, H ~ O  - '$, cellulose 
H4 

where the AHF1s are the heats of formation. These are (~ef1481.: 

", co,, = 94.4 



The h e a t  of fo rmat ion  o f  c e l l u l o s e  can be  o b t a i n e d  from t h e  h e a t  of combustion,  

which i s  671 kcal /mole  (Ref.  1 4 9 )  : 

c e l l u l o s e  + 60 = 6C0 + 5H20 
2 2 

AH - - 
6 A H ~ ,  C02 

- 
comb + 5 A H ~ ,  H o '5, c e l l u l o s e  

2  

from which AH i s  237.4 kca l /mol .  The h e a t  of r e a c t i o n  is  38 .3  k c a l  
F ,  c e l l u l o s e  

p e r  mole r e a c t e d  o r  approx imate ly  1 3  k c a l  p e r  mole of methane produced.  T h i s  
3  i s  approx imate ly  61.6 B t u / f t  . The h e a t  produced by t h e  r e a c t i o n  i n . t h e  d i g e s t e r  

i s  : 

HRXN = 6 l . 6  DGP Btu/ d  

D . 8  P r e t r e a t m e n t  Heat Requirement 

The h e a t  r equ i rement  f o r  p r e t r e a t m e n t  i s  due p r i m a r i l y  t o  t h e  d i f -  

f e r e n c e  i n  s e n s i b l e  h e a t s  between t h e  i n f l u e n t  and e f f l u e n t  s t r e a m s  of t h e  

p r e t r e a t m e n t  u n i t .  T h i s  i s  g i v e n  by: 

PRTHT = 3600 TF2 (TMPPR - TPF) Btu/d 

where T ~ , F  i s  r h e  t empera tu re  of t h e  f e e d  s t ream l e a v i n g  t h e  h e a t  exchanger .  

For t h e  energy b a l a n c e ,  i t  i s  assumed t h a t  90% of t h i s  s e n s i b l e  h e a t  can b e  

recovered  v i a  u s e  of h e a t  exchange.  Hence t h e  c o n t r i b u t i o n  t o  t h e  o v e r a l l  

h e a t  b a l a n c e  is:  

0 . 1  PRTWT Btu/d 
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"6 ' IF ( I ! j F D T ,  CQ. 1 lPQTWT=?F2*36uC .*I: F+ (TVPPR-TPFj 
w G d S = n G ~ * l T C - T A j  * ? , G 7 ? 3  
H ~ ' v A P = ! * I ~ o ' v ~ ( ~ C ~ ~ . + O  .RQ5'(Ti: tTA 
HZFF=TF4*Cr*fT?EX-T A)+T!C;CI!* 
HSYN=nGP*61 ,h  
H L O S S = 4 A C a ( S ' ) * *  ( 2 r / 3 r  l ) . * T N ~ F J R ( S ) * ' ( " T C - T A 9 * 9 6 r 6 3  
H o E O = H G A S + Y E V A o + H t F F + H L 9 S S - Y  R X N  ' + p Q T H T * t  .l 
TF (?NDI:Grt?e 1) P Q c ( ~ = H G A S + H E J ~ ' F + H L O S S - H : D X N  
IF. (4Pk!3, ,LEr J . 1  H !?EQ=Ce 
T ! 3 V S k = T O V 5 3 * (  i . -FCnN\ l : )  
TVSh-TVS3- fT?!VS?-T!3VSL-l 
TY4=TY3-HZQEV/Z090 l 
' T S & = T  FL-Twb 
T,4&=T?L-TVS4 



I F  (TNGFU) 8 1  9 . Q I  9 8 2  
.ACPY 8 )  = O G c / J  . 6  
T N M 7 2  ( 3  ) =I. 
W Y ( ? ) = 4 C P ( 3 I * G D U ! d K J l , E 6  
G 0  Tr)  8 8  
TNM9P (9.1 = P o  

WK'( 9 1 = Z  . 
i C O N T  I Nl.1 F 
n(;Fy.=nr,o/1;2::, 
H % = ( J M = H P ~ ? / l *  E f 5  

W 4 I T E ( 5 . 1 2 ? 1 )  F ' l  *FCF,FV?F,FRVSF 
I F ( I F ' S T 0 )  7 G 1 , 7 C i i r 7 C 2  
W Q I T E  ( h . 1 5 ? 1 3  
GCI Tn flu;! 
G I Q I T E  ( 5 , 1 5 Q ? )  TNY!?: ! (O * 4 C C P l i : )  
I F ( ( T h l S H R 9  ? O  I ,  r!C,j.flO 1 
!*IGT'E ( 6 . 1 ~ ~  7 )  

Gr! T O  8 6 5  
W?I?F:  ( 59  i ? r ) T l  T N Y B R ( 2 )  r A C P ( 2 )  rWY'(2J 
I=:( Th!HLn) RZ::, 8 2 1  , 8 2 2  
W o I T f  (h.i.;C:H) 
G O  TO A29 
W q I T E  ( 6  .1;<!.3.) 
GO T O  875 
W Q I T E ( 6 9 1 3 l . D ~ ~  
W R I T ' F ( 6  91Cl .11  TId'U59!3') V A C o ' ( 3 )  9blYI3) 
I F ( I N F R T ) A : ? ,  S l i , S l i  
W 0 I . T :  (h.1 'C5) 
G O  TO 8 1 5  
W S I T E ( 6 t l f I O 7 ) C H E M t E ~ R f  q 'TNYRR (49 t A C P ( 4 9  *7CHE,M,WK,(:49 
W R I T ?  ( 6 9  l S i 2 )  
IF : (TNqXG)  S.319 3 7 3 9 R 3 R  
Nr i l ITE ( 5  9 1.G1.3) 
Gr) T.Cl 8 .35 
! 4 ? I T c ( 5  91 ' ;  14 ' )  
GO '0 9 7 5  
N?TT 'E (6  9 1 0 1 5 ' )  
WRITE ( 6  9 1 O i G )  TNMi3"!5) r A C P f 5 )  ,TC rHi3TOGt FCONVr WK(5) 9GP'DrDGPH 
I F : ( T N M E Y )  5 4 1 9  9 L I 9 9 G 2  
WRTTC: ( 5  * l I 1 7 ) f h I P R ? ( h I  r A C P ' ( 6 )  
W 7 I T E  ( 6 . 1 5 1 3  ) H K E r ! M  
I F i ( I M O W T )  8 5 7 ,  8 5 2  ~ 8 %  
WRITE ( 6 + 1 ? 1 9 3  
GO ~9 a s 2  
W 9 I ~ F ( F i ~ l ? t ? C )  TNYPR( '7 )  , A C P ( 7 )  rWY ( 7 )  
I F ( I V G P U 1  S h ? r  8h? 9861 
N Q I T t  ( 6  . iC 2 1 )  
GO 70 8 5 2  
W9XTE(6,1022) AC'pi(8) 
CONT I N U C  
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LIST OF COMPUTER SYMBOLS 

A 

ACP 

AGP 

AW 

BGP 

BLDT 

CBE 

C B I  

CCHM 

CCOP 

CCOS 

CDWV 

CED 

CEFV 

CEP 

CF 

CHEM 

f t  CH4/lb converted 

Equipment s i z e  

Gas product ion  (.MM B tu ly r )  

Labor c o s t  (,$/hr). 

3 
T o t a l  gas product ion ,  ba tch  process  ( f t  ) 

Batch process  load ing  time (days) 

3 
F i n a l  b i o .  v o l .  s o l .  conc. ( . l b / f t  ) 

3 
I n i t i a l  b io .  v o l .  s o l .  conc-. ( l b l f t  ) 

Cost of p re t rea tment  chemical ($ / ton)  

Cost of c o n t r a c t o r ' s  overhead and p r o f i t  

Cost of equipment (pe r  u n i t )  

C red i t / pena l ty  f o r  dewatered output  ($ / ton)  

Cost of engineer ing  and des ign  

c r e d i ' d p e n a l t y  f o r  d i g e s t e r  e f f l u e n t  ($11000 ga l )  

Cost of e l e c t r i c i t y  ( ~ / l c w h )  

Eeat  capac i ty  of d i g e s t e r  s l u r r y  ( ~ t u l l b ' ~  

Amount .of p re t rea tment  .chemical pe r  s o l i d s  f e d  



CIDC 

CONS 

CP C 

CRF 

CSEP 

CSF 

CST 

CSUP' 

CWC 

DCFF 

DCHMC 

DEPRC 

DGP 

DGPM 

DIGMC 

DIGWK 

BIR 

DLIFE 

DNSDG 

LIST OF COMPUTER SYMBOLS (Continued) 

Cost of interest during construction 

Cost constant for equipment 

Cost of project contingency 

Cost of electrical and piping equipment 

Cost of support facilities 

Cost of steam (:S/W.? Btu) 

Startup cost 

Working capital 

Discounted cash flow factor 

Buffer chemical cost 

Annual depreciation cost 

Gas production (ft3/day) 

Gas production (MM ~tu/da~) 

3 
Digester maximum capacity (ft ) 

3 Digester work (HP/ft ) 

Interest on debt 

System lifetime (years) 

3 Digester slurry density (lb/ft ) 



LIST OF COMPUTER SYMBOLS (Continued) 

DNSHL 

DNSPR 

DNSTR 

DPRC 

DUGC 

DWTMC 

DWTWK 

E A 

EDWT 

EFFS 

ELPRT 

EPRT 

EX 

FBVSF 

FBVSM 

FCONV 

FD 

FDBT 

FITR 

FMAN 

3 
Density in holding tank (lb/ft ) 

3 
Density in pretreatment unit (lblft ) 

Density in storage (lb/f t3) 

Rate of depreciation 

Unit gas cost, DCF Method ($/MM Btu) 

Dewaterimg maximum capacity (T/hr) 

Dewatering work (HP/ton/hr) 

Activation energy for Arrhenius rate equation (cal/mole) 

Efficiency of dewatering 

Efficiency of steam utilization 

Fractional loss in pretreatment 

Efficiency of pretreatment 

Equipment cost scale expoiielil 

Fraction of bio. vol. solids in feed 

Fraction of bio. vol. solids in manure 
-J 

Fraction of bio. vol. solids converted to CH4 

Feedstock rate (tons solidslday) 

Fraction debt 

Federal income tax rate 

Zlanure requirement 



LIST OF COMPUTER SYMBOLS (Continued) 

FSF 

FSM 

l?S 1 

FS 2 

FS 3 

FS5 

FVSF 

FVSM 

GPD 

GPT,IWK 

HEFF 

HEVAP 

HEXMC 

HG AS 

HLDMC 

HLDGJK 

HLOSS 

HREQ 

HREQM 

Fraction of solids in feed 

Fraction of solids in manure 

Fraction of solids in holding unit 

Fraccion 01 sullds in prctrcacment 

k'ract i o n  of sol I d s  i l l  d i g t s t a r  f ccd 

Fraction of solids in dewatered solids stream 

Fraction of vol. solids in feed 

Fraction of vol. solids in manure 

Gas production (WD) 

Gas purification work (hp/MM SCFD) 

Heat content of digester effluent (btulday) 

Heat content of moisture in gas stream '(~tu/da~) 

2 
Heat exchanger maximum capcity (ft ) 

Heat content of gas stream @tu/day) 

3 
Holdinglmixing maximum capacity (ft ) 

3 
Holding/mixing work (hp/f t ) 

Heat loss from digester walls (Btulday) 

Digester heat requirement (Btulday) 

Digester heat requirement (.m Btulday) 



LIST OF COrrPUTER SYMBOLS (Continued) 

HRTDG 

HRTHL 

HP,TPR 

HRTST 

HRXN 

HTC 

H20EV 

I 

I N D  I G  

INDWT 

INGPU 

INHEX 

INHLD 

INPRT 

INSHR 

INSTR 

J 

JJ 

I< 

KK 

R e t e n t i o n  ti-me f o r  d i g e s t i o n  (days )  

R e t e n t i o n  t ime f o r  h o l d i n g  t a n k s  (days) 

R e t e n t i o n  t ime  f o r  p r e t r e a t m e n t  ( h r s )  

RetenLiun t ime  f o r  s t o r a g e  (days)  

Heat of r e a c t i o n  i n  d i g e s t e r  (Btu ld )  

Heat t r a n s f e r  c o e f f i c i e n t  i n  h e a t  exchanger  (Btu /h r  f t L O ~ )  

Evaporated waker i n  gas s t r e a m  ( l b l d a y )  

Dummy v a r i a b l e  

Dummy v a r i a b l e  f o r  u s e  of d i g e s t e r  

Dummy v a r i a b l e  f o r  use of dewate r ing  

Dummy v a r i a b l e  f o r  u s e  of g a s  p u r i f i c a t i o n  

Dummy v a r i a b l e  f o r  u s e  o f  h e a t  exchanger 

Dummy v a r i a b l e  f o r  u s e  of h o l d i n g  t a n k  

nl.lmmy v a r i a b l e  f o r  u3c of p r e  treaCu~ellL 

Dummy v a r i a b l e  f o r  u s e  of s h r e d d e r  

Dummy v a r i a b l e  f o r  use  of s t o r a g e  

Dulumy v a r i a b l e  

Dummy v a r i a b l e  

Dummy v a r i a b l e  

Dummy v a r i a b l e  



LIST OF COMPUTER SYMBOLS (Continued) 

NDIG 

NDWT 

WEX 

NHLD 

NLIFE 

' NPRT 

NSHR 

NSTR 

OIND 

OINDX 

Number of digesters 

Number of dewaterers 

Number of heat exchangers, 

Number of holding' tanks 

System life 

Number of.pretreatment units 

Number of shredders 

Number of storage units 

Cost index for year of equipment cost estimation 

Current cost index 

Y AH Fractlul~ uf labor eoot for adminbstration and overhead 

PCOP Fraction of equipment c v s t  for contractor's overhead and proflL 

PED Fraction of equipment c o s ~  for engineering and design 

PT.DC Fraction of total plant investment for interest during construction 

PLTI Fraction of total plant investment for local taxes and insurance 

PM Fraction of total plant investment for maintenance labor 

-- Fraction of total plant investment for maintenance supplies 

POPS Fraction of operating labor cost for operating supplies 

PP C Fraction of subtotal plant investment for project contingency 



LIST OF COMPUTER SYMBOLS (Continued) 

YPMP Fraction of equipment cost for materials handling equipment 

PRTHT Pretreatment heat requirement (Btu/day) 

PRTXC 
3 

Pretreatment maximum capacity (ft ) 

PRTWK 
3 

Pretreatment work (hp/ft ) 

PSEP Fraction of equipment cosp for electricity and piping 

PSF Fraction of equipment cost for support facility 

PSUP Fraction of annual gross operating cost for plant start-up 

PSV Fraction of labor cost for supervision 

PWC Fraction of total plant investment for working capital 

RE Return on equity 

RK Rate constant (day-') 

RKO Hate equation constant (day-') 

ROIM DCF return on investment 

RRB Return on rate base 

SHRMC Shredder maximum capacity 

SHRWK Shredder work (PP/ tons/hr) 

STF Stream factor (fraction of year in operation) 

STRMC 
3 

Storage maximum capacity (ft ) 



LIST OF COMPUTER SYMBOLS (Continued) 

SUBCS 

SUB1 

SUB2 

SUB3 

SUB4 

SUB5 

SUM8 

SUM9 

T  A 

TACST 

TAF 

TAGOP 

T  AI-IEX 

TANOP 

TA2 

TA3 

TA4 

TBVSF 

TBVS 2 

TBVS 3 

TBVS4 

S u b t o t a l  equipment c o s t  

T o t a l  equipment c o s t  

Cost s u b t o t a l  

S u b t o t a l  p l a n t  investment  

T o t a l  p l a n t  investment  

T o t a l  c a p i t a l  requirement  

Sum used i n  DCF c a l c u l a t i o n  

Sum used i n  DCF c a l c u l a t i o n  

Ambient tempera ture  (OC) 

Annual c a p i t a l  requirement  

T o t a l  ash i n  f eed  ( tons lday )  

Annual g r o s s  o p e r a t i n g  c o s t  

2 
Tota l  r e q u i r e d  h e a t  exchanger a r e a  ( f t  ) 

Annual n e t  o p e r a t i n g  c o s t  

T o t a l  a s h  l e a v i n g  p re t r ea tmen t  ( tons /day)  

T o t a l  a s h  e n t e r i n g  d i g e s t e r  ( t ons lday )  

T o t a l  a s h  l eav ing  d i g e s t e r  ( tons lday)  

T o t a l  b i o .  v o l .  s o l i d s  i n  feed  Ctonslday) 

T o t a l  b i o .  v o l .  s o l i d s  l eav ing  pretreatmenL ( tons ldny)  

T o t a l  b i o .  v o l .  s o l i d s  en . tc r ing  d i g e s t e r  (.tons/day') 

T o t a l  biu. v o l .  s o l i d s  l e a v i n g  d i g e s t e r  ( t ons lday )  



LIST OF COMPUTER SYMBOLS (Continued) 

T C Digester temperature (OC) 

TCAH Annual cost for administration and overhead 

TCCHM Annual cost for pretreatment chemicals 

TCFF 'Annual cost for feedstock 

TCHEM Pretreatment chemical requirement (tonlhr) 

TCLTI Annual cost for local taxes and insurance 

TCML Annual cost for maintenance labor 

TCMS 

TCOL 

TCOS 

TCPNC 

TCSO 

TCST 

TCSV 

TCWK 

TDWCV 

TFF 

TF 1 

Annual cost for maintenance supplies 

Annual cost for operating labor 

Total equipment cost for each process step 

Annual creditlpenalty cost 

Annual cost for operating supplies 

Annual cost for steam 

. . 

Annual cost for supervision 

Annual cost for electricity 

Annual creditlpenalt~ for dewatered colids 

Total feed stream (tonslday) 

Total flow from holding tank (tons/day) 



LIST OF COIQUTER SYMBOLS (Continued) 

TF 2 

TF3 

TF 4 

TFS 

TP6 

TGBVS 

TLBVS 

TMI' 

'Rv?S?PR 

TMS 

TMW 

TNDO 

TNI?BR 

TPEX 

TPF 

TPPMP 

TSF 

Total flow from pretreatment (tons/day) 

Total flow to digester (tonslday) 

Total flow from digester (tonslday) 

Tutal flow from dewatering, high solids stream (tonslday) 

Total flow from dewatering, l o w  solids stream (tonslday) 

Total gain in biodegradable volatile solids in pretreatment (tons/day) 

Total loss in biodegradable volatile solids in pretreatment (tons/day) 

Manpower requirement 

Pretreatment temperature 

Total manure solids (tons/day) 

-. 
Total manure water (tons/day) 

Number of days of operation per year 

Number of units per processing step 

Temperature of digester effluent leaving heat exchanger (OC) 

Temperature of influent stream leaving heat exchanger C°C) 

Annual cost for materials handling equipment 

Solids in feedstock (tonslday) 

Solids leaving pretreatment (tons/day) 

Solids entering digester (tons/day) 

226 



TS 4 

TS5 

TS 6 

TVD 

TVSF 

TVS2 

TVS 3 

TVS4 

TWCV 

TWF 

TWK 

TW1 

TW2 

TW3 

TW4 

Tbl5 

TW6 

UGC 

LIST OF COMPCTER SYMBOLS (Continued) 

Solids leaving digester Ctons/day) 

Solids leaving dewaterer, high solids stream (tonslday) 

Solids leaving dewaterer, low solids stream (tons/day) 

3 
Total digester volume (ft ) 

Vol. solids in feed Ctonslday) 

Vol. solids leaving pretreatment (..tons/day) 

Vol . solids entering digester (:tons/day) 

Vol. solids 1eaving.digester Ctons/day) 

Annual credit/penalty for dewatered low solids stream 

Water content in feedstock (..tons/day) 

Total horsepower 

Water leaving holding tank (.tons./day) 

,Water leaving pretreatment (tonslday) 

Water entering digester Ctonslday) . 

Water leaving digester (tonslday) 

Water leaving dewaterer, high solids stream (tonslday) 

Water leaving dewaterer, low solids stream (tonslday) 

Utility financing method unit gas cost (SIPIM Btu) 



LIST OF COMPUTER SYIIBOLS (Continued) 

WD 

WDIG 

h'H 

WK 

WORTH 

WP 

XX 

YR 

Hours per work day 

Water requirement for digesters (.tons/day) 

Water requirement for holding unit (tons/day) 

Work process step (HP) 

DCF first year cash flow 

Water requirement f ai: precreatiuciit (.tonuldoy) 

Mole fraction of water in digester gas stream 

Cash flow year in DCF method 
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