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C h a p t e r I 

INTRODUCTION 

A n a e r o b i c f e r m e n t a t i o n i s a n a t u r a l and commonly u s e d 

t r e a t m e n t f o r s t a b i l i z a t i o n o f o r g a n i c w a s t e . I n t h e t r e a t ­

m ent, d e c o m p o s i t i o n of o r g a n i c m a t t e r o c c u r s i n t h e a b s e n c e 

ot m o l e c u l a r o x y g e n . I f t h e p r o c e s s of d e c o m p o s i t i o n i s 

c a r r i e d t o c o m p l e t i o n , t h e end p r o d u c t s a r e s t a b i l i z e d 

o r g a n i c compounds and b i o - g a s ( C H ^ and C O ^ ) ' The 

o r g a n i c compounds c a n be u s e d a s a s o i l f e r t i l i z e r w h i l e 

t h e b i o - g a s i s a n o n - p o l l u t i n g s o u r c e o f e n e r g y . F o r s e v e r ­

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

a p p l i e d t o a g r i c u l t u r a l w a s t e m a n a g ement. The c o n v e n t i o n a l 

method f o r a n a e r o b i c d i g e s t i o n r e q u i r e s a d i l u t e w a s t e , 

g e n e r a l l y 9 0 % t o 9 5 % m o i s t u r e c o n t e n t , w h i l e most b i o - m a s s , 

c r o p r e s i d u e h a s 50% t o 90% TS and a n i m a l m a n u r e h a s 15% t o 

3 5 % T S . A d d i t i o n of d i l u t i o n w a t e r i n c u r s t h r e e m a j o r p r o b ­

l e m s : 

* l a r g e r v o l u m e t o be h a n d l e d i n t h e t r e a t m e n t 

* c o n s i d e r a b l y h i g h e n e r g y i n p u t t o m a i n t a i n t h e meso­

p h i l i c o r t h e r m o p h i l i c t e m p e r a t u r e c o n d i t i o n f o r b i o l o ­

g i c a l a c t i v i t i e s i n s i d e t h e f e r m e n t e r 



* a d d i t i o n a l w a t e r i n c r e a s e s t h e p o t e n t i a l f o r n o n - p o i n t 

p o l l u t i o n . 

A l l t h e s e r e q u i r e m e n t s w o u l d make t h e c o n v e n t i o n a l p r o c e s s 

e c o n o m i c a l l y l e s s a t t r a c t i v e f o r p o u l t r y m a n u r e . The p r o ­

c e s s may r e s u l t i n a n e t n e g a t i v e e n e r g y y i e l d when u s e d t o 

t r e a t t h e w a s t e f r o m a l a r g e s c a l e f a c i l i t y . A p r o c e s s 

w h i c h c a n t r e a t t h e h i g h - s o l i d s w a s t e i n " a s p r o d u c e d " 

s t a t e i s p r e f e r r e d to make t h e t r e a t m e n t more e n e r g y e f f i ­

c i e n t and e c o n o m i c a l . H i g h - s o l i d s f e r m e n t a t i o n a l s o 

r e f e r r e d t o a s " d r y " f e r m e n t a t i o n i s a p r o c e s s i n w h i c h t h e 

d e c o m p o s i t i o n o c c u r e s i n t h e a b s e n c e of f r e e w a t e r . 

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

t i o n f r o m o r g a n i c s a t h i g h s o l i d s c o n t e n t , m a i n l y c r o p 

r e s i d u e , h a s b e e n r e v i e w e d by J e w e l l e t a l . ( 1 1 ) . J e w e l l 

d e f i n e d t h e a n a e r o b i c " d r y " f e r m e n t a t i o n p r o c e s s a s t h e 

f e r m e n t a t i o n of o r g a n i c s a t s o l i d c o n c e n t r a t i o n s h i g h e r 

t h a n t h a t a t w h i c h w a t e r w i l l d r a i n f r o m t h e s u b s t r a t e . A 

s m a l l l a b o r a t o r y s c a l e f e r m e n t e r showed e f f i c i e n c y of c o n ­

v e r s i o n of a m i x t u r e of w h e a t s t r a w and d a i r y cow m a n u r e 

w i t h i n i t i a l s o l i d s a t 2 5 % v e r y c l o s e t o t h a t i n a 10% s o l ­

i d s m i x t u r e ( 1 1 ) . The r e s u l t s o f t h e s u b s e q u e n t work on a 

l a r g e s c a l e r e a c t o r f e r m e n t i n g c r o p r e s i d u e s a t 2 5 % - 3 0 % 

i n i t i a l s o l i d s c o n t e n t was a l s o v e r y e n c o u r a g i n g . A 

3 » 110m r e a c t o r u s i n g w h e a t s t r a w and d a i r y m a n u r e a t 2 5 % 

i n i t i a l s o l i d s c o n t e n t was d e s i g n e d and o p e r a t e d s u c c e s s ­

f u l l y f o r 100 d a y s a t C o r n e l l S t a t e U n i v e r s i t y . 
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P o u l t r y m anure i s g e n e r a l l y c o l l e c t e d i n a d r y c o n d i ­

t i o n . D e p e n d i n g on t h e manure c o l l e c t i o n t e c h n i q u e 

e m p l o y e d , t h e t o t a l s o l i d s c o n t e n t o f t h e manure v a r i e s 

f r o m 10% t o 7 0 % . The h i g h e r v a l u e s c o r r e s p o n d s to t h e u s e 

of l i t t e r m a t e r i a l f o r k e e p i n g t h e manure i n d r y c o n d i t i o n . 

T h u s c o n v e n t i o n a l a n a e r o b i c d i g e s t i o n of p o u l t r y m a n u r e 

r e q u i r e s a l a r g e q u a n t i t y of w a t e r t o d i l u t e i t to 10% o r 

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

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

5 5 % t o t a l s o l i d s t o 10% t o t a l s o l i d s w o u l d n e e d w a t e r w h i c h 

w o u l d g i v e o v e r t h r e e t i m e s t h e o r i g i n a l m a s s . T h i s a d d i ­

t i o n a l w a t e r w o u l d n o t o n l y i n c r e a s e t h e s i z e o f r e a c t o r t o 

a c c o m m o d a t e t h e ad d e d w a t e r b u t a l s o w o u l d r e q u i r e a l a r g e 

q u a n t i t y of h e a t to k e e p t h e s l u r r y t e m p e r a t u r e h i g h e n o u g h 

f o r b a c t e r i a l a c t i v i t i e s . I f t h e same manure i s u s e d a t 2 0 % 

t o t a l s o l i d s f o r a n a e r o b i c d i g e s t i o n , t h e w a t e r r e q u i r e m e n t 

c o u l d be r e d u c e d by 60% . I f i t i s t r e a t e d a t 3 0% t o t a l 

s o l i d s , t h e w a t e r r e q u i r e d f o r d i l u t i o n w o u l d be o n l y one 

t h i r d t h e q u a n t i t y of t h e m a n u r e . W u j c i k ( 2 7 ) i n h i s s t u d y 

on b a t c h r e a c t o r s w i t h d a i r y cow manure o b s e r v e d v e r y l i t ­

t l e d i f f e r e n c e i n m e t h a n e p r o d u c t i o n a t 10% i n i t i a l s o l i d s 

and 3 0 % i n i t i a l s o l i d s . 

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

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

p r o b l e m . The h i g h n i t r o g e n c o n t e n t o f t h e m a n u r e i s l i k e l y 
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t o c a u s e ammonia t o x i c i t y and u l t i m a t e l y t h e f a i l u r e o f t h e 
t r e a t m e n t f a c i l i t y . 

T h e o b j e c t i v e of t h i s r e s e a r c h was to e v a l u a t e t h e u s e 

of p o u l t r y m a n u r e , m i x e d w i t h a g r i c u l t u r a l c r o p r e s i d u e s a s 

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

i d s f o r a n a e r o b i c f e r m e n t a t i o n . C o r n s t o v e r b e i n g r e a d i l y 

a v a i l a b l e and h a v i n g a r e l a t i v e l y h i g h C/N v a l u e ( 5 0 - 9 0 ) 

was m i x e d w i t h p o u l t r y m a n u r e . The e f f e c t o f t h r e e d i f f e r ­

e n t s o l i d c o n t e n t s and t h e i n o c u l u m on g a s p r o d u c t i o n was 

s t u d i e d . No d o c u m e n t a t i o n was f o u n d on t h e h i g h - s o l i d s 

a n a e r o b i c d i g e s t i o n of p o u l t r y m a n u r e . 



C h a p t e r I I 

O B J E C T I V E S 

Th e p u r p o s e o f t h i s r e s e a r c h was t o e v a l u a t e t h e p o s s i b l e 

u s e o f a h i g h - s o l i d s a n a e r o b i c f e r m e n t a t i o n p r o c e s s a s an 

a l t e r n a t i v e t o c o n v e n t i o n a l s l u r r y - t y p e a n a e r o b i c d i g e s t i o n 

f o r b i o - g a s p r o d u c t i o n f r o m p o u l t r y m a n u r e . The s p e c i f i c 

o b j e c t i v e s o f t h e s t u d y w e r e a s f o l l o w s : 

1. D e t e r m i n e t h e e f f e c t s o f i n i t i a l t o t a l s o l i d s c o n t e n t 

on b i o - d e g r a d a t i o n of t h e s u b s t r a t e . 

2. E v a l u a t e t h e e f f e c t s o f t y p e and q u a n t i t y of s e e d 

m a t e r i a l u s e d t o i n i t i a t e t h e p r o c e s s o f b i o - g a s p r o ­

d u c t i o n . 

3. I n d i c a t e t h e optimum d e t e n t i o n t i m e o f t h e p r o c e s s . 

4. Compare t h e b i o - g a s p r o d u c t i o n r a t e s and t o t a l e n e r g y 

o u t p u t w i t h t h e c o n v e n t i o n a l p r o c e s s . 

i - 5 -



C h a p t e r 

L I T E R A T U R E 

I I I 

R EVIEW 

P o u l t r y p r o d u c t i o n i n U.S. has e x p a n d e d g r e a t l y d u r i n g t h e 

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

a n n u a l l y h a s i n c r e a s e d f r o m 630 m i l l i o n i n 1950 t o 3.6 b i l ­

l i o n i n 1979 ( 1 8 ) . T h e r e a r e a b o u t 2 0 0 , 0 0 0 egg p r o d u c i n g 

f a r m s i n t h e c o u n t r y . The USDA e s t i m a t e s t h a t 85% of t h e 

m a r k e t e g g s a r e p r o d u c e d by o n l y 1 2 , 0 0 0 l a r g e p r o d u c e r s , 

j u s t 6% of t h e t o t a l . The e x p a n s i o n h a s a l s o b r o u g h t i n a 

t r e n d i n t h e p o u l t r y i n d u s t r y t o r a i s e a l a r g e number of 

b i r d s a t one l o c a t i o n . B r o i l e r p r o d u c t i o n i n U.S. i s c o n ­

c e n t r a t e d i n r e l a t i v e l y few s o u t h e r n s t a t e s . The t e n l e a d ­

i n g s t a t e s i n b r o i l e r p r o d u c t i o n p r o d u c e a b o u t 8 3 % of t h e 

t o t a l p r o d u c t i o n . F o u r l a r g e c o m p a n i e s s h a r e a b o u t 18% o f 

t h e t o t a l p r o d u c t i o n . 

The l a r g e s t s i n g l e p r o b l e m a s s o c i a t e d w i t h an i n t e n s i v e , 

c o n f i n e d p r o d u c t i o n i s manure h a n d l i n g and d i s p o s a l . The 

t e c h n i q u e s g e n e r a l l y e m p l o y e d f o r p o u l t r y w a s t e management 

a r e : 

* s t o r a g e t h e n s p r e a d i n g on c r o p l a n d s 

* a e r o b i c and a n a e r o b i c l a g o o n s 

* c o m p o s t i n g 

- 6 -



* a n a e r o b i c d i g e s t i o n 

The n o r m a l way of u t i l i z i n g t h e manure i s to s t o r e i t i n 

t h e p o u l t r y h o u s e i n p i t s b e n e a t h t h e c a g e s and t h e n s p r e a d 

i t on c r o p l a n d . However f o r a l a r g e s i z e o p e r a t i o n a t one 

l o c a t i o n s p r e a d i n g of manure r e q u i r e s l a r g e r a r e a s t h a n a r e 

u s u a l l y a v a i l a b l e . S t u d i e s h a v e shown t h a t a b o u t f o u r t o n s 

of f r e s h manure may be s p r e a d on a a c r e of l a n d d e v o t e d t o 

c o r n p r o d u c t i o n w i t h o u t c a u s i n g any n i t r o g e n t o x i c i t y i n 

t h e s o i l . T h u s 1 0 0 , 0 0 0 h e n s w o u l d r e q u i r e a b o u t 1,600 a c r e s 

of l a n d p e r y e a r ( 1 9 ) , 

L a g o o n s h a v e b e e n t r i e d w i t h some s u c c e s s b u t t h e y f r e ­

q u e n t l y h a v e had s e r i o u s o d o r p r o b l e m s . 

C o m p o s t i n g o f p o u l t r y m a n u r e m i x e d w i t h b e d d i n g m a t e r i a l 

h a s r e s u l t e d i n o d o r l e s s , f l y - f r e e e n v i r o n m e n t s . A l t h o u g h 

t h i s p r o c e s s o f f e r s a n o p p o r t u n i t y t o r e c o v e r and r e u s e a 

p o r t i o n of t h e n u t r i e n t i n t h e w a s t e , t h e o v e r a l l b e n e f i t s 

a r e t o o s m a l l t o make t h e p r o c e s s a t t r a c t i v e f o r a g r i c u l ­

t u r a l w a s t e m anagement. I n g e n e r a l i t h a s b e e n o b s e r v e d 

t h a t u n d e r n o r m a l a g r i c u l t u r a l c o n d i t i o n s , t h e c o s t of 

a p p l y i n g c o m p o s t t o t h e l a n d h a s b e e n g r e a t e r t h a n t h e b e n ­

e f i t s r e c e i v e d ( 1 3 ) . 

A n a e r o b i c d i g e s t i o n p r e s e n t s a u n i q u e method o f t r e a t i n g 

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

o f t h e w a s t e m a t e r i a l b u t a l s o s u p p l i e s e n e r g y i n t h e f o r m 

of b i o - g a s , a b o u t 60% t o 70% of w h i c h i s m e t h a n e . 
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3.1 ANAEROBIC D I G E S T I O N 

The p r o c e s s o f s t a b i l i z i n g o r g a n i c compounds b i o l o g i c a l l y 

i n t h e a b s e n c e of o x y g e n i s a n a e r o b i c d i g e s t i o n . Most n a t ­

u r a l l y o c c u r i n g o r g a n i c m a t t e r c a n be d i g e s t e d a n a e r o b i c a l ­

l y . The a d v a n t a g e s o f f e r e d by t h i s p r o c e s s a r e as f o l l o w s 

( 6 , 1 3 ) : 

* h i g h e r l o a d i n g r a t e s t h a n a r e p o s s i b l e f o r a e r o b i c 

t r e a t m e n t 

* 50% t o 70% r e d u c t i o n i n o r g a n i c c o n t e n t , t h u s t h e 

d i g e s t e d m a t e r i a l r e p r e s e n t s a l e s s e r p o l l u t i o n a l h a z ­

a r d 

* u s e f u l end p r o d u c t s s u c h a s w e l l s t a b i l i z e d o r g a n i c 

r e s i d u e and c o m b u s t i b l e g a s e s w h i c h h a v e c o m m e r c i a l 

v a l u e 

* a l t e r a t i o n o f w a t e r - b i n d i n g c h a r a c t e r i s t i c s to p e r m i t 

r a p i d d e w a t e r i n g o f t h e r e s i d u e 

* s o l i d s r e d u c t i o n p e r m i t s e a s i e r m a t e r i a l h a n d l i n g a f t e r 

t r e a t m e n t 

* p r o c e s s y i e l d s l i t t l e e n e r g y f o r m i c r o b i a l g r o w t h h e n c e 

l e s s o r g a n i c m a t e r i a l i s c o n v e r t e d t o new c e l l s . I t i s 

p o s s i b l e t o t r e a t w a s t e t h a t h a v e l e v e l s o f n u t r i e n t s 

w h i c h a r e m a r g i n a l f o r a e r o b i c t r e a t m e n t . 

* s t a b i l i z e d d i g e s t e d w a s t e h a s a l o w e r o d o r l e v e l . 

A n a e r o b e s , r e s p o n s i b l e f o r a n a e r o b i c d i g e s t i o n , o b t a i n 

t h e i r e n e r g y f o r d e c o m p o s i t i o n of o r g a n i c m a t t e r by u t i l i z ­

i n g compounds o t h e r t h a n d i s s o l v e d o x y g e n . 



3.1.1 K i n e t i c s o f A n a e r o b i c D i g e s t i o n 

A n a e r o b i c t r e a t m e n t o f o r g a n i c w a s t e s i s a c o n t r o l l e d b i o ­

d e g r a d a t i o n o f t h e s u b s t r a t e i n w h i c h e n e r g y and n u t r i e n t s 

a r e made a v a i l a b l e t o t h e m i c r o o r g a n i s m s w i t h a p o r t i o n o f 

t h e o r g a n i c m a t e r i a l c o n v e r t e d t o m e t h a n e and c a r b o n d i o x ­

i d e ( 6 ) . The e n t i r e p r o c e s s o f f e r m e n t a t i o n i s d e s c r i b e d a s 

a t h r e e s t e p p r o c e s s i n v o l v i n g 

1. H y d r o l y s i s o f c o m p l e x m a t e r i a l s 

? . A r i d o g e n e s i s o f s i m p l e s o l u b l e o r g a n i c o 

3. M e t h a n o g e n e s i s o f o r g a n i c a c i d s 

a s shown i n F i g u r e 1. 

INSOLUBLE ORGANICS 
ANO COMPLEX 

S O L U B L E ORGANICS 

Hydrolysis Extracellular Enzymes 

SIM P L E 
S O L U B L E ORGANICS 

Acidoqenesis Acid - Producing Bacterio 

FORMIC ACID, 
ACETIC A C I D , 

COgand 

Hydrogenogenesis OTHER V O L A T I L E 
ACIDS ANO 
PRODUCTS 

FORMIC ACID, 
ACETIC A C I D , 

COgand Hg - Producing 
H n r t p r m 

OTHER V O L A T I L E 
ACIDS ANO 
PRODUCTS 

Methanogenesis 
J 

Methane - Producing Bacteria i ? 

C H 4 ond CO2 

F i g u r e 1 : M u l t i - s t e p n a t u r e of a n a e r o b i c o p e r a t i o n s 
( G r a d y & L i m , ( 6 ) ) 
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D u r i n g t h e f i r s t s t e p , p a r t i c u l a t e o r g a n i c s a r e s o l u b i ­

l i z e d and s o l u b l e o r g a n i c compounds a r e r e d u c e d i n s i z e t o 

f a c i l i t a t e t h e i r t r a n s p o r t a c r o s s c e l l m embrane. The r e a c ­

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

and a r e c a t a l y z e d by t h e e n z y m e s p r o d u c e d by t h e b a c t e r i a . 

I n t h e s e c o n d s t e p , t h e a c i d f o r m i n g b a c t e r i a , c o n s i s t ­

i n g of f a c u l t a t i v e and a n a e r o b i c b a c t e r i a , o x i d i z e t h e 

s o l u b l e o r g a n i c compounds t o s i m p l e v o l a t i l e a c i d s s u c h a s 

a c e t i c , p r o p i o n i c , and b u t y r i c a c i d s . The p r o c e s s i s known 

as a c i d o g e n e s i s . Some o f t h e a c i d f o r m i n g b a c t e r i a a r e 

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

a s w e l l a s r e d u c e d o r g a n i c compounds p r o d u c e d by o t h e r b a c ­

t e r i a , to p r o d u c e a c e t i c a c i d , c a r b o n d i o x i d e and h y d r o g e n 

g a s . T h e s e b a c t e r i a a r e known as h y d r o g e n p r o d u c i n g b a c t e ­

r i a and t h e p r o c e s s i s r e f e r r e d t o h y d r o g e n o g e n e s i s . The 

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

g e n e r a l l y c a l l e d n o n - m e t h a n o g e n i c b a c t e r i a and t h e y p r i m a ­

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

I n t h e t h i r d s t a g e , m e t h a n o g e n i c b a c t e r i a u t i l i z e t h e 

p r o d u c t s of t h e n o n - m e t h a n o g e n i c p h a s e t o p r o d u c e m e t h a n e 

and c a r o o n d i o x i d e . A l t h o u g h i t i s p o s s i b l e t h a t m e t h a n e 

p r o d u c i n g b a c t e r i a e x i s t w h i c h a r e a b l e t o c o n v e r t o t h e r 

v o l a t i l e a c i d s and o r g a n i c end p r o d u c t s to m e t h a n e , none 

h a v e b e e n i s o l a t e d ( 6 ) . H e n c e t h a t p a t h t o m e t h a n e p r o d u c ­

t i o n i s shown by a d o t t e d l i n e i n F i g u r e 1. T h e m e t h a n o g e n -
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i c b a c t e r i a a r e o b l i g a t e a n a e r o b e s and c a n p r o d u c e m e t h a n e 

i n two m a j o r w a y s ( 1 6 ) : 

* by c l e a v a g e o f a c e t i c a c i d to m e t h a n e and c a r b o n d i o x ­

i d e , a s shown i n E q u a t i o n 1 

CH 3COOH > C H 4 + C 0 2 ( 1 ) 

* by r e d u c i n g c a r b o n d i o x i d e w i t h h y d r o g e n g a s to f o r m 

m e t h a n e and w a t e r , a s shown i n E q u a t i o n 2 

4 H 2 + C 0 2 > C H 4 + 2 H 2 0 ( 2 ) 

Th e m e t h a n e gas h a s low s o l u b i l i t y i n w a t e r and i s r a p i d l y 

d i s c h a r g e d f r o m t h e s y s t e m r e s u l t i n g i n s t a b i l i z a t i o n of 

t h e w a s t e . At s t a n d a r d t e m p e r a t u r e and p r e s s u r e , p r o d u c t i o n 
3 

of 5.62 f t of m e t h a n e r e s u l t s f r o m t h e s t a b i l i z a t i o n 

of one pound o f COD i n w a s t e m a t e r i a l ( b ) . A n a e r o b i c 

d i g e s t i o n of a n i m a l w a s t e s p r o d u c e s g a s c o n t a i n i n g 60% t o 

70% m e t h a n e when c o n s t a n t l y h i g h r a t e s o f d i g e s t i o n a r e 

m a i n t a i n e d . L o e h r ( 1 3 ) r e p o r t e d a p p r o x i m a t e l y f o u r t o n i n e 

c u b i c f o o t o f b i o - g a s p r o d u c t i o n p e r pound o f v o l a t i l e s o l ­

i d a d d e d t o t h e d i g e s t e r when p o u l t r y , b e e f and hog w a s t e s 

w e r e d i g e s t e d . The t o t a l e s t i m a t e d m a n u r e p r o d u c t i o n and 

b i o - g a s p r o d u c t i o n f r o m a n a e r o b i c t r e a t m e n t f o r v a r i o u s 

a n i m a l s i s shown i n t a b l e T a b l e 1. The h i g h e r amount of 

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

m a n u r e i n d i c a t e s t h e p r e s e n c e o f more b i o d e g r a d a b l e o r g a n ­

i c s i n t h a t m a t e r i a l t h a n t h e o t h e r s . 



1 2 

T a b l e 1 

E s t i m a t e d Manure and B i o - G a s P r o d u c t i o n 

( f r o m A n i m a l W a s t e p e r 1000 l b L i v e W e i g h t ) 

D a i r y C a t t l e B e e f C a t t l e S w i n e P o u l t r y 

Manure P r o d u c t i o n 85 58 50 59 
( l b / d a y ) 

T o t a l S o l i d s 10.6 7.4 7.2 17.4 
( l b / d a y ) 

V o l a t i l e S o l i d s 8.7 5.9 5.9 12.9 
( l b / d a y ) 

D i g e s t i v e E f f i c i e n c y 35 50 55 65 
(% o f V S ) 

B i o ^ g a s P r o d u c t i o n 
f t ^ / l b VS a d d e d 4.7 6.7 7.3 8.6 
f t / 1 0 0 0 l b p e r day 40.9 39.5 43.1 1 1 0 . 9 

S o u r c e M o r r i s e t a l . ( 1 7 ) 
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3.1» 2 P r o c e s s C o n t r o l l i n g P a r a m e t e r s 

T e r a p e r a t u r e , pH, o r g a n i c l o a d i n g r a t e , a v a i l a b l e n u t r i e n t s , 

i n f l u e n t s o l i d s c o n c e n t r a t i o n and t o x i c i t y a r e c o n s i d e r e d 

a s t h e m a j o r p a r a m e t e r s t h a t c o n t r o l t h e b i o l o g i c a l p r o c e s s 

of a n a e r o b i c d i g e s t i o n . T he e f f e c t o f t h e s e p a r a m e t e r s on 

t h e r a t e o f d i g e s t i o n h a v e b e e n s t u d i e d by many i n v e s t i g a ­

t o r s . T a b l e 2 s u m r a a r i z e s t h e f a v o r a b l e c o n d i t i o n s f o r 

optimum p e r f o r m a n c e o f t h e a n a e r o b i c r e a c t o r . 

I t h a s b e e n shown i n k i n e t i c s t u d i e s t h a t t h e n o n -

m e t h a n o g e n i c b a c t e r i a h a v e much h i g h e r maximum s p e c i f i c 

g r o w t h r a t e t h a n do t h e m e t h a n o g e n i c b a c t e r i a . C o n s e q u e n t l y 

n o n - m e t h a n o g e n s c a n r e s p o n d more r a p i d l y t o e n v i r o n m e n t a l 

s t r e s s d e v e l o p e d i n t h e r e a c t o r t h a n t h e m e t h a n o g e n s . The 

a c t i v i t i e s o f m e t h a n o g e n s i s i m p a i r e d by any s u d d e n c h a n g e s 

i n t h e d i g e s t e r e n v i r o n m e n t w h i c h may c a u s e i t s f a i l u r e . I t 

i s i m p o r t e n t t o m a i n t a i n s t a b l e r e a c t o r c o n d i t i o n s and any 

c h a n g e s , i f r e q u i r e d , s h o u l d be made a t a r a t e w h i c h c a n oe 

t o l e r a t e d by m e t h a n o g e n i c b a c t e r i a . 
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T a b l e 2 

Range o f C o n t r o l l i n g P a r a m e t e r s f o r E f f e c t i v e 
D i g e s t i o n . 

P a rame t e r Optimum l e v e l 

T e m p e r a t u r e 

PH 

O r g a n i c l o a d i n g 
r a t e 

I n f l u e n t s o l i d s 

T o x i c c o n d i t i o n s 

N u t r i e n t s 

2 0 O C 
3 5 0 C 
5 0 O C 

P s y c h r o p h i l i c p r o c e s s 
M e s o p h i l i c p r o c e s s 
T h e r m o p h i l i c p r o c e s s 

6.6 t o 7.6, a l t h o u g h 7.0 t o 7.2 
i s t h e most s u i t a b l e r a n g e 

0.2 t o 0.4 l b V S / f t 3 - d a y 
f o r p o u l t r y manure 

10% t o 12% s o l i d s c o n c e n t r a t i o n 
i n c a s e of p o u l t r y m a n u r e 

F r e e ammonia (NHo) l e s s t h a n 
150 mg/l , d e p e n d s on pH ; 
S u l f i d e s l e s s t h a n 200 mg/l of 
s o l u b l e s u l f i d e s ; 
O x y g e n and a n y h i g h l y o x i d i z e d 
m a t e r i a l l i k e n i t r i t e s a n d 
n i t r a t e s a r e n o t d e s i r e d a t any 
l e v e l 

C a r b o n : N i t r o g e n s h o u l d be 20 
t o 30 : 1 and a d e q u a t e s u p p l y 
of t r a c e e l e m e n t s l i k e Na, C a , 
Mg and F e . 
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3.1.3 T o x i c i t y 

The e f f e c t s o f c o n c e n t r a t i o n of a m a t e r i a l on t h e s p e c i f i c 

g r o w t h r a t e o f b a c t e r i a a r e shown i n F i g u r e 2. One e f f e c t 

i s t h a t a s t h e c o n c e n t r a t i o n of a p a r t i c u l a r m a t e r i a l 

i n c r e a s e s , t h e s p e c i f i c g r o w t h a l s o i n c r e a s e s and r e a c h e s a 

maximum v a l u e a t a c e r t a i n c o n c e n t r a t i o n . The r a n g e i s 

c a l l e d s t i m u l a t o r y r e g i o n . On f u r t h e r i n c r e a s e i n c o n c e n ­

t r a t i o n , no e f f e c t i s o b s e r v e d on s p e c i f i c g r o w t h r a t e 

u n t i l i t r e a c h e s t h e t h r e s h o l d a t w h i c h i t s t a r t s t o 

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

c e n t r a t i o n i n e x c e s s o f t h a t i s c o n s i d e r e d t o x i c t o t h e 

m i c r o o r g a n i s m s . The s e v e r i t y o f t h e t o x i c i t y i n c r e a s e s a s 

t h e c o n c e n t r a t i o n i n c r e a s e s f r o m t h r e s h o l d v a l u e . T o x i c i t y 

due t o v o l a t i l e a c i d s , ammonia and s u l f i d e h a s b e e n f r e ­

q u e n t l y o b s e r v e d i n c a s e s o f i m p r o p e r l y f u n c t i o n i n g a n a e r o ­

b i c r e a c t o r s . 

Cone, of Mottriol 

F i g u r e 2; G e n e r a l N a t u r e o f S t i m u l a t i o n and T o x i c i t y . 
( G r a d y & L i m , ( 6 ) ) 
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3 . 1 .3.1 V o l a t i l e A c i d s 

The e f f e c t o f v o l a t i l e a c i d s u pon t h e m i c r o o r g a n i s m s 

d e p e n d s on t h e pH of t h e medium. When a c i d f o r m i n g b a c t e r i a 

p r o d u c e v o l a t i l e a c i d s a t r a t e s f a s t e r t h a n what t h e m e t h ­

ane f o r m i n g b a c t e r i a c a n u t i l i z e t h e n t h e c o n c e n t r a t i o n of 

v o l a t i l e a c i d s i n c r e a s e s i n t h e r e a c t o r . T h i s c a u s e s t h e 

pH t o d r o p b e l o w n e u t r a l i t y . S t u d i e s show t h a t when pH i s 

h e l d c o n s t a n t n e a r n e u t r a l i t y , c o n c e n t r a t i o n s of up t o 

1 0 , 0 0 0 mg/l o f a c e t i c o r b u t y r i c a c i d s h a v e no s i g n i f i c a n t 

t o x i c e f f e c t upon h y d r o g e n u t i l i z i n g m e t h a n o g e n s ( 6 , 1 5 ) . 

W h e r e a s p r o p i o n i c a c i d a t t h e c o n c e n t r a t i o n of 1,000 mg/l 

e x h i b i t s p a r t i a l t o x i c i t y t o m e t h a n o g e n i c b a c t e r i a a t n e u ­

t r a l pH. P r o p i o n i c a c i d a l s o a p p e a r s to r e t a r d t h e a c t i v i ­

t i e s o f a c i d f o r m i n g b a c t e r i a i n s e w a g e s l u d g e d i g e s t i o n . 

T h e i n h i b i t i o n due t o p r o p i o n i c a c i d g e t s s t r o n g e r a s pH 

d e c r e a s e s ( 6 ) , but t h e r e i s no e v i d e n c e f o r s u c h e f f e c t 

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

t o r s o p e r a t i n g a t n e u t r a l pH show l i t t l e v o l a t i l e a c i d s 

t o x i c i t y . 

3 . 1 . 3 . 2 Ammonia 

I n t h e a n a e r o b i c s y s t e m , n i t r o g e n i s r e l e a s e d as ammonia 

due t o b i o d e g r a d a t i o n o f p r o t e i n . Ammonia i n t h e s y s t e m i s 

p r e s e n t i n e i t h e r f r e e ammonia, NH^, o r ammonium i o n , 

NH^, d e p e n d i n g upon t h e pH. At h i g h e r pH, m o s t o f t h e 

ammonia i s i n t h e f r e e ammonia f o r m . S e v e r e t o x i c i t y h a s 
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b e e n o b s e r v e d f o r f r e e ammonia c o n c e n t r a t i o n s e x c e e d i n g 150 

mg/l ( 6 ) . As l o n g as t h e pH i s 7.2 o r b e l o w , ammonia i s i n 

t h e f o r m of t h e ammonium i o n , w h i c h i s much l e s s t o x i c t h a n 

f r e e ammonia. C o n c e n t r a t i o n s a s h i g h as 3,000 mg/l o f ammo­

n i a a s NH^" c a n be t o l e r a t e d w i t h l i t t l e e f f e c t ( b ) . 

Ammonia i n e i t h e r f o r m i s c o n s i d e r e d t o be more t o x i c t o 

t h e m e t h a n o g e n i c b a c t e r i a t h a n t o t h e n o n - m e t h a n o g e n i c b a c ­

t e r i a . 

3 . 1 . 3 .3 S u l f i d e 

S u l f a t e s a r e t h e m a j o r p r e c u r s o r s of s u l f i d e s i n a n a e r o b i c 

t r e a t m e n t u n i t s . S u l f i d e s c a n a l s o r e s u l t f r o m a n a e r o b i c 

d i g e s t i o n of s u l f u r c o n t a i n i n g o r g a n i c compounds p r e s e n t i n 

t h e raw w a s t e s ( 1 3 ) . At a c o n c e n t r a t i o n of 200 m g / l , a l l 

i n o r g a n i c s u l f u r compounds o t h e r t h a n s u l f a t e a r e f o u n d t o 

i n h i b i t m e t h a n o g e n e s i s i n t h e o r d e r a s ( 2 3 ) : 

t h i o s u l f a t e > s u l f i t e > s u l f i d e > h y d r o g e n s u l f i d e 

T h i s t o x i c i t y o c c u r s b e c a u s e t h e s u l f a t e r e d u c i n g b a c t e r i a 

c o m p e t e w i t h m e t h a n e p r o d u c i n g b a c t e r i a f o r h y d r o g e n . 

A l t h o u g h t h e a b i l i t y of h y d r o g e n u t i l i z i n g s u l f a t e r e d u c i n g 

b a c t e r i a t o i n h i b i t t h e m e t h a n o g e n s h a s b e e n o b s e r v e d , b o t h 

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

o u s l y i n t h e p r e s e n c e o f e x c e s s h y d r o g e n ( 2 ) . L a w r e n c e , e t 

a l . ( 1 2 ) r e p o r t e d t h e c o n c e n t r a t i o n of s o l u b l e s u l f i d e s 

e x c e e d i n g 200 mg/l a s t h e c a u s e of m e t h a n o g e n e s i s i n h i b -
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i t i o n . A d d i t i o n of h e a v y m e t a l s s u c h a s i r o n h a s b e e n s u g ­

g e s t e d to p r e c i p i t a t e t h e s o l u b l e s u l f i d e . T h e s e p r e c i p i ­

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

c e n t r a t i o n . S u l f i d e s c a n a l s o be r e m o v e d a s g a s e o u s h y d r o ­

gen s u l f i d e i n t h e b i o - g a s . T h e r e f o r e t o d e t e r m i n e t h e 

s u l f i d e s c o n c e n t r a t i o n i n t h e r e a c t o r , b o t h t h e c o m p o s i t i o n 

of s u b s t r a t e and h e a d s p a c e g a s s h o u l d be c o n s i d e r e d . 
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3 .2 CONVENTIONAL ANAEROBIC D I G E S T I O N QF POULTRY 

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

d i l u t e f o r m h a s b e e n e v a l u a t e d f o r m e t h a n e p r o d u c t i o n and 

w a s t e s t a b i l i z a t i o n . L a b o r a t o r y s t u d i e s on s m a l l s c a l e 

d i g e s t e r s , o f t h e o r d e r of s e v e r a l l i t e r s , and f i e l d s t u d ­

i e s on l a r g e s c a l e d i g e s t e r s , o f t h e o r d e r of s e v e r a l c u b i c 

m e t e r s , h a v e shown p o t e n t i a l o f p o u l t r y manure f o r m e t h a n e 

p r o d u c t i o n . H i l l ( 9 ) r e p o r t e d b i o d e g r a d a b i 1 i t y ( B o , t h e 

r a t i o of v o l a t i l e s o l i d s d e s t r o y e d t o t h e v o l a t i l e s o l i d s 

a d d e d a s d e t e n t i o n t i m e t e n d s t o i n f i n i t y ) o f p o u l t r y 

m a n u r e as 0.87 w h i c h s u g g e s t s e a s i e r b i o d e g r a d a t i o n of 

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

H a r t ( 7 ) r e p o r t e d t h a t t h e a n a e r o b i c d i g e s t i o n of p o u l t r y 

m a n u r e i n one g a l l o n d i g e s t e r o p e r a t e d a t m e s o p h i l i c r a n g e 
3 

of t e m p e r a t u r e w i t h no m i x i n g y i e l d e d 10.7 f t b i o - g a s 

p e r l b . of v o l a t i l e m a t t e r d e s t r o y e d . T h i s i s a b o u t 5 2 % of 

i n i t i a l v o l a t i l e m a t t e r d e s t r o y e d . The m e t h a n e c o n t e n t o f 

t h e b i o - g a s v a r i e d f r o m 6 0 % t o 7 0 % . 

F i g u r e 3, d e s c r i b e s t h e m a j o r p a t h s i n t h e p r o c e s s of 

a n a e r o b i c d i g e s t i o n of p o u l t r y m a n u r e . 
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F i g u r e 3; P a t h w a y f o r B r e a k d o w n of P o u l t r y M a n u r e . 
( T a l g a n i d e s , ( 2 6 ) ) 
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3.2.1 Manure C o l l e c t i o n 

Manure c o l l e c t i o n i n p o u l t r y h o u s e s ( l a y e r s ) o c c u r s i n a 

p i t b e l o w t h e c a g e s w h e r e manure f a l l s d i r e c t l y f r o m t h e 

c a g e s o r i s s c r a p e d f r o m t h e d r o p p i n g b o a r d s . P i t d e p t h c a n 

v a r y f r o m 0.5 t o 8.0 f t ( 2 0 ) d e p e n d i n g on t h e t i r a e t h e 

m a n u r e i s s t o r e d i n t h e h o u s e and t h e f o r m , l i q u i d o r s o l ­

i d , i n w h i c h i t i s h a n d l e d . I n s h a l l o w p i t o p e r a t i o n s , 

a b o u t one f t d e p t h , t h e manure i s e i t h e r f l u s h e d f r o m t h e 

p i t d a i l y o r s c r a p e d o u t e v e r y one t o t h r e e d a y s . T h i s t y p e 

of m a n u r e h a n d l i n g s y s t e m i s common i n s m a l l s c a l e u n i t s , 

r a i s i n g s e v e r a l h u n d r e d b i r d s . The medium d e p t h p i t s a r e 

a b o u t two f t deep and manure i s s c r a p e d a t p e r i o d s f r o m 

e v e r y two w e e k s to e v e r y f e w m o n t h s . P r o p e r v e n t i l a t i o n and 

d r o p p i n g b o a r d s a r e p r o v i d e d to k e e p t h e m a n u r e i n f a i r l y 

d r y c o n d i t i o n . W i t h t h i s s y s t e m manure may a l s o be c o l l e c t ­

ed i n w a t e r t o f o r r a an " i n d o o r l a g o o n " t h a t i s d r a i n e d o u t 

s e v e r a l t i r a e s a y e a r . I n d e e p p i t o p e r a t i o n s manure i s 

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

t o k e e p t h e manure i n d r y c o n d i t i o n . T h i s s y s t e m i s com­

monly known a s a " h i g h - r i s e t y p e " and m a n u r e i s r e m o v e d 

f r o m t h e p i t s o n c e a y e a r . L a r g e s c a l e f a c i l i t i e s , more 

t h a n 1 0 0 , 0 0 0 b i r d s , u s u a l l y e m p l o y h i g h - r i s e t y p e s y s t e m s 

f o r m anure c o l l e c t i o n . 
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3.2.2 C h a r a c t e r i s t i c s o f P o u l t r y Manure 

The c h a r a c t e r i s t i c s o f p o u l t r y m a n u r e v a r y w i d e l y d e p e n d i n g 

on t h e method u s e d f o r manure c o l l e c t i o n . T a b l e 3 sumraa­

r i z e s t h e i m p o r t a n t p r o p e r t i e s o f p o u l t r y manure c o l l e c t e d 

by s e v e r a l d i f f e r e n t m e t h o d s . 

T a b l e 3 

P o u l t r y Manure C h a r a c t e r i s t i c s 

C o l l e c t i o n TS VS TN NH.-N TP K 
Method % w.b. % d.B. 

S h a l l o w p i t s 25 74 6. 1 0.6 2.2 2 . 0 
M e d i u m - d e p t h p i t s 42 64 3.6 1 . 3 1 . 6 2 . 0 
Deep p i t s 55 3 . 0 3.3 2 . 3 
L i q u i d h a n d l i n g 8.2 64 8.0 4 . 6 2 . 3 3.0 
L i t t e r / M a n u r e 72 3 . 5 0.9 1.6 1.8 

S o u r c e : O v e r c a s h , e t a l . ( 2 0 ) 

A m a j o r v a l u e o f p o u l t r y m a n u r e i s t h e n i t r o g e n c o n t e n t 

a s f e r t i l i z e r . A f a c i l i t y w i t h 1 0 0 , 0 0 0 b i r d s w o u l d p r o d u c e 

a b o u t 2 3 , 6 0 0 l b manure e v e r y day or 8.6 m i l l i o n l b a y e a r 

w h i c h a m o u n t s to 1 7 5 , 0 0 0 l b of n i t r o g e n a n n u a l l y . A b o u t 90% 

of t h i s n i t r o g e n i s i n t h e f o r m of o r g a n i c n i t r o g e n w h i l e 

10% i s i n ammonia f o r m . U r i c a c i d r e p r e s e n t s a b o u t 5 0 % of 
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t h e o r g a n i c n i t r o g e n , w h i c h r a p i d l y c o n v e r t s to ammonia 

n i t r o g e n on b i o d e g r a d a t i o n of t h e m a n u r e . B e s i d e s n i t r o g e n , 

p o u l t r y manure a l s o c o n t a i n s an a m p le q u a n t i t y of p h o s p h a t e 

and p o t a s h . F r e s h manure h a s N:P:K r a t i o o f 3 . 4 : 1 . 1 : 1 . The 

b i o - g a s p r o d u c t i o n f r o m p o u l t r y manure i s h i g h e r t h a n t h a t 

f r o m d a i r y or b e e f c a t t l e manure and s w i n e m a n u r e . As i n d i ­

c a t e d i n T a b l e 1, b i o - g a s p r o d u c t i o n f r o m p o u l t r y m a n u r e 
3 

a m o u n t s t o 110.9 f t /1000 l b L.W. p e r d a y . T h u s 
3 

1 0 0 , 0 0 0 b i r d s w o u l d p r o d u c e a b o u t 4 4 , 3 6 0 f t of b i o - g a s 

e v e r y day w h i c h h a s a b o u t 6 5 % m e t h a n e . The e n e r g y t h u s 

o b t a i n e d w o u l d be a b o u t 27.7 m i l l i o n B T U/day. T h i s e n e r g y 

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

makes i t l e s s d e p e n d e n t on c o n v e n t i o n a l e n e r g y r e s o u r c e s . 

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

e n e r g y i n t h e f o r m of b i o - g a s b u t a l s o r e t a i n s t h e f e r t i l i ­

t y v a l u e s o f t h e w a s t e , w h i c h g i v e s t h i s p r o c e s s an a d v a n ­

t a g e i n t r e a t i n g p o u l t r y w a s t e . 

3.2.3 The P r o c e s s 

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

manure t h e manure i s d i l u t e d t o s l u r r y f o r m by a d d i n g w a t e r 

a s much a s two t o t h r e e t i m e s t h e v o l u m e o f t h e w a s t e . The 

s l u r r y i s f e d i n t e r m i t t e n t l y i n t o a c o m p l e t e l y m i x e d o r 

p a r t i a l l y m i x e d a n a e r o b i c d i g e s t e r w h e r e i t i s r e t a i n e d f o r 

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

r e p l a c e d by i n c o m i n g f r e s h s l u r r y . B i o l o g i c a l a c t i v i t i e s 
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t a k e p l a c e i n t h e r e a c t o r w h i c h c o n v e r t a p a r t o f t h e 
o r g a n i c m a t t e r t o b i o - g a s . The p r o c e s s h a s b e e n s t u d i e d t o 
e v a l u a t e t h e e f f e c t s o f d i f f e r e n t l o a d i n g r a t e s , r e t e n t i o n 
t i m e , t e m p e r a t u r e , pH, i n h i b i t o r y c o n c e n t r a t i o n of t o x i c 
m a t e r i a l s and o t h e r p r o c e s s g o v e r n i n g p a r a m e t e r s on b i o - g a s 
p r o d u c t i o n a n d . w a s t e s t a b i l i z a t i o n . 

C h . A u b a r t and S . F a u c h i l l e ( 1 ) , i n v e s t i g a t e d t h e c o n t i n u ­

o u s a n a e r o b i c d i g e s t i o n o f p o u l t r y m a n u r e d i l u t e d w i t h 

w a t e r . E x p e r i m e n t s w e r e c o n d u c t e d i n s i x l i t e r d i g e s t e r s . 

T h e m a n u r e was d i l u t e d t o 3.8, 6.0 and 8.1% t o t a l s o l i d s 

c o n c e n t r a t i o n . R e t e n t i o n t i m e b e t w e e n f o u r t o t h i r t y d a y s 

was u s e d f o r e a c h t r e a t m e n t . T he maximum b i o - g a s p r o d u c t i o n 

3 3 
of 2.52 f t / f t p e r day was o b s e r v e d a t 3 . 8 % t o t a l 

s o l i d s and f o u r d a y s r e t e n t i o n t i m e . T he maximum m e t h a n e 

c o n t e n t was 6 8 . 9 % . 

C o n v e r s e e t a l . ( 3 ) , e v a l u a t e d t h e p e r f o r m a n c e o f a 
3 

f i e l d s i z e ( 3 4 2 6 f t ) a n a e r o b i c d i g e s t e r f o r t r e a t i n g 

p o u l t r y w a s t e a t 8.8% t o 1 2 . 8 % t o t a l s o l i d s c o n c e n t r a t i o n 

w i t h a d e t e n t i o n t i m e o f 30 t o 53 d a y s . T he f e e d i n g r a t e 
3 

r a n g e d f r o m 0.09 t o 0.13 l b V S / f t p e r d a y . The g a s 
3 3 

p r o d u c t i o n was 0.58 t o 0.77 f t / f t p e r d a y w i t h 

m e t h a n e c o n c e n t r a t i o n o f 55 t o 6 3 % . 
3 

P a t e l ( 2 2 ) , r e p o r t e d on t h e p e r f o r m a n c e o f a 780 f t 

b a t c h t y p e f e r m e n t e r . P o u l t r y manure f r o m a 500 b i r d f a c i l ­

i t y w a s t r e a t e d , a f t e r m i x i n g i t w i t h w a t e r i n a r a t i o o f 
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1:2, a t one month b a t c h c y c l e . The b i o - g a s p r o d u c t i o n was 
1.41 t o 2.12 f t 3 p e r l b of manure a t 3 5 0 C . The 
e n e r g y o b t a i n e d f r o m t h e p r o c e s s was u s e d m a i n l y f o r c o o k ­
i n g p u r p o s e s . 

T a l g a n i d e s ( 2 6 ) , e s t i m a t e d t h a t a b o u t 0.6 l b of w a t e r 

p e r b i r d w o u l d be r e q u i r e d t o r e d u c e t h e t o t a l s o l i d s o f 

t h e manure f r o m 2 5 % t o 10%, an optimum s o l i d c o n c e n t r a t i o n 

f o r d i g e s t i o n . The r e p o r t a l s o i n d i c a t e s t h a t i f t h e 
3 

d i g e s t e r i s l o a d e d a t t h e r a t e o f 0.2 l b / f t p e r d a y , 
3 

t h e c a p a c i t y r e q u i r e d w o u l d be 23 f t p e r c u b i c f o o t o f 
3 

w a s t e v o l u m e , w h i c h i s e q u i v a l e n t t o 0.37 f t o f 

d i g e s t e r v o l u m e p e r h e n . The w a s t e f r o m 2 0 , 0 0 0 h e n s w o u l d 

3 

r e q u i r e a 7,400 f t c a p a c i t y d i g e s t e r . I t was e s t i m a t e d 

t h a t s u c h a d i g e s t e r w o u l d p r o d u c e 5,400 f t ^ of b i o - g a s 

p e r d a y . 

T h e s e s t u d i e s i n d i c a t e t h a t t h e d i l u t i o n o f t h e m a n u r e 

t o 9 0 % m o i s t u r e c o n t e n t f o r a n a e r o b i c d i g e s t i o n i s i n d i s ­

p e n s a b l e . No work h a s be e n done t o d e t e r m i n e t h e p o s s i b l e 

u s e o f manure a t l o w e r m o i s t u r e c o n t e n t s . The s i z e o f 

r e a c t o r and amount o f h e a t e n e r g y n e e d e d i s i n c r e a s e d w i t h 

d i l u t i o n of t h e m a n u r e . A l a r g e q u a n t i t y of m a t e r i a l t o be 

h a n d l e d a f t e r t r e a t m e n t and t h e l i q u i d n a t u r e o f t h e e f f l ­

u e n t may c a u s e n o n - p o i n t p o l l u t i o n p r o b l e m on d i s p o s a l . 

A d d i t i o n a l c o s t I n c u r r e d due t o t h e s e r e q u i r e m e n t s makes 

t h e t r e a t m e n t e c o n o m i c a l l y l e s s a t t r a c t i v e on a l a r g e s c a l e 

b a s i s . 
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3.3 H I G H - S O L I D S ANAEROBIC D I G E S T I O N 

U n t i l r e c e n t l y t h e t r e a t m e n t o f a g r i c u l t u r a l and a n i m a l 

w a s t e s a t h i g h s o l i d s , i n t h e " a s p r o d u c e d s t a t e " h a s bee n 

l i m i t e d t o a e r o b i c c o m p o s t i n g o n l y . Most of t h e b i o - m a s s 

a v a i l a b l e i s i n a " d r y " s t a t e . U t i l i z a t i o n of b i o - m a s s i n 

r e l a t i v e l y d r y c o n d i t i o n f o r a n a e r o b i c d i g e s t i o n h a s some 

d i s t i n c t a d v a n t a g e s b u t a l s o h a s some l i m i t a t i o n s . 

Most of t h e m u n i c i p a l r e f u s e i s d i s p o s e d o f by l a n d f i l l . 

A t y p i c a l m u n i c i p a l s o l i d w a s t e h a s a b o u t 2 0 % t o 2 5 % m o i s ­

t u r e . B a c t e r i a l d e c o m p o s i t i o n o f o r g a n i c m a t e r i a l a t h i g h 

s o l i d s c o n t e n t i n a l a n d f i l l i s d e s c r i b e d a s o c c u r i n g i n 

f o u r s t a g e s ( 2 3 ) : 

1. a e r o b i c 

2 . a n a e r o b i c 

3. a n a e r o b i c , m e t h a n o g e n i c , u n s t e a d y 

4. a n a e r o b i c , m e t h a n o g e n i c , s t e a d y 

C o m p l e t i o n t i m e f o r t h e f i r s t t h r e e s t a g e s v a r i e s f r o m 180 

d a y s t o 550 d a y s d e p e n d i n g on t h e c o m p o s i t i o n of m a t e r i a l . 

A f t e r i n i t i a l s t a b i l i z a t i o n , d e c o m p o s i t i o n t a k e s p l a c e 

a c t i v e l y f o r many y e a r s . 

M e t h a n e p r o d u c t i o n f r o m l a n d f i l l s i s a w e l l known p h e ­

nomena. The a p p l i c a t i o n of t h i s p r o c e s s t o t h e a n a e r o b i c 

d i g e s t i o n o f a g r i c u l t u r a l w a s t e s h a s b e e n r e v i e w e d by 

J e w e l l e t a l . ( 1 1 ) . The s t u d y showed t h a t t h e p r o d u c t i o n 

of m e t h a n e f r o m b i o - m a s s a t h i g h s o l i d c o n t e n t s may h a v e 



s i g n i f i c a n t p o t e n t i a l f o r a n a e r o b i c f e r m e n t a t i o n p r o c e s s on 

w i d e l y v a r y i n g s c a l e s . I f t h e r e a c t i o n r a t e s a c h i e v e d i n 

t h e h i g h - s o l i d s f e r m e n t a t i o n c a n be i n c r e a s e d t o t h e v a l u e s 

n e a r or e q u a l t o t h o s e a c h i e v e d by c o n v e n t i o n a l s l u r r y t y p e 

f e r m e n t a t i o n , t h e p r o c e s s s h o u l d be c o m p e t i t i v e . 

W u j c i k ( 2 7 ) c o n d u c t e d c o m p r e h e n s i v e s t u d i e s on d a i r y 

cow m a n u r e . He s t u d i e d t h e e f f e c t s o f w a t e r c o n t e n t on t h e 

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

t a t i o n . T h i s s t u d y a t t e m p t e d t o d e f i n e t h e l i m i t s t h a t 

m o i s t u r e and c h e m i c a l s , ammonia and o t n e r s a l t s , h a v e on 

t h e h y d r o l y s i s r e a c t i o n s , t h e a c i d f o r m i n g m e c h a n i s m and 

m e t h a n e p r o d u c t i o n . F i g u r e A i n d i c a t e s r e l a t i v e l y u n i n h i ­

b i t e d m e t h a n e p r o d u c t i o n f o r s o l i d s c o n t e n t u p t o 30% of t h e 

t o t a l w e i g h t . I n g e n e r a l , i t was c o n c l u d e d t h a t n e i t h e r t h e 

r a t e s n o r t h e e f f i c i e n c y of s u b s t r a t e c o n v e r s i o n w e r e s i g ­

n i f i c a n t l y a f f e c t e d by t h e s o l i d s c o n t e n t a s h i g h a s 3 0 % . 
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3.3.1 E f f e c t o f W a t e r C o n t e n t on M i c r o o r g a n i s m s 

A c e r t a i n minimum q u a n t i t y of w a t e r i n t h e s u b s t r a t e i s 

r e q u i r e d f o r b a c t e r i a l a c t i v i t i e s t o be c a r r i e d o u t s a t i s ­

f a c t o r i l y . U n f o r t u n a t e l y t o t a l w a t e r c o n t e n t o b t a i n e d on 

d r y i n g t h e s a m p l e a t 1 0 3 O C d o e s n o t a c c o u n t f o r t h e 

i m p a c t on m i c r o o r g a n i s m s . T h i s s y s t e m o f m e a s u r i n g w a t e r 

c o n t e n t t a k e s no a c c o u n t o f i t s d e g r e e o f b i n d i n g t o o r 

a s s o c i a t i o n w i t h t h e d r y c o n s t i t u e n t s , w h i c h i s an i m p o r ­

t a n t c o n s i d e r a t i o n when m i c r o b i o l o g i c a l f a c t o r s a r e t o be 

c o n s i d e r e d . A c o n c e p t of w a t e r a c t i v i t y i s u s e d t o d e t e r ­

m i n e t h e e f f e c t o f w a t e r on b a c t e r i a l m e t a b o l i s m . 

The w a t e r a c t i v i t y , a , of a m a t e r i a l i s t h e r a t i o 

o f v a p o r p r e s s u r e o f t h e w a t e r i n t h e m a t e r i a l to t h a t o f 

p u r e w a t e r a t a g i v e n t e m p e r a t u r e ( 1 1 ) . I t i s u s u a l l y 

d e t e r m i n e d by m e a s u r i n g t h e r e l a t i v e h u m i d i t y of t h e a t m o s ­

p h e r e i n e q u i l i b r i u m w i t h t h e s u b s t r a t e e x a m i n e d . C o r r y 

( A ) d e s c r i b e d w a t e r a c t i v i t y a s a m e a s u r e of f r e e w a t e r i n 

t h e s y s t e m . When a s o l u t e i s m i x e d w i t h w a t e r some of t h e 

w a t e r becomes a s s o c i a t e d w i t h t h e s o l u t e m o l e c u l e s . The 

w a t e r a c t i v i t y i s r e d u c e d and l e s s w a t e r i s a v a i l a b l e t o 

m i c r o o r g a n i s m s . The v a p o r p r e s s u r e o f t h e s o l u t i o n i s 

r e d u c e d . A c c o r d i n g t o R a o u l t ' s l a w . E q u a t i o n 3, t h e v a p o r 

p r e s s u r e of a s o l u t i o n r e l a t i v e t o t h e s o l v e n t i s e q u a l t o 

t h e mole f r a c t i o n o f t h e s o l v e n t . T h u s 
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P N2 ( 3 ) 

Po Nl + N2 

w h e r e 

P = V a p o r P r e s s u r e of S o l u t i o n 

Po= V a p o r P r e s s u r e of S o l v e n t 

N l = M o l e s of S o l u t e 

N2= M o l e s o f S o l v e n t 

The r a t i o P/Po e q u a l s t o t h e w a t e r a c t i v i t y , a w , of t h e 

s y s tem ( 4 ) . 

Most o f t h e m i c r o o r g a n i s m s h a v e d i f f i c u l t y g r o w i n g b e l o w 

an a w of 0.6. B a c t e r i a a s c o m p a r e d t o y e a s t and m o l d, 

a r e l e s s o s m o t o l e r a n t and t h e i r optimum g r o w t h r a t e o c c u r s 

b e t w e e n w a t e r a c t i v i t y v a l u e s of 0.990 and 0 . 9 9 5 . S c o t t 

( 2 4 ) , r e p o r t e d t h e r a n g e o f a w f o r t h r e e g r o u p s o f 

o r g a n i s m s a s : 

* b a c t e r i a 1.00 t o 0.85 

* y e a s t 0.88 t o 0.72 

* mold 0 . 7 6 t o 0 . 6 2 

T h e r e a r e s e v e r a l m e t h o d s a v a i l a b l e f o r m e a s u r e m e n t o f 

w a t e r a c t i v i t y , b u t g e n e r a l l y t h e y i n v o l v e e x p e n s i v e 

i n s t r u m e n t a t i o n . E n g l i s h ( 5 ) e s t a b l i s h e d t h e r e l a t i o n s h i p 

h p f w e e n w a t e r c o n t e n t and w a t e r a c t i v i t y f o r s m a l l p a r t i ­

c l e s o f p u r i f i e d c e l l u l o s e . F i g u r e 5 s hows t h e v a l u e o f 
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a T T b e t w e e n 0. 92 5 and 0 . 928 f o r t h e s u b s t r a t e s o l i d s 
w 

c o n c e n t r a t i o n of 2 5 % t o 3 5 % , a t y p i c a l r a n g e a t w h i c h f r e e 

w a t e r d i s a p p e a r s . The w a t e r a c t i v i t y of t h e s u b s t r a t e i s 

i n t h e f a v o r a b l e r a n g e f o r b a c t e r i a l g r o w t h a t s o l i d s c o n ­

c e n t r a t i o n b e t w e e n 2 5 % t o 3 5 % . T h i s e x p l a i n s t h e r e a s o n f o r 

t h e s m a l l i n f l u e n c e o f s u b s t r a t e s o l i d s c o n c e n t r a t i o n up t o 

3 0 % on m e t h a n e p r o d u c t i o n a s shown i n F i g u r e 4. 
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Figure 5: E f f e c t s o f s o l i d s s u b s t r a t e 
c o n c e n t r a t i o n on Water A c t i t i t y 
f o r p u r i f i e d c e l l u l o s e . 
( E n g l i s h , ( 5 ) ) . 
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3.3.2 A d v a n t a g e s of H i g h - S o l i d s f e r m e n t a t i o n 

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

f r o m a g r i c u l t u r a l c r o p r e s i d u e s a t h i g h s o l i d s c o n c e n t r a ­

t i o n h a s b e e n r e v i e w e d by J e w e l l a t C o r n e l l U n i v e r s i t y 

( 1 1 ) . A l a b o r a t o r y s c a l e s t u d y i n d i c a t e d t h a t t h e r a t e and 

e f f i c i e n c y of c o n v e r s i o n of a m i x t u r e of s t r a w and d a i r y 

cow manure a t 2 5 % i n i t i a l t o t a l s o l i d s w e r e v e r y c l o s e t o 

d e c a y r a t e s i n 10% s o l i d m i x t u r e s ( 1 1 ) . T h e r e a r e s e v e r a l 

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

wet t y p e f e r m e n t a t i o n . The a d v a n t a g e s a r e s u m m a r i z e d a s 

f o l l o w : 

1. S i m p l e d e s i g n and o p e r a t i o n of t h e r e a c t o r 

2. The p r o c e s s c a n p r o d u c e enough h e a t d u r i n g b i o d e g r a d a ­

t i o n of t h e s u b s t r a t e t o m a i n t a i n t h e r e a c t o r t e m p e r a ­

t u r e w i t h l i t t l e o r no a d d i t i o n a l h e a t i n p u t s i n t h e 

m e s o p h i l i c t e m p e r a t u r e r a n g e 

3. The p r o c e s s c a n t r e a t many t y p e of o r g a n i c w a s t e 

4. L o w e r l a b o r r e q u i r e m e n t s due t o b a t c h s e t - u p 

5. L i t t l e o r no a d d i t i o n a l w a t e r r e q u i r e m e n t 

6. M i n i m i z e s h a n d l i n g and 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 

p r o d u c t s 

7. Has m a j o r p o l l u t i o n c o n t r o l s i d e b e n e f i t e s by p r o d u c ­

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

8. O v e r a l l e c o n o m i c s a r e e n c o u r a g i n g . 
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A c o n v e n t i o n a l wet d i g e s t e r f o r one t o n c r o p r e s i d u e was 
h y p o t h e t i c a l l y c o m p a r e d w i t h a d r y f e r m e n t e r f o r t h e same 
q u a n t i t y of r e s i d u e ( 1 1 ) . I t was e s t i m a t e d t h a t t h e c o n v e n ­
t i o n a l d i g e s t e r w o u l d n e e d a b o u t 2 , 1 0 0 g a l d i l u t i o n w a t e r 
w h i l e t h e d r y f e r m e n t e r c o u l d be o p e r a t e d by a d d i n g 790 g a l 
of e f f l u e n t s l u r r y f r o m a d a i r y cow manure d i g e s t e r . The 
n e t e n e r g y o u t p u t f r o m b o t h s y s t e m s was c o m p a r e d . I t was 
shown t h a t t h e e n e r g y r e q u i r e m e n t s f o r h e a t i n g t h e l a r g e 
q u a n t i t y of w a t e r i n t h e c o n v e n t i o n a l s y s t e m was as much a s 
40% t o 4 5 % o f t h e g r o s s e n e r g y p r o d u c t i o n . The n e t e n e r g y 
p r o d u c t i o n by d r y f e r m e n t a t i o n was n e a r l y t w i c e t h e n e t 
e n e r g y p r o d u c t i o n by t h e c o n v e n t i o n a l f e r m e n t a t i o n . A l s o 
t h e s t e p s i n v o l v i n g w a t e r a d d i t i o n b e f o r e d i g e s t i o n and 
w a t e r r e m o v a l a f t e r d i g e s t i o n w e r e e l i m i n a t e d i n d r y f e r ­
m e n t a t i o n , m a k i n g t h e p r o c e s s t e c h n i c a l l y s i m p l e r t h a n c o n ­
v e n t i o n a l d i g e s t i o n . 

3.3.3 H i g h - S o l i d s F e r m e n t a t i o n f o r P o u l t r y Manur 

P o u l t r y m anure i s n o r m a l l y c o l l e c t e d i n d r y f o r m and i t 

seems l o g i c a l t o t r e a t i t by t h e p r o c e s s of h i g h - s o l i d s 

a n a e r o b i c d i g e s t i o n . Due t o a h i g h n i t r o g e n c o n t e n t and 

r e l a t i v e l y low c a r b o n t o n i t r o g e n r a t i o ( 7 t o 1 0 ) , t h e raw 

p o u l t r y m anure a n a e r o b i c t r e a t m e n t a t a h i g h s o l i d s c o n t e n t 

w o u l d be i n h i b i t e d due t o ammonia t o x i c i t y . H a s h i m o t o ( 8 ) 

s u g g e s t e d m i x i n g o f c r o p r e s i d u e w i t h manure f o r m e t h a n e 

f e r m e n t a t i o n . The m a j o r a d v a n t a g e o f s u c h m i x i n g i s t h e 
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n u t r i t i o n a l c o m p a t i b i l i t y of h i g h l y n i t r o g e n o u s manure and 

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

C r o p r e s i d u e c a n be m i x e d w i t h p o u l t r y m anure b e f o r e b e i n g 

d i g e s t e d a n a e r o b i c a l l y a t h i g h s o l i d c o n c e n t r a t i o n s . The 

q u a n t i t y and t y p e of c r o p r e s i d u e r e q u i r e d f o r m i x i n g 

d e p e n d s upon t h e c h a r a c t e r i s t i c s and a v a i l a b i l i t y of t h e 

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

l a r g e q u a n t i t y and c a n be a good a l t e r n a t i v e f o r m i x i n g 

w i t h p o u l t r y m a n u r e . Wheat, r i c e , o r b a r l e y s t r a w o r any 

o t h e r c r o p r e s i d u e c a n a l s o be u s e d f o r m i x i n g p u r p o s e s . 

U.S. r e s i d u e p r o d u c t i o n f r o m c o r n s t o v e r i s e x p e c t e d t o 

i n c r e a s e f r o m 1 0 1 , 0 2 3 t h o u s a n d d r y t o n s i n 1980 t o 1 0 7 , 0 9 5 

t h o u s a n d d r y t o n s i n 1985 and to 1 4 2 , 5 3 6 t h o u s a n d d r y t o n s 

by t h e y e a r 2 0 0 0 ( 1 1 ) . C o r n s t o v e r c o l l e c t e d a f t e r h a r v e s t ­

i n g h a s a b o u t 50% t o t a l s o l i d s c o n t e n t , w h i l e 9 3 % t o 9 5 % 

of t h e t o t a l s o l i d s a r e v o l a t i l e s o l i d s and a b o u t 6 5 % of 

t h e v o l a t i l e s o l i d s a r e b i o d e g r a d a b l e . T o t a l n i t r o g e n c o n ­

t e n t i s o f t e n b e t w e e n 0.5% t o 1.0% of t h e t o t a l s o l i d s 

w h i l e o r g a n i c c a r b o n i s 4 5 % t o 50% of t h e t o t a l s o l i d s . 

T h u s t h e C/N r a t i o f o r c o r n s t o v e r i s b e t w e e n 50 t o 90 

w h i c h i s h i g h e r t h a n t h a t f o r p o u l t r y m a n u r e . A l t h o u g h some 

wor k h a s b e e n done on d a i r y cow m a n u r e f e r m e n t a t i o n a t h i g h 

s o l i d s c o n t e n t , no b a c k g r o u n d i n f o r m a t i o n was f o u n d t o 

d e t e r m i n e t h e p o s s i b l e u s e of p o u l t r y m a n u r e m i x e d w i t h 

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



C h a p t e r I V 

E X P ERIMENTAL SET-UP 

4.1 D I G E S T E R D E S C R I P T I O N 

P l a s t i c b u c k e t s w i t h a g a s k e t s e a l on t h e l i d s w e r e u s e d a s 

d i g e s t e r s . The d i a m e t e r of t h e b u c k e t s was 10.5 i n c h e s 

w h i l e t h e h e i g h t was 1 3 . 7 5 i n c h e s . The t o t a l v o l u m e o f 

t h e d i g e s t e r was f i v e g a l l o n s ( 2 0 l i t e r s ) , a b o u t 7 5 % o f 

w h i c h was f i l l e d w i t h t h e s u b s t r a t e . T h r e e , 1.5 i n c h d i a m e ­

t e r s a m p l i n g p o r t s w e r e made a t 1 i n c h , 5 i n c h and 9 i n c h 

f r o m t h e b o t t o m of t h e b u c k e t . A 1/2 i n c h n y l o n n o z z l e f i t ­

t i n g w i t h t h r e a d s and h o s e b a r b s was f i x e d on t h e l i d o f 

e a c h d i g e s t e r a s a gas o u t l e t . T h e r m o c o u p l e s w e r e embeded 

i n t h e s u b s t r a t e a t t h r e e d e p t h s t o m e a s u r e t h e a v e r a g e 

t e m p e r a t u r e i n s i d e t h e r e a c t o r . E a c h r e a c t o r was e q u i p e d 

w i t h a s e p a r a t e g a s c o l l e c t i o n l i n e ( 3 / 8 i n c h i n s i d e d i a . 

and 1/2 i n c h o u t s i d e d i a . t y g o n t u b i n g ) . G a s f r o m e a c h 

r e a c t o r was c o l l e c t e d i n a two l i t e r p l a s t i c b o t t l e . A 

r e a c t o r w i t h g a s c o l l e c t i o n l i n e and t h e r m o c o u p l e a t t a c h ­

ment i s shown i n F i g u r e 6. 

- 36 -
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F i g u r e 6 : A n a e r o b i c D i g e s t e r f o r H i g h - S o l i d s F e r m e n t a t i o n 



3 8 

4.1.1 L o a d i n g o f R e a c t o r 

The p r o c e s s was a b a t c h t y p e . The r e a c t o r s w e r e f i l l e d w i t h 

a m i x t u r e of p o u l t r y m a n u r e , c o r n s t o v e r , s e e d and w a t e r i n 

a p r e d e t e r m i n e d r a t i o . The r e a c t o r s w e r e k e p t i n a c o n t r o l ­

l e d t e m p e r a t u r e c h a m b e r f o r t h e t e s t p e r i o d w i t h o u t any 

a d d i t i o n o r r e m o v a l of s u b s t r a t e , e x c e p t when s a m p l e s w e r e 

r e m o v e d f r o m s e l e c t e d r e a c t o r s f o r a n a l y s e s . T h e r m o c o u p l e s 

w e r e p l a c e d a t t h e a p p r o p r i a t e d e p t h w h i l e l o a d i n g t h e 

s u b s t r a t e . 

4.1.2 T e m p e r a t u r e C o n t r o l and M e a s u r e m e n t 

The s u b s t r a t e i n a l l r e a c t o r s was k e p t a t 3 5 0 C + 2 0 C , 

t h e m e s o p h i l i c t e m p e r a t u r e r a n g e . To m a i n t a i n t h i s t e m p e r a ­

t u r e , a l l t h e r e a c t o r s w e r e p l a c e d i n a 8 f t X 4 f t X 2 f t 

c h a m b e r made f r o m 1/4 i n c h t h i c k p l y w o o d s h e e t . F o u r , 100 

w a t t , l i g h t b u l b s w e r e p r o v i d e d a s a h e a t s o u r c e . A f a n 

c i r c u l a t e d a i r t o m a i n t a i n a u n i f o r m t e m p e r a t u r e w i t h i n t n e 

c h a m b e r . T e m p e r a t u r e was m o n i t o r e d by a t e m p e r a t u r e c o n t r o -

l e r w i t h a Y S I t e m p e r a t u r e p r o b e . A D i g i s t r i p - I I ( K E Y E 

I n s t r u m e n t ) r e c o r d e r was u s e d t o r e a d and r e c o r d t h e temp­

e r a t u r e . F i g u r e 7 shows t h e s e t - u p u s e d t o k e e p t h e r e a c ­

t o r s a t a c o n s t a n t t e m p e r a t u r e . 
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F i g u r e 7: T e m p e r a t u r e C o n t r o l l i n g and R e c o r d i n g U n i t 

4 . 1 « 3 Gas C o l l e c t i o n and M e a s u r e m e n t 

E a c h r e a c t o r was c o n n e c t e d w i t h an i n d i v i d u a l g a s c o l l e c ­

t i o n u n i t . E a c h g a s l i n e h a d a t e e w i t h a s e p t u m f o r sam­

p l i n g g a s . J e w e l l ( 1 1 ) r e p o r t e d no s i g n i f i c a n t d i f f e r e n c e 

b e t w e e n t h e u s e o f w a t e r and a c i d i f i e d s a l t s o l u t i o n f o r 

t h e g a s c o l l e c t i o n by l i q u i d d i s p l a c e m e n t m e t h o d . I n t h i s 

s t u d y g a s f r o m e a c h r e a c t o r was c o l l e c t e d i n a two l i t e r 

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

k e p t i n v e r t e d i n a t u b c o n t a i n i n g a b o u t two i n c h e s o f 

w a t e r . A s y p h o n s y s t e m a s shown i n F i g u r e 8 was a r r a n g e d 
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f o r e a c h t u b t o k e e p t h e w a t e r l e v e l c o n s t a n t i n t h e t u b . 

T h i ^ " a r r a n g e m e n t p r o v i d e a p r e s s u r e w i t h i n t h e r e a c t o r n e a r 

a t m o s p h e r i c l e v e l . T he g a s f l o w e d t n t o u g h t h e t y g o n t u b i n g 

f r o m t h e r e a c t o r and b u b b l e d up t h r o u g h t h e w a t e r i n t o t h e 

s t o r a g e z o n e . The c o l l e c t e r s w e r e r e f i l l e d a s s o o n a s t h e 

e n t i r e q u a n t i t y of w a t e r was d i s p l a c e d . The v o l u m e of t h e 

g a s p r o d u c e d was r e c o r d e d f o u r t i m e s a d a y . F i g u r e 8 s h o w s 

g a s c o l l e c t i o n f r o m t h e s e v e n r e a c t o r s . A s i m i l a r t y p e o f 

a r r a n g e m e n t was p r o v i d e d on t h e o t h e r end o f t h e c h a m b e r t o 

c o l l e c t g a s f r o m r e s t o f t h e r e a c t o r s . 

Syphon hose 

Syphon l e v e l 

F i g u r e 8: G a s C o l l e c t i o n S y s t e m 
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4.2 E X P E R I M E N T A L PROCEDURE 

4.2.1 M a t e r i a l C o l l e c t i o n and A n a l y s i s 

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

t h e O h i o S t a t e U n i v e r s i t y p o u l t r y f i r m , h o u s e C. The f a c i l ­

i t y h a s a b o u t 1000 c a g e l a y e r s and manure i s c o l l e c t e d i n a 

s h a l l o w p i t u n d e r n e a t h t h e c a g e s . Manure a l s o c o n t a i n e d 

f e e d m a t e r i a l s p i l l e d f r o m t h e f e e d i n g t r o u g h . 

The c o r n s t o v e r was o b t a i n e d f r o m t h e S o u t h - W e s t b r a n c h 

of t h e O h i o A g r i c u l t u r a l R e s e a r c h and D e v e l o p m e n t C e n t e r . 

I t was c h o p p e d t o 0.5 t o 1.0 cm s i z e p i e c e s u s i n g a hammer 

m i l l b e f o r e m i x i n g w i t h p o u l t r y m a n u r e . 

A n a e r o b i c a l l y d i g e s t e d m u n i c i p a l s l u d g e u s e d f o r s e e d 

was c o l l e c t e d f r o m J a c k s o n P i k e W a s t e W a t e r T r e a t m e n t P l a n t 

C o l u m b u s , O h i o . 

P o u l t r y m a n u r e and c o r n s t o v e r w e r e i n i t i a l l y a n a l y z e d 

f o r t o t a l s o l i d s , v o l a t i l e s o l i d s , t o t a l n i t r o g e n and t o t a l 

o r g a n i c c a r b o n . The p r o c e d u r e u s e d f o r a n a l y s i s i s 

d e s c r i b e d i n s e c . 4.4. 

4.2.2 S a m p l e C o l l e c t i o n 

4.2.2.1 P o u l t r y M a n u r e 

P o u l t r y m a n u r e was c o l l e c t e d i n p l a s t i c b a g s and was 

s t o r e d a t room t e m p e r a t u r e f o r one week t o s t a b i l i z e t h e 

m o i s t u r e w i t h i n t h e m a t e r i a l . S a m p l e s w e r e t a k e n f r o m e a c h 

bag a t random and c o m p o s i t e d . T h e s e w e r e a n a l y z e d t o e s t a b ­

l i s h i n i t i a l c o n d i t i o n s . 



2.2 C o r n S t o v e r 

C o r n s t o v e r was o b t a i n e d i n b a l e s and was s h r e d d e d t o s i z e 

0.5 t o 1.0 cm. p i e c e s u s i n g a hammer m i l l . The c h o p p e d 

m a t e r i a l was s t o r e d i n t h e p l a s t i c b a g s a t room t e m p e r a t u r e 

and s a m p l e s w e r e t a k e n b e f o r e i t was u s e d f o r m i x i n g p u r ­

p o s e . 

4 . 2 . 2 . 3 M u n i c i p a l S l u d g e 

A n a e r o b i c a l l y d i g e s t e d s l u d g e was u s e d t o i n o c u l a t e t h e 

s t a r t i n g r e a c t o r s . The s l u d g e was c o l l e c t e d f r o m J a c k s o n 

P i k e WWTP and was r e f r i g e r a t e d u n t i l i t was u s e d . S a m p l e 

a n a l y s e s o f t h e s l u d g e w e r e o b t a i n e d f r o m t h e p l a n t and t h e 

r e p o r t e d t o t a l s o l i d s , v o l a t i l e s o l i d s and t o t a l n i t r o g e n 

v a l u e s w e r e u s e d f o r t h e r e q u i r e d c a l c u l a t i o n s . 

4.2.2.4 H i g h - S o l i d s A n a e r o b i c F e r m e n t e r R e s i d u e 

When t h e h i g h - s o l i d s f e r m e n t e r r e s i d u e was u s e d a s a s e e d 

m a t e r i a l , s a m p l e s f r o m t h e t o p , m i d d l e and b o t t o m l a y e r s o f 

t h e r e a c t o r w e r e t a k e n and m i x e d t o g e t h e r . T h e s e s a m p l e s 

w e r e a n a l y z e d w i t h o u t s t o r a g e b e f o r e b e i n g u s e d a s an i n o ­

c u l u m . 

4 . 2 . 2 . 5 S u b s t r a t e 

A f t e r m i x i n g t h e p o u l t r y m a n u r e , s e e d m a t e r i a l and c o r n 

s t o v e r f o r a b o u t 30 m i n u t e i n a c o n c r e t e m i x e r , s a m p l e s 

w e r e t a k e n b e f o r e t h e s u b s t r a t e was l o a d e d i n t o t h e r e a c ­

t o r s . The s a m p l e s w e r e r e f r i g e r a t e d u n t i l t h e y w e r e a n a -
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l y z e d . T h r e e w e e k s l a t e r s a m p l e s w e r e c o l l e c t e d f r o m t h o s e 

r e a c t o r s w h i c h had s a m p l i n g p o r t s . Due t o h i g h s o l i d s c o n ­

t e n t o f t h e s u b s t r a t e i t was d i f f i c u l t t o g e t a r e p r e s e n t a ­

t i v e s a m p l e . The r e s u l t s o f a n a l y s e s on t h i s s e t of s a m p l e s 

w e r e n o t i n f o r m a t i v e . E a c h r e a c t o r was t e r m i n a t e d when t h e y 

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

t a k e n f r o m t h e t o p , m i d d l e and b o t t o m of t h e r e a c t o r s , 

m i x e d t o g e t h e r and a n a l y z e d i m m e d i a t e l y t o e s t a b l i s h f i n a l 

p a r a m e t e r s . 

4.2.2.6 Gas C o l l e c t i o n 

The g a s l i n e f r o m e a c h r e a c t o r was p r o v i d e d w i t h a T - j o i n t , 

one end o f w h i c h had a s e p t u m t h r o u g h w h i c h t h e g a s s a m p l e s 

w e r e c o l l e c t e d u s i n g a g a s - s y r i n g e . The s a m p l e s w e r e a n a ­

l y z e d f o r m e t h a n e c o n t e n t i m m e d i a t e l y . 

4.2.3 C r i t e r i a t o D e t e r m i n e W a t e r R e q u i r e m e n t 

The p o u l t r y m a n u r e , c o r n s t o v e r , s e e d i n g m a t e r i a l and w a t e r 

w e r e m i x e d t o g e t h e r i n t h e p r o p o r t i o n t o meet t h e f o l l o w i n g 

c r i t e r i a s : 

1. t o t a l s o l i d c o n t e n t s o f t h e s u b s t r a t e ; b e t w e e n 30% t o 

3 5 % of t h e wet w e i g h t 

2 . t h e C/N r a t i o ; b e t w e e n 15 a n d 25 

3. t h e p o u l t r y m anure t o c o r n s t o v e r r a t i o ; b e t w e e n two 

and f o u r 
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The p r e - d e t e r m i n e d q u a n t i t y of p o u l t r y m a n u r e , c o r n s t o ­

v e r a nd i n o c u l u m , e i t h e r m u n i c i p a l s l u d g e o r r e s i d u e f r o m a 

h i g h - s o l i d s f e r m e n t e r , w e r e m i x e d w i t h w a t e r i n a c o n c r e t e 

m i x e r . The p o u l t r y manure w h i l e b e i n g m i x e d w i t h c o r n s t o ­

v e r , was o b s e r v e d t o f o r m b a l l s , r e s u l t i n g i n n o n u n i f o r m 

m i x i n g . B e t t e r m i x i n g was o b t a i n e d when p o u l t r y manure was 

f i r s t m i x e d w i t h w a t e r and s e e d , and c o r n s t o v e r a d d e d 

l a s t . T he m i x i n g was s t i l l n o t a s homogeneous a s d e s i r e d . 

Due t o c l u m p i n g and b a l l f o r m a t i o n of p o u l t r y m a n u r e , i t 

was h a r d to t a k e a r e p r e s e n t a t i v e s a m p l e of t h e s u b s t r a t e . 

4.3 T E S T SET-UP AND A N A L Y S I S SCHEDULE 

The e x p e r i m e n t t o e v a l u a t e t h e f e a s i b i l i t y of h i g h - s o l i d s 

a n a e r o b i c d i g e s t i o n o f p o u l t r y manure and to s t u d y t h e 

e f f e c t o f m o i s t u r e c o n t e n t on t h e p r o c e s s was c o n d u c t e d i n 

t h r e e s t a g e s . I n t h e f i r s t s t a g e t h e m a j o r o b j e c t i v e s w e r e 

t o e v a l u a t e s y s t e m p e r f o r m a n c e and t o o b t a i n a c c l i m a t e d 

s e e d f o r t h e f o l l o w i n g e x p e r i m e n t s . The s e c o n d and t h i r d 

s t a g e c o v e r e d d i f f e r e n t t r e a t m e n t s t o i n v e s t i g a t e t h e 

e f f e c t s o f s u b s t r a t e m o i s t u r e c o n t e n t and t y p e and q u a n t i t y 

of s e e d a d d e d t o i n i t i a t e t h e p r o c e s s . The e x p e r i m e n t a l 

d e s i g n i s e x p l a i n e d i n t h e f o l l o w i n g s e c t i o n s . 
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4.3.1 S t a g e I 

Two r e a c t o r s , I - A and I - B , w e r e s t a r t e d w i t h t h e s u b s t r a t e 

i n i t i a l t o t a l s o l i d s c o n t e n t o f 3 4 . 0 % . The s u b s t r a t e was 

i n o c u l a t e d w i t h a n a e r o b i c a l l y d i g e s t e d m u n i c i p a l s l u d g e . 

T h e s e e d t o f e e d ( S / F ) r a t i o on a wet b a s i s was 0.5 w h i l e 

t h e c a r b o n t o n i t r o g e n ( C / N ) r a t i o was 3 0 . 1 . The p o u l t r y 

m a n u r e was m i x e d w i t h c o r n s t o v e r i n t h e r a t i o of 2.5 p a r t s 

m anure t o one p a r t s t o v e r . The s u b s t r a t e i n i t i a l v o l a t i l e 

s o l i d s w e r e 7 6 . 6 % o f t h e t o t a l s o l i d s . Gas a n a l y s i s was n o t 

p e r f o r m e d i n t h i s s e t of e x p e r i m e n t s . The o n l y v a r i a b l e 

o b s e r v e d was g a s p r o d u c t i o n . R e a c t o r I - B was t e r m i n a t e d 

a f t e r 47 d a y s and t h e r e s i d u e was u s e d t o i n o c u l a t e t h e 

s u b s t r a t e o f s t a g e I I . R e a c t o r I - A was o p e r a t e d f o r 118 

d a y s a f t e r w h i c h i t was t e r m i n a t e d and t h e r e s i d u e was u s e d 

t o i n o c u l a t e t h e s u b s t r a t e f o r t h e t r e a t m e n t I I I - D . 

4.3.2 S t a g e I I 

T h r e e t r e a t m e n t s w e r e s t a r t e d a t d i f f e r e n t S / F r a t i o t o 

s t u d y t h e e f f e c t s o f s e e d q u a n t i t y on i n i t i a l i z a t i o n of t h e 

p r o c e s s . E a c h t r e a t m e n t had two r e p l i c a t e s . R e s i d u e f r o m 

t h e r e a c t o r I - B was u s e d t o i n o c u l a t e t h e s u b s t r a t e . R e a c ­

t o r I I - A , I I - B and I I - C w e r e l o a d e d w i t h s u b s t r a t e a t S / F 

r a t i o 0 . 0 5 , 0.13 and 0 . 2 6 . I n i t i a l t o t a l s o l i d s was 2 6 % t o 

2 8 % . Due t o t h e d r y c o n d i t i o n of s e e d , t h e m i x i n g o f s e e d 

and f e e d m a t e r i a l was n o t c o m p l e t e , w h i c h g a v e i n c o n c l u s i v e 

r e s u l t s . A l l t h e r e a c t o r s w e r e t e r m i n a t e d a f t e r 71 d a y s and 



t h e r e s i d u e f r o m r e a c t o r I I - A 2 was u s e d t o i n o c u l a t e t h e 

s u b s t r a t e f o r t h e t r e a t m e n t I I I - E . 

I t was n o t i c e d t h a t to u s e t h e h i g h - s o l i d s f e r m e n t e r 

r e s i d u e a s a s e e d m a t e r i a l i t i s e s s e n t i a l t o mix t h e r e s i ­

due w i t h w a t e r . The s l u r r y t h u s o b t a i n e d s h o u l d be m i x e d 

w i t h t h e s u b s t r a t e . I n o r d e r t o a v o i d damage t o a n a e r o b i c 

b a c t e r i a i n t h e s e e d , m i x i n g of s e e d and w a t e r s h o u l d be 

done w i t h o u t much a e r a t i o n . 

4 . 3 . 3 S t a g e I I I 

A t o t a l of f i v e t r e a t m e n t s w e r e s t u d i e d i n t h i s s t a g e . F o u r 

t r e a t m e n t s I I I - A , I I I - B , I I I - C and I I I - E had t h r e e r e p l i ­

c a t e s w h i l e t r e a t m e n t I I I - D had o n l y two r e p l i c a t e s . F o u r ­

t e e n r e a c t o r s w e r e i n i t i a t e d a t t h r e e d i f f e r e n t s o l i d s c o n ­

c e n t r a t i o n and two d i f f e r e n t s e e d i n g m a t e r i a l s . The i n i t i a l 

c o n d i t i o n s of t h e s u b s t r a t e i n e a c h t r e a t m e n t a r e l i s t e d i n 

T a b l e 6. W i t h t h e e x p e r i e n c e of p r e v i o u s m i x i n g p r o c e ­

d u r e s , t h e s u b s t r a t e was m i x e d i n a s l i g h t l y d i f f e r e n t way. 

T h e r e s i d u e f r o m t h e h i g h - s o l i d s f e r m e n t e r o r t h e m u n i c i p a l 

s l u d g e was f i r s t m i x e d w i t h a p r e - d e t e r m i n e d q u a n t i t y of 

w a t e r w i t h o u t much a e r a t i o n and t h e n t h i s s l u r r y was m i x e d 

w i t h p o u l t r y m a n u r e . F i n a l l y c o r n s t o v e r was a d d e d . 

A l t h o u g h a p a r t o f p o u l t r y manure c l u m p e d and f o r m e d b a l l s , 

t h e d i s t r i b u t i o n o f s e e d m a t e r i a l i n t h e s u b s t r a t e was more 

u n i f o r m t h a n i n s t a g e I I . 
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T h e s u b s t r a t e p r e p a r e d a t d i f f e r e n t i n i t i a l c o n d i t i o n s 

was l o a d e d i n t o f o u r t e e n l a b e l e d r e a c t o r s w h i c h w e r e k e p t 

i n s i d e t h e c o n s t a n t t e m p e r a t u r e c h a m b e r . The t e m p e r a t u r e 

was a d j u s t e d so t h a t t h e s u b s t r a t e i n t h e r e a c t o r s r e m a i n e d 

a t 3 5 0 C + 2°C. A l l r e a c t o r s w e r e c o n n e c t e d t o i n d i ­

v i d u a l g a s c o l l e c t i o n u n i t s . The g a s s a m p l e s w e r e a n a l y z e d 

e v e r y week w h i l e t h e s u b s t r a t e was a n a l y z e d i n i t i a l l y , 

a f t e r 3 w e e k s and a t t h e e n d . B e c a u s e o f i n a b i l i t y t o g e t 

r e p r e s e n t a t i v e s a m p l e s f r o m t h e s a m p l i n g p o r t s , t h e r e s u l t s 

of i n t e r m e d i a t e a n a l y s e s w e r e n o t s i g n i f i c a n t and a r e n o t 

r e p o r t e d . 

A f t e r 50 d a y s of o p e r a t i o n , a l l r e a c t o r s e x c e p t I I I - D 1 , 

s t o p p e d p r o d u c i n g a p p r e c i a b l e a m o u n t s o f g a s . T h e s e r e a c ­

t o r s w e r e d i s c o n n e c t e d f r o m t h e g a s l i n e s and t h e h e a d 

s p a c e g a s i n e a c h of them was c h e c k e d f o r t h e p r e s e n c e o f 

ammonia and h y d r o g e n s u l f i d e u s i n g a m u l t i - g a s d e t e c t o r 

w i t h DRAGER t u b e s . The DRAGER t u b e f o r ammonia and h y d r o g e n 

s u l f i d e w e r e i n s e r t e d i n t o t h e r e a c t o r t h r o u g h t h e g a s o u t ­

l e t and h e a d s p a c e g a s was d r a w n t h r o u g h t h e t u b e s . The 

l e v e l o f ammonia and h y d r o g e n s u l f i d e was r e c o r d e d . 

On t e r m i n a t i o n of t h e r e a c t o r s , s u b s t r a t e s a m p l e s w e r e 

c o l l e c t e d f r o m t o p , m i d d l e and b o t t o m z o n e s . F r e e w a t e r was 

o b s e r v e d a t t h e b o t t o m of e a c h r e a c t o r . 

I n t h i s s e t o f e x p e r i m e n t f o u r r e a c t o r s s u f f e r e d f r o m 

s e v e r e l e a k a g e and d e s p i t e i n i t i a l e f f o r t s t o s e a l t h e 
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r e a c t o r s , i t was n o t p o s s i b l e t o c o l l e c t t h e b i o - g a s f r o m 
t h o s e r e a c t o r s . The v a r i a b l e s a n a l y z e d and t h e f r e q u e n c y 
of a n a l y s e s a r e l i s t e d i n T a b l e 4. 

T a b l e 4 

A n a l y s i s S c h e d u l e 

P a r a m e t e r I n i t i a l D a i l y W e e k l y F i n a l 

T . S . X X 

V . S . X X 

T.K.N. X X 

NH 3-N X 

T.O.C. X X 

pH X X 

Gas P r o d u c t i o n X 

M e t h a n e C o n t e n t X 

T e m p e r a t u r e X 
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4.4 METHODS OF A N A L Y S I S 

H i g h s o l i d s c o n c e n t r a t i o n of t h e s u b s t r a t e made i t d i f f i ­

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

l i q u i d w a s t e c h a r a c t e r i z a t i o n . The s a m p l e p r e p a r a t i o n f o r 

t h e a n a l y s i s was t h e m a j o r p r o b l e m . The t e s t - s a m p l e s p r e ­

p a r e d by d i l u t i o n t e c h n i q u e a s e x p l a i n e d by J e w e l l ( 1 1 ) 

w e r e n o t r e p r e s e n t a t i v e . No o t h e r r e f e r e n c e was a v a i l a b l e 

f o r t h e a n a l y s e s o f t h i s t y p e o f m a t e r i a l . A l t h o u g h S t a n ­

d a r d M e t h o d s f o r E x a m i n a t i o n of W a s t e W a t e r ( 2 5 ) a n d U.S. 

E n v i r o n m e n t a l P r o t e c t i o n A g e n c y M a n u a l o f M ethods f o r Chem­

i c a l A n a l y s i s of W a t e r and W a s t e s ( 1 4 ) w e r e g e n e r a l l y f o l ­

l o w e d t o c o n d u c t t h e a n a l y s i s , some p r o c e d u r e s w e r e a l t e r e d 

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

d u r e s u s e d a r e a s f o l l o w s : 

4.4.1 S u b s t r a t e A n a l y s i s 

The s u b s t r a t e was a n a l y z e d f o r t o t a l s o l i d s , t o t a l v o l a t i l e 

s o l i d s , t o t a l k j e l d a h l n i t r o g e n , ammonia n i t r o g e n , t o t a l 

o r g a n i c c a r b o n and pH. 

4.4.1.1 T o t a l S o l i d s 

C l e a n e v a p o r a t i n g d i s h e s w e r e p r e - h e a t e d i n m u f f l e f u r n a c e 

a t 5 5 0 O C f o r a b o u t an h o u r . A f t e r c o o l i n g i n d e s i c c a -

t e r s , t h e y w e r e w e i g h e d and t h e n s a m p l e s w e r e t r a n s f e r e d 

i n t o m a r k e d d i s h e s . The w e i g h t s o f d i s h p l u s s a m p l e w e r e 

r e c o r d e d . The s a m p l e s w e r e d r i e d a t 1 0 3 O C + 1 0 C 
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u n t i l t h e y r e a c h e d n e a r l y c o n s t a n t w e i g h t , w h i c h n o r m a l l y 

r e q u i r e d 22 t o 24 h o u r s . A f t e r c o o l i n g , t h e f i n a l w e i g h t s 

w e r e t a k e n and t o t a l s o l i d s c o n t e n t was d e t e r m i n e d a s 

W3 - Wl ( 4 ) 
TS (%) = * 100 

W2 - Wl 

whe r e 

Wl = d i s h w e i g h t (gm.) 

W2 = i n i t i a l w e i g h t o f s a m p l e + d i s h (gra.) 

W3 = w e i g h t a f t e r o v e n d r y i n g + d i s h ( g r a . ) 

4.4.1.2 T o t a l V o l a t i l e S o l i d s 

The o v e n d r i e d s a m p l e s w e r e i g n i t e d a t 5 5 0 O C + 5 0 O C 

i n a m u f f l e f u r n a c e f o r one and one h a l f h o u r s . The w e i g h t s 

b e f o r e and a f t e r i g n i t i o n w e r e t a k e n and t h e TVS on a d r y 

b a s i s was c a l c u l a t e d a s 

W4 - W5 ( 5 ) 
TVS (%d.b.) = * 100 

W4 - Wl 

w h e r e 

W4 = w e i g h t of d i s h + s a m p l e b e f o r e i g n i t i o n (gm.) 

W5 • w e i g h t of d i s h + a s h a f t e r i g n i t i o n (gm.) 
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4 , 4 , 1 . 3 T o t a l N i t r o g e n 

T h i s t e s t was c o n d u c t e d on a wet s a m p l e , J e w e l l ( 1 1 ) 

d e s c r i b e d t h e s o a k i n g - d i l u t i o n method f o r s a m p l e p r e p a r a ­

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

method t h e s u b s t r a t e was s o a k e d u n t i l s a t u r a t e d and a f t e r 

15 m i n . of s o a k i n g i t was c e n t r i f u g e d . The s u p e r n a t a n t 

o b t a i n e d was u s e d as a s a m p l e f o r a n a l y s i s . B u t w i t h t h e 

s u b s t r a t e u s e d i n t h i s e x p e r i m e n t , t h e s a m p l e s p r e p a r e d by 

t h a t method g a v e c o n s i s t e n t l y l o w e r r e s u l t s t h a n t h e 

r e s u l t s o b t a i n e d on u s i n g raw s a m p l e s i . e . w i t h o u t s o a k ­

i n g . F i v e gm of s a m p l e was c o l l e c t e d f r o m a w e l l m i x e d 

s u b s t r a t e and a f t e r a d d i t i o n o f 400 m l . t r i p l e d i s t i l l e d 

w a t e r , one K e l - P a c ( 0 1 i n - M a t h e s o n ) and 20 m l . of c o n e , s u l ­

f u r i c a c i d , i t was d i g e s t e d f o r one h o u r . The r e s i d u e was 

made a l k a l i n e by a d d i n g s o d i u m h y d r o x i d e - t h i o s u I f a t e s o l u ­

t i o n and was d i s t i l l e d u n t i l 300 ml d i s t i l l a t e was c o l l e c t ­

ed i n t o 2% b o r i c a c i d s o l u t i o n . The ammonia i n t h e d i s t i l ­

l a t e was d e t e r m i n e d t i t r i m e t r i c a l l y u s i n g m i x e d i n d i c a t o r . 

S t a n d a r d s u l f u r i c a c i d was u s e d a s a t i t r a n t . TKN i n mg/g 

of s a m p l e was c a l c u l a t e d a s 

A * N * F ( 6 ) 
TKN (mg/g ) = 

S 

w h e r e 

A = m l , of s u l f u r i c a c i d u s e d f o r t i t r a t i o n 
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N = n o r m a l i t y of s u l f u r i c a c i d 

F = mi 1 1 i e q u i v a l e n t w e i g h t o f n i t r o g e n , 14 mg . 

S = s a m p l e s i z e , g r a m s . 

The t o t a l n i t r o g e n was e x p r e s s e d a s p e r c e n t t o t a l s o l i d s o f 

t h e s u b s t r a t e . 

4.4.1.4 Ammonia N i t r o g e n 

The same t e c h n i q u e a s TKN d e t e r m i n a t i o n was u s e d e x c e p t t h e 

d i g e s t i o n s t e p was e l i m i n a t e d . F i v e gm of s a m p l e was m i x e d 

w i t h 400 m l . t r i p l e d i s t i l l e d w a t e r and pH o f t h i s s o l u t i o n 

was a d j u s t e d t o 9.5 by a d d i n g 0.1 N NaOH s o l u t i o n . A f t e r 

a d d i n g 25 m l . of b o r a t e b u f f e r s o l u t i o n t h e s a m p l e was d i s ­

t i l l e d u n t i l 300 m l . of d i s t i l l a t e was c o l l e c t e d i n t o 2% 

b o r i c a c i d s o l u t i o n . Ammonia was t h e n d e t e r m i n e d t i t r i m e ­

t r i c a l l y . C a l c u l a t i o n was s i m i l a r t o t h a t u s e d f o r TKN 

d e t e r m i n a t i o n . 

4 . 4 . 1 . 5 T o t a l O r g a n i c C a r b o n 

A d r y c o m b u s t i o n method was u s e d t o d e t e r m i n e t h e t o t a l 

o r g a n i c c a r b o n . Oven d r i e d s a m p l e s w e r e u s e d f o r Lhe a n a l -
o _ . , 

y s i s . The s a m p l e s w e r e b u r n e d a t 900 C i n t h e p r e s e n c e 

of e x c e s s o x y g e n and c a r b o n d i o x i d e p r o d u c e d was a b s o r b e d 

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

t h e b u l b b e f o r e and a f t e r a n a l y s i s g a v e t h e amount c a r b o n 

d i o x i d e l i b e r a t e d and % TOC was d e t e r m i n e d a s 



TOC (% d . b . ) = 
w t . of C 0 2 l i b e r a t e d 

s a m p l e w t . 

12 
* -- * 100 

44 
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( 7 ) 

4 . 4 . 1 . 6 pH 

pH o f t h e s u b s t r a t e was d e t e r m i n e d by t h e p r o c e d u r e n o r m a l ­

l y u s e d f o r s i l a g e ( 2 1 ) . I n t h i s t e c h n i q u e 25 gm of s a m p l e 

i s b l e n d e d w i t h 225 ml d i s t i l l e d w a t e r and pH of t h e 

r e s u l t i n g m i x t u r e i s m e a s u r e d . F o r t h i s r e s e a r c h , t h e 

s u b s t r a t e and w a t e r was m i x e d u s i n g a m a g n e t i c s t i r r e r 

i n s t e a d o f b l e n d i n g . The pH was d e t e r m i n e d u s i n g an O r i a n 

b O l - s e r i e s pH m e t e r e q u i p p e d w i t h a c o m b i n a t i o n e l e c t r o d e . 

4.4.2 B i o - g a s A n a l y s i s 

The v o l u m e s o f b i o - g a s p r o d u c e d and c o l l e c t e d i n t h e 

i n v e r t e d g r a d u a t e d gas c o l l e c t e r s w e r e r e c o r d e d . R e a d i n g s 

w e r e t a k e n f o u r t i m e s a day f o r t h e f i r s t two w e e k s when 

g a s p r o d u c t i o n r a t e was h i g h and two t i m e s a d a y f o r t h e 

r e s t o f t h e p e r i o d . The g a s v o l u m e was s t a n d a r d i z e d t o STP 

c o n d i t i o n s by t h e f o l l o w i n g r e l a t i o n s h i p ( I d e a l g a s l a w ) : 

V s t p = ( P a * Va * T s t p ) / ( T a * P s t p ) ( 8 ) 

w h e r e 

V s t p = b i o - g a s v o l u m e a t s t a n d a r d c o n d i t i o n , L 

Pa = a t m o s p h e r i c p r e s s u r e , mm Hg 
o 

T s t p = s t a n d a r d t e m p e r a t u r e = 273 K 

T a = a m b i e n t room t e m p e r a t u r e , 0 K 

P s t p = s t a n d a r d p r e s s u r e = 760 mm Hg 
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Va = b i o - g a s v o l u m e r e c o r d e d , L 
B i o - g a s was a n a l y z e d w e e k l y t o d e t e r m i n e m e t h a n e c o n ­

t e n t . F i g u r e 9 shows t h e Gow-Mac s e r i e s 150 Gas C h r o m a t o -
" it 

g r a p h w i t h a 8 X 1/4 P o r a p a k - Q 8 0 / 1 0 0 mesh c o l ­

umn. A t h e r m a l c o n d u c t i v i t y d e t e c t o r was u s e d f o r g a s 

a n a l y s i s . H e l i u m g a s was u s e d a s a c a r r i e r g a s . P u r e m e t h ­

ane g a s was u s e d t o c a l i b r a t e t h e GC. The s a m p l e s w e r e a n a ­

l y z e d a t c o n s t a n t t e m p e r a t u r e o f 1 2 5 0 C . The a r e a u n d e r 

t h e m e t h a n e p e a k was m e a s u r e d u s i n g a p l a n i m e t e r and m e t h ­

ane c o n t e n t (%) was c a l c u l a t e d a s 

A2/A1 ( 9 ) 
C H 4 ( % ) = * 100 

s 

w h e r e 

A l = a r e a u n d e r m e t h a n e p e a k o b t a i n e d f o r 1 ml 

me t h a n e 

A2 = a r e a u n d e r m e t h a n e p e a k o b t a i n e d f o r b i o - g a s 

s a m p l e 

S = s a m p l e s i z e ( m l ) 

The r e s t o f t h e b i o - g a s was a s s u m e d t o c o n t a i n m a i n l y 

c a r b o n d i o x i d e a l t h o u g h a s m a l l amount of h y d r o g e n s u l f i d e , 

ammonia and w a t e r v a p o r w o u l d be p r e s e n t . 
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F i g u r e 9: Gow-Mac-150 Gas C h r o m a t o g r a p h 



C h a p t e r V 

EXPERIMENTAL R E S U L T S AND D I S C U S S I O N 

5.1 WASTE C H A R A C T E R I S T I C S 

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

f e r m e n t e r when u s e d a s s e e d , w e r e a n a l y z e d f o r t o t a l s o l ­

i d s , v o l a t i l e s o l i d s , t o t a l n i t r o g e n and t o t a l o r g a n i c c a r ­

bon b e f o r e d e t e r m i n i n g t h e p r o p o r t i o n s i n w h i c h t h e y s h o u l d 

be m i x e d t o g e t t h e s u b s t r a t e o f r e q u i r e d i n i t i a l c o n d i ­

t i o n s . T a b l e 5 shows t h e r e s u l t s o f t h o s e a n a l y s e s . 

T h e q u a n t i t y of p o u l t r y m a n u r e , c o r n s t o v e r and s e e d 

m a t e r i a l t o be m i x e d , was c a l c u l a t e d u s i n g a c o m p u t e r p r o ­

g ram. The p r o g r a m c o m p u t e d t h e t o t a l s o l i d s and C/N v a l u e s 

o f t h e m i x t u r e c o n t a i n i n g d i f f e r e n t p r o p o r t i o n s o f p o u l t r y 

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

r a t i o w h i c h w o u l d g i v e t h e d e s i r e d v a l u e s o f t o t a l s o l i d s 

and C/N r a t i o f o r t h e g i v e n c o n d i t i o n s . The amount o f w a t e r 

r e q u i r e d was a l s o c o m p u t e d . The S/F r a t i o i n t h e S t a g e I I 

was b e t w e e n 0.05 a n d 0.26 w h i l e t h a t i n t h e o t h e r t r e a t ­

m e n t s was 0 . 5 . The P.M./C.S. r a t i o was b e t w e e n 2.5 t o 2.8 

i n a l l t h e t r e a t m e n t s e x c e p t i n S t a g e I I i n w h i c h i t was 

b e t w e e n 5.0 a n d 6.5. The m a t e r i a l and w a t e r , i n p r e d e t e r -

- 56 -
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m i n e d r a t i o s , w e r e m i x e d t o g e t h e r i n a c o n c r e t e m i x e r . The 
s u b s t r a t e s a m p l e s w e r e c o l l e c t e d b e f o r e i t was l o a d e d i n t o 
t h e r e a c t o r s . 

T a b l e 5 

Wa s t e C h a r a c t e r i s t i c s 

M a t e r i a l S t a g e T . S . V . S . T.K.N. T.O.C. 
£ w.b. % d.b. 

P o u l t r y I 3 8 . 3 55.8 2 . 1 29.1 
Manure I I 4 9.9 55.4 1 . 3 27 . 6 

I I I 52 . 4 74 . 7 3 . 3 37.0 

C o r n I 76.4 94 . 4 1 . 0 45 .1 
S t o v e r I I 7 3.6 92.2 l.O 4 0 .0 

I I I 84.4 93.6 1 . 0 4 1 . 5 

H i g h - s o l i d s I - B 2 9 . 9 73.1 2 . 6 39. 9 
F e r m e n t e r I - A 2 4 . 3 81.4 2 . 3 35.8 
R e s i d u e I I - A 2 2 5 . 3 52 . 3 2.6 2 9 . 6 

The s a m p l e s w e r e a n a l y z e d f o r i n i t i a l t o t a l s o l i d s , v o l ­

a t i l e s o l i d s , t o t a l n i t r o g e n and t o t a l o r g a n i c c a r b o n . T he 

i n i t i a l s u b s t r a t e c o n d i t i o n s i n e a c h t r e a t m e n t a r e r e p o r t ­

ed i n T a b l e 6. The a c t u a l s u b s t r a t e c o n d i t i o n s w e r e 

s l i g h t l y d i f f e r e n t t h a n t h e t h e o r e t i c a l l y d e t e r m i n e d c o n d i ­

t i o n s , w h i c h may be b e c a u s e o f d i f f i c u l t y i n g e t t i n g r e p r e -
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s e n t a t i v e s a m p l e s a n d / o r i n a b i l i t y t o g e t homogeneous m i x ­

i n g . 

I n t i t a l pH of t h e s u b s t r a t e i n a l l t h e t r e a t m e n t s of 

s t a g e I I I , was b e t w e e n b.5 and 8 . 5 . No b u f f e r c h e m i c a l was 

a d d e d i n o r d e r t o o b s e r v e t h e t r e a t m e n t p e r f o r m a n c e i n as 

s i m p l i f i e d c o n d i t i o n s a s p o s s i b l e . H o wever t h e s t u d i e s on 

c r o p r e s i d u e s ( 1 1 ) i n d i c a t e d t h e n e e d o f b u f f e r a d d i t i o n s 

a s much a s 0.2 t o 0.3 t i m e s t h e t o t a l f e e d q u a n t i t y . 

The b i o d e g r a d a b i l i t y of t h e s u b s t r a t e was c o m p u t e d by 

t a k i n g t h e w e i g h t e d a v e r a g e o f t h e b i o d e g r a d a b i 1 i t y of 

p o u l t r y manure and c o r n s t o v e r . The b i o d e g r a d a b i 1 i t y of 

p o u l t r y m a n u r e and c o r n s t o v e r was f o u n d t o be 0.87 and 

0.65 r e s p e c t i v e l y ( 1 3 ) . The s u b s t r a t e c o n t a i n i n g X l b o f 

p o u l t r y m anure and Y l b of c o r n s t o v e r w o u l d h a v e t h e b i o d -

e g r a d a b i l i t y v a l u e : 

( X * 0 . 8 7 ) + ( Y * 0 . 6 5 ) ( 1 0 ) 
Bo = 

X + Y 

The b i o d e g r a d a b i l i t y of t h e s u b s t r a t e was n e a r l y 0.8 f o r 

a l l t r e a t m e n t s . 
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T a b l e 6 

I n i t i a l S u b s t r a t e C o n d i t i o n s 

T r e a t m e n t Q u a n t i t y 
1 b 

T . S . 
% w.b. 

V . S . T.K.N. 
% d . b . • 

T.O.C. C/N pH Q u a n t i t y 
1 b 

T . S . 
% w.b. 

T.K.N. 
% d . b . • 

I - A , I - B 13.8 34.0 7 6.6 1 . 2 36.0 .30.1 

I I - A 2 8.9 27.8 63 . 7 1 . 1 30 . 7 28.1 

I I - B 30.2 26.4 70.2 1 . 1 34.8 3 1.5 

I I - C 2 7 . 6 2 8 . 6 70.8 1.2 31.2 25.9 

I I I - A 18.2 30.0 8 6 . 8 2 . 3 37 . 7 17.2 7.2 

I I I - B 13.0 34 . 4 82 . 8 2 . 2 38 .7 17.7 7.4 

I I I - C 15.3 35.2 87.8 2.3 38 . 5 17.3 7.8 

I I I - D 14.5 35.2 85.2 2 . 1 38.9 18.0 8 . 0 

I I I - E 15.6 35.1 78.8 2 . 2 37 . 5 17.1 7 . 8 

5.2 GAS PRODUCTION AND A N A L Y S I S 

Gas p r o d u c e d f r o m e a c h r e a c t o r was c o l l e c t e d and m e a s u r e d 

i n d i v i d u a l l y by t h e w a t e r d i s p l a c e m e n t m e t h o d . Among t h e 

t h r e e r e p l i c a t e s i n t h e t r e a t m e n t I I I - A , I I I - B , I I I - C and 

I I I - E t h e one w h i c h showed t h e b e s t p e r f o r m a n c e , i n t e r m s 

of b i o - g a s p r o d u c t i o n , was u s e d t o r e p r e s e n t t h e p a r t i c u l a r 

t r e a t m e n t . I n c a s e o f t r e a t m e n t I I I - D , b o t h r e a c t o r s I I I - D 1 
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and I I I - D 2 showed s i m i l a r p e r f o r m a n c e d u r i n g t h e f i r s t 

t h r e e w e e k s , b u t r e a c t o r I I I - U l i s u s e d t o r e p r e s e n t t h i s 

t r e a t m e n t as i t f u n c t i o n e d much b e t t e r t h a n I I I - D 2 i n t h e 

l a t e r p e r i o d . 

B i o - g a s and m e t h a n e p r o d u c t i o n r a t e s w e r e c o r r e c t e d t o 

STP c o n d i t i o n s (Temp.= 2 7 3 0 K and P r e s s . = 1 a t m p . ) u s i n g 

E q u a t i o n 8. The a m b i e n t t e m p e r a t u r e was b e t w e e n 2 2 0 C 

and 2 6 0 C ( 2 9 5 0 K t o 2 9 9 0 K ) w h i l e t h e p r e s s u r e 

w i t h i n t h e g a s c o l l e c t o r was v e r y c l o s e t o a t m o s p h e r i c 

p r e s s u r e . An a v e r a g e f a c t o r o f 0.9 was u s e d t o c o n v e r t t h e 

g a s v o l u m e s t o STP c o n d i t i o n s . 

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

a r e p r e s e n t e d i n A p p e n d i x A. A p p e n d i x B shows t h e summary 

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

F i g u r e 10 and F i g u r e 11 show t h e a v e r a g e b i o - g a s p r o d u c ­

t i o n r a t e i n 1/day and a c c u m u l a t e d b i o - g a s p r o d u c e d i n l i t ­

e r s o f t h e f i v e r e a c t o r s i n s t a g e I I I f o r 54 d a y s . D u r i n g 

t h e f i r s t week a v e r y h i g h r a t e o f g a s p r o d u c t i o n was 

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

g a s p r o d u c e d i n f i r s t t e n d a y s f r o m r e a c t o r I I I - D 1 was 4 6 . 7 

l i t e r s , w h i c h was t h e maximum, w h i l e t h e minimum was f r o m 

t h e r e a c t o r I I I - B 3 , 2 7 . 2 l i t e r s . On t h e s e v e n t h day, t h e 

b i o - g a s f r o m s e l e c t e d d i g e s t e r s was f i r s t a n a l y z e d f o r 

m e t h a n e c o n t e n t . The g a s f r o m a l l t h e r e a c t o r s had l e s s 

t h a n 10% m e t h a n e , w h i c h i n d i c a t e d v e r y low e n e r g y p r o d u c -
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t i o n i n t h e s t a r t i n g p e r i o d . M e t h a n e a n a l y s i s was done o n c e 

p e r week. 

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

s h a r p l y d u r i n g t h e s e c o n d and t h i r d week. However t h e m e t h ­

ane c o n t e n t o f t h e g a s f r o m a l l r e a c t o r s e x c e p t I I I - B 3 w ent 

up. A f t e r 30 d a y s , t h e g a s p r o d u c t i o n r a t e of I I I - D 1 s t a r t ­

ed i n c r e a s i n g and went up t o a b o u t 4.0 1/day on t h e 42nd 

d a y . O t h e r r e a c t o r s p r o d u c e d g a s a t a l m o s t a c o n s t a n t 

r a t e , a b o u t 0.5 1/day a f t e r 25 d a y s . A l t h o u g h more t h a n 4 5 % 

of m e t h a n e was o b s e r v e d f r o m a l l t h e r e a c t o r s e x c e p t 

I I I - B 3 , v e r y l i t t l e g a s was c o l l e c t e d f r o m I I I - A 2 , I I I - C 3 

and I I I - E 1 a f t e r 45 d a y s w h i c h i n d i c a t e d some l e a k a g e a n d / 

or some t y p e o f i n h i b i t i o n i n t h e s y s t e m . D e s p i t e r e s e a l i n g 

t h e l i d s o f t h o s e r e a c t o r s , none of them showed any 

i m p r o v e m e n t , i n d i c a t i n g i n h i b i t i o n . 

A f t e r 54 d a y s o n l y I 1 I - D 1 r e a c t o r was o b s e r v e d f o r g a s 

p r o d u c t i o n and m e t h a n e c o n t e n t . The g a s p r o d u c t i o n r a t e 

and a c c u m u l a t e d g a s p r o d u c e d f r o m r e a c t o r I I I - D 1 f o r 100 

d a y s a r e shown i n F i g u r e 12 and F i g u r e 1 3 . T h i s r e a c t o r 

when t e r m i n a t e d on t h e 1 0 0 t h d a y , was s t i l l p r o d u c i n g g a s 

a t t h e r a t e of 2.3 1/day w i t h a m e t h a n e c o n t e n t o f a b o u t 

6 0 / o . 

A s i m i l a r p a t t e r n of g a s p r o d u c t i o n was o b s e r v e d f r o m 

r e a c t o r T-A, a s shown i n F i g u r e 14 and Figur« 1 5 . I n t h e 

b e g i n n i n g , due t o l e a k a g e , no g a s was c o l l e c t e d f r o m t h i s 
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r e a c t o r . A f t e r t r a n s f e r i n g t h e s u b s t r a t e i n t o a n o t h e r 

d i g e s t e r , a g a s p r o d u c t i o n r a t e a s h i g h a s 5.4 1/day was 

o b s e r v e d . T h i s r e a c t o r was p r o d u c i n g g a s a t t h e r a t e of 2.7 

1 / d a y , on t h e 1 1 8 t h d a y , when i t was t e r m i n a t e d . The s u b s ­

t r a t e i n t h i s t r e a t m e n t had b e e n i n o c u l a t e d w i t h a n a e r o b i ­

c a l l y d i g e s t e d m u n i c i p a l s l u d g e . As t h e b i o - g a s a n a l y s i s 

was n o t p e r f o r m e d , t h e m e t h a n e c o n t e n t of t h e g a s was n o t 

d e t e r m i n e d . However t h e b i o - g a s p r o d u c e d a f t e r 20 d a y s d i d 

b u r n , g i v i n g a b l u e f l a m e , i n d i c a t i n g t h e p r e s e n c e o f m e t h ­

a n e . 

F i g u r e 16 and F i g u r e 17 shows t h e p e r f o r m a n c e of r e a c t o r 

I I - A 2 , w h i c h was t h e o n l y r e a c t o r o p e r a t e d s u c c e s s f u l l y i n 

t h a t s t a g e . The s u b s t r a t e i n t h i s t r e a t m e n t was i n o c u l a t e d 

w i t h t h e r e s i d u e f r o m t h e h i g h - s o l i d s f e r m e n t e r I - B , w h i c h 

p r o d u c e d 4 6 . 8 l i t e r s o f b i o - g a s i n 46 d a y s when i t was t e r ­

m i n a t e d . D e s p i t e p o o r s t a r t i n g p e r f o r m a n c e , t h e gas p r o d u c ­

t i o n r a t e o f I I - A 2 was o b s e r v e d t o i n c r e a s e f r o m 1.0 1/day 

on t h e 3 0 t h day t o 3.5 1/day on t h e 6 9 t h d a y . T h i s r e a c t o r 

p r o d u c e d a t o t a l 129 l i t e r s of b i o - g a s i n 71 d a y s . The 

r e a c t o r was t h e n t e r m i n a t e d and r e s i d u e was u s e d to i n o c u ­

l a t e t h e s u b s t r a t e o f t h e t r e a t m e n t I I I - E . 

T h e b i o - g a s p r o d u c t i o n r a t e o f t h e r e a c t o r I _ A , I I - A 2 

and I I I - D 1 showed t h e e f f e c t o f v o l a t i l e s o l i d s d e n s i t y i n 

t h e d i g e s t e r s . I - A had a v o l a t i l e s o l i d s d e n s i t y of 6.8 
3 

l b / f t w h i l e I I - A 2 and I I I - D 1 w e r e l o a d e d a t t h e r a t e 
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o f 9.6 l b V S / f t 3 and 8.1 l b VS / f t 3 r e s p e c t i v e l y . 

R e a c t o r 1-A and I I I - D 1 w e r e p r o d u c i n g b i o - g a s a t a h i g h e r 

r a t e i n t h e f i r s t 70 d a y s t h a n I I -A2 . T h i s i n d i c a t e d t h a t 

t h e o p t imum v o l a t i l e s o l i d s d e n s i t y i n t h e d i g e s t e r m i g h t 

be betw een s e v e n t o e i g h t l b V S / f t 3 i n o r d e r t o a c h i e v e 

h i g h e r b i o - c h e m i c a l r e a c t i o n r a t e s . 

5 » 2.1 M e t h a n e P r o d u c t i o n 

T h e b i o - g a s f r o m t h e f u n c t i o n i n g r e a c t o r s i n s t a g e I I I was 

a n a l y z e d f o r m e t h a n e c o n t e n t o n c e a week. R e g r e s s i o n a n a l y ­

s i s was done on t h e s e v e n d a y i n t e r v a l m e t h a n e c o n t e n t d a t a 

o f e a c h r e a c t o r i n o r d e r t o g e t t h e e q u a t i o n w h i c h c a n 

a p p r o x i m a t e t h e d a i l y m e t h a n e c o n t e n t o f t h e b i o - g a s . A 

t h i r d o r d e r r e g r e s s i o n e q u a t i o n g a v e a s t a t i s t i c a l l y s i g ­

n i f i c a n t r e l a t i o n s h i p b e t w e e n t h e w e e k l y o b s e r v e d m e t h a n e 

c o n t e n t and t h e d a y . The r e g r e s s i o n e q u a t i o n was o b t a i n e d 

f o r e a c h r e a c t o r . T h e t o t a l m e t h a n e p r o d u c t i o n f r o m e a c h o f 

t h e s e r e a c t o r s i s shown i n A p p e n d i x A. F i g u r e 18 shows t h e 

t h i r d o r d e r r e g r e s s i o n l i n e s o f m e t h a n e c o n t e n t of t h e b i o -

g a s f r o m t h e r e a c t o r s f o r 54 d a y s . 

Among a l l t h e o p e r a t i n g r e a c t o r s , b i o - g a s w i t h maximum 

m e t h a n e c o n t e n t was p r o d u c e d f r o m t h e r e a c t o r I I I - D 1 . F i g ­

u r e 19 shows t h e m e t h a n e c o n t e n t o f t h e b i o - g a s p r o d u c e d 

f r o m I I I - D 1 f o r 100 d a y s . 

Low m e t h a n e c o n t e n t o f t h e b i o - g a s f r o m r e a c t o r I I I - B 3 

and I I I - C 3 i n d i c a t e d f e w e r a n a e r o b i c b a c t e r i a I n t h e s y s t e m 
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w h i c h m i g h t be due t o p o o r s e e d a n d / o r p r e s e n c e of o x y g e n . 

R e a c t o r I I I - A 2 , 1 I I - D 1 , and I I I - E 1 showed s i m i l a r m e t h a n e 

p r o d u c t i o n f o r t h e f i r s t 35 d a y s . The m e t h a n e c o n t e n t of 

t h e b i o - g a s f r o m I I I - A 2 d r o p p e d s h a r p l y t o l e s s t h a n 10% i n 

n e x t 15 d a y s w h i c h i n d i c a t e d t o x i c i t y . The s u b s t r a t e of 

t h e r e a c t o r I I I - D 1 and I I I - E 1 was i n o c u l a t e d w i t h t h e a c c ­

l i m a t e d s e e d f r o m t h e h i g h - s o l i d s f e r m e n t e r , c o n t a i n i n g 

a n a e r o b i c b a c t e r i a w h i c h r e s u l t e d i n t o f a s t e r r e p r o d u c t i o n 

of t h e b a c t e r i a i n t h e s y s t e m . T h e r a p i d g r o w t h o f a n a e ­

r o b e s c o u l d h a v e p r e v e n t e d t h e a c i d a c c u m u l a t i o n i n t h e 

s y s t e m . A l t h o u g h r e a c t o r I I I - E l p r o d u c e d b i o - g a s a t t h e 

r a t e and m e t h a n e c o n t e n t c o m p a r a b l e t o I I I - D 1 i n t h e i n i ­

t i a l p e r i o d , a f t e r 54 d a y s much l e s s g a s was c o l l e c t e d f r o m 

I I I - E l . T h e m e t h a n e c o n t e n t o f t h e b i o - g a s was a b o u t 5 9 % . 

R e a c t o r I I I - A 2 s t a r t e d v e r y w e l l and p r o d u c e d b i o - g a s w i t n 

a b o u t 5 5 % a f t e r 30 d a y s . The m e t h a n e c o n t e n t t h e n s u d d e n l y 

d r o p p e d t o l e s s t h a n 10% i n t h e n e x t 15 d a y s . The r e a s o n 

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

c o n t e n t , b u t i t c o u l d be due t o v o l a t i l e a c i d a c c u m u l a t i o n 

a n d / o r h i g h c o n c e n t r a t i o n of s o l u b l e s u l f u r i n t h e r e a c t o r . 

5.2.2 H e a d - S p a c e Gas A n a l y s i s 

T h e h e a d - s p a c e g a s o f a l l t h e r e a c t o r s e x c e p t I I I - D l was 

c h e c k e d , a f t e r s i x t y d a y s , f o r t h e p r e s e n c e o f ammonia and 

h y d r o g e n s u l f i d e g a s u s i n g DRAGER t u b e s . The ammonia l e v e l 

i n a l l t h e r e a c t o r s was l e s s t h a n f i v e ppm a s NH- g a s . 
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B u t h y d r o g e n s u l f i d e l e v e l s w e r e o b s e r v e d t o be g r e a t e r 
t h a n 2 0 0 ppm a s g a s . T h i s was o b s e r v e d i n a l l t h e 

r e a c t o r s e x c e p t I I I - E l w h i c h showed a l ^ S c o n c e n t r a t i o n 

of 1 2 0 ppm . As i t was p o s s i b l e t o m e a s u r e t h e l ^ S c o n ­

c e n t r a t i o n s o n l y up t o 2 0 0 ppm w i t h t h e DRAGER t u b e s , t h e 

e x a c t c o n c e n t r a t i o n of h y d r o g e n s u l f i d e was u n d e t e r m i n e d . 

H i g h h y d r o g e n s u l f i d e c o n c e n t r a t i o n i n t h e b i o - g a s c o r r e ­

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

T h i s c o u l d h a v e i n h i b i t e d t h e m e t h a n o g e n s b e c a u s e o f t h e 

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

gen w i t h t h e m e t h a n o g e n s . 

A f t e r 1 0 0 d a y s , when I I I - U l was t e r m i n a t e d , t h e ammonia 

and h y d r o g e n s u l f i d e c o n c e n t r a t i o n w e r e m e a s u r e d i n t h e 

h e a d - s p a c e g a s . Ammonia l e v e l was l e s s t h a n f i v e ppm a s 

NH.j g a s w h i l e h y d r o g e n s u l f i d e c o n c e n t r a t i o n was a b o u t 

1 0 0 ppm a s H 2 S . The l i t e r a t u r e s howed t h a t i n t h e 

p r e s e n c e of s u l f u r compounds, b o t h t h e m e t h a n e p r o d u c t i o n 

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

e n c e o f e x c e s s h y d r o g e n . The p r e s e n c e of e x c e s s h y d r o g e n 

may e x p l a i n t h e r e a s o n f o r b e t t e r p e r f o r m a n c e of t h e r e a c ­

t o r I I I - D l t h a n t h e o t h e r s . 
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5.3 R E S I D U E A N A L Y S I S 

The r e s i d u e f r o m t h e r e a c t o r s I - A , I - B and I I - A 2 was a n a ­

l y z e d b e f o r e i t was u s e d a s an i n o c u l u m . The r e s u l t s of 

t h e s e a n a l y s e s a r e r e p o r t e d i n T a b l e 5. A l l f i v e r e a c t o r s 

i n s t a g e I I I w e r e t e r m i n a t e d a f t e r 100 d a y s . The r e s i d u e 

s a m p l e s w e r e c o l l e c t e d f r o m t h e t o p , m i d d l e , and b o t t o m of 

t h e s e r e a c t o r s . A d e f i n i t e m o i s t u r e g r a d i e n t o f 3% t o 5%, 

l o w e r a t t h e t o p and h i g h e r a t t h e b o t t o m , was o b s e r v e d i n 

a l l r e a c t o r s . 

The r e s i d u e was a n a l y z e d f o r t o t a l s o l i d s , v o l a t i l e s o l ­

i d s , t o t a l n i t r o g e n , ammonia n i t r o g e n , t o t a l o r g a n i c c a r b o n 

and pH. The r e s u l t s o f t h e s e a n a l y s e s a r e p r e s e n t e d i n 

T a b l e 7. The pH a n a l y s e s o f t h e r e s i d u e f r o m e a c h t r e a t m e n t 

i n d i c a t e d l o w e r pH v a l u e s t h a n t h e i n i t i a l s u b s t r a t e . How­

e v e r t h e pH of t h e r e s i d u e f r o m t h e r e a c t o r I I I - D l was 

s t i l l 7.5, t h e r e s i d u e f r o m t h e r e s t o f t h e r e a c t o r s s h o w e d 

pH b e t w e e n 6.0 and 6.7. T h i s i n d i c a t e d some a c i d i t y p r o b ­

l e m s i n t h e u n s u c c e s s f u l r e a c t o r s . The v o l a t i l e a c i d s a c c u ­

m u l a t i o n i n t h o s e r e a c t o r s w o u l d h a v e i n h i b i t e d t h e a c t i v i ­

t y of m e t h a n o g e n i c b a c t e r i a . M i x i n g t h e s u b s t r a t e w i t h 

b u f f e r c h e m i c a l s l i k e ammonium b i c a r b o n a t e , s o d i u m b i c a r b o ­

n a t e o r c a l c i u m b i c a r b o n a t e a t t h e b e g i n i n g c o u l d h a v e 

h e l p e d t o n e u t r a l i z e t h e e x c e s s a c i d s p r e v e n t i n g t o x i c i t y . 

T h e s a m p l e s p r e p a r e d f o r pH a n a l y s i s w e r e u s e d f o r COD 

a n a l y s i s a f t e r a p p r o p r i a t e d i l u t i o n . P r o c e d u r e #508 o f 
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S t a n d a r d M e t h o d s ( 2 5 ) was f o l l o w e d f o r t h i s a n a l y s i s . The 

r e s i d u e f r o m r e a c t o r I I I - U l had t h e l o w e s t COD v a l u e of 

8,560 mg/l ( A p p e n d i x C ) . 

T a b l e 7 

R e s i d u e A n a l y s i s 

R e a c t o r T . S . V . S . T.K.N. T.O.C. V.S.D. pH 
% w.b. % d.b. % I . V . S . 

I I I - A 2 

I I I - B 3 

1 1 1 - C 3 

I I I - D l 

I I I - E l 

2 4 .8 

29 .0 

30.6 

30.8 

30 . 6 

81 .8 

75.0 

75.0 

75.6 

73 . 3 

2 . 4 

2 . 6 

2.7 

2 . 4 

2 . 4 

38 .7 

37.7 

3 8 . 3 

38 .6 

38 . 9 

2 1.3 

2 4 . 3 

2 5 . 5 

23.2 

18.6 

6 . 1 

6.7 

6.2 

7 . 5 

6.4 

The m o i s t u r e c o n t e n t a t t h e end o f e a c h t r e a t m e n t had 

i n c r e a s e d f r o m t h e i n i t i a l m o i s t u r e c o n t e n t ( T a b l e 7 ) , The 

a l t e r a t i o n o f t h e w a t e r - b i n d i n g c h a r a c t e r i s t i c s o f t h e 

s u b s t r a t e d u r i n g t h e d i g e s t i o n p r o c e s s a s w e l l a s some l o s s 

of t o t a l s o l i d s f r o m t h e s y s t e m may e x p l a i n t h e i n c r e a s e i n 

t h e m o i s t u r e c o n t e n t . The i n i t i a l t o t a l s o l i d s i n f i v e 

t r e a t m e n t s o f s t a g e I I I w e r e b e t w e e n 3 0 % t o 3 5 % w h i l e t h a t 

o f t h e r e s i d u e was b e t w e e n 2 5 % t o 3 0 % . 
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T h e d i g e s t e r I I I - A 1 , I I I - B 3 , 1 1 1 - 0 3 and I I I - E l showed 

v o l a t i l e s o l i d s r e d u c t i o n b e t w e e n 0.8 l b t o 1.2 l b . The 

b i o - g a s c o l l e c t e d f r o m t h e s e r e a c t o r s was much l e s s t h a n 

t h a t f r o m t h e r e a c t o r I I I - D l , w h i c h showed a v o l a t i l e s o l ­

i d s r e d u c t i o n of 1.0 l b . The r a t e of v o l a t i l e s o l i d s r e d u c ­

t i o n was much s l o w e r t h a n what i s o b s e r v e d i n s l u r r y t y p e 

d i g e s t i o n . H o w e v e r i t was c o m p a r a b l e t o J e w e l l ' s w o r k on 

c r o p r e s i d u e . 

I n i t i a l 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 i n r e a c t o r I I I - D l 

w e r e 3.4 l b . By l i n e a r e x t r a p o l a t i o n of t h e v o l a t i l e s o l ­

i d s r e d u c t i o n i n t h e 100 day t e s t o f I I I - D l , i t was e s t i ­

m a t e d t h a t a b o u t 310 d a y s w o u l d be r e q u i r e f o r 90% r e d u c ­

t i o n i n t h e 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 . I f t h e r e a c t o r 

was o p e r a t e d f o r t h i s p e r i o d w i t h o u t any i n h i b i t i o n , i t 
3 

w o u l d p r o d u c e 17.7 f t of m e t h a n e w h i c h i s a b o u t 1 7 , 0 0 0 

BTUs i n 310 d a y s . A l t h o u g h t h e m e t h a n e p r o d u c t i o n p e r l b 

v o l a t i l e s o l i d s d e s t r o y e d i s c o m p a r a b l e t o t h e s l u r r y t y p e 

a n a e r o b i c d i g e s t i o n , t h e r a t e of m e t h a n e p r o d u c t i o n i n 

h i g h - s o l i d s a n a e r o b i c d i g e s t i o n i s v e r y s l o w . 

The t o t a l v o l a t i l e s o l i d s r e d u c t i o n i n t h e t r e a t m e n t s 

d i d n o t d i f f e r g r e a t l y w h i c h i n d i c a t e d no a p p r e c i a b l e 

e f f e c t s o f i n i t i a l t o t a l s o l i d s i n t h e r a n g e o f 30% t o 3 5 % 

on b i o d e g r a d a t i o n o f t h e s u b s t r a t e . H o wever due t o c e r t a i n 

u n a v o i d a b l e p r o b l e m s , l e a k a g e and t o x i c i t y , i t was n o t p o s ­

s i b l e t o d e t e r m i n e t h e i n f l u e n c e o f i n i t i a l t o t a l s o l i d s 
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c o n c e n t r a t i o n on r a t e and q u a l i t y of b i o - g a s p r o d u c t i o n . 

T h e a c c l i m a t e d s e e d f r o m t n e p r e v i o u s l y o p e r a t i n g h i g h -

s o l i d s f e r m e n t e r d i d show some a d v a n t a g e s o v e r t h e m u n i c i ­

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

T o t a l n i t r o g e n c o n t e n t i n a l l t h e t r e a t m e n t s was n o t 

c h a n g e d u r i n g t h e p r o c e s s . H o w e v e r t h e ammonia t o t o t a l 

n i t r o g e n r a t i o o f t h e r e s i d u e was o b s e r v e d t o be b e t w e e n 

0.6 a n d 0.9. T h i s c h a n g e i n d i c a t e d p a r t o f o r g a n i c n i t r o g e n 

c o n v e r t e d t o ammonia n i t r o g e n . T o t a l o r g a n i c c a r b o n was 

r e d u c e d by 1 0 . 0 % t o 1 9 . 1 % d u r i n g t h e d i g e s t i o n p r o c e s s . 



C h a p t e r V I 

SUMMARY 

W i t h t h e t r e n d i n t h e p o u l t r y i n d u s t r y t o w a r d s g r o w i n g a 

l a r g e number of b i r d s a t one p l a c e , m a n u r e d i s p o s a l h a s 

become a c r i t i c a l i s s u e f r o m t h e p o l l u t i o n c o n t r o l p o i n t o f 

v i e w . A l t h o u g h t h e p o u l t r y m a n u r e i s a good s o u r c e of 

o r g a n i c f e r t i l i z e r a s w e l l a s b i o - e n e r g y , p o o r l y managed 

manure h a n d l i n g c a n make i t a m a j o r s o u r c e o f e n v i r o n m e n t a l 

p o l l u t i o n . A n a e r o b i c d i g e s t i o n of p o u l t r y manure n o t o n l y 

s t a b i l i z e s t h e manure and makes i t l e s s o f a p o l l u t a n t b u t 

a l s o p r o d u c e s b i o - g a s c o n t a i n i n g m e t h a n e , w h i c h i s a s o u r c e 

of e n e r g y . 

I n l a r g e f a c i l i t i e s h o l d i n g t h o u s a n d o f b i r d s t h e m a n u r e 

i s u s u a l l y c o l l e c t e d o n c e or t w i c e a y e a r . T he manure c o l ­

l e c t e d f r o m s u c h f a c i l i t i e s n e e d s to be t r e a t e d i n a b a t c h 

r a t h e r t h a n on a c o n t i n u o u s b a s i s . C o n v e n t i o n a l s l u r r y - t y p e 

a n a e r o b i c d i g e s t i o n r e q u i r e s l a r g e q u a n t i t i e s o f w a t e r f o r 

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

t y p e w h i c h n e e d s d a i l y m anure l o a d i n g . The p r o c e s s o f 

t r e a t i n g p o u l t r y m anure i n a b a t c h s y s t e m a t h i g h e r s o l i d 

c o n t e n t s a p p e a r s t o h a v e more p o t e n t i a l t h a n t h e c o n v e n -

- 80 -
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t i o n a l p r o c e s s . T r e a t m e n t a t h i g h e r s o l i d s c o n c e n t r a t i o n 

w o u l d n o t o n l y i n c r e a s e t h e o r g a n i c m a t t e r l o a d i n g r a t e but 

a l s o r e d u c e t h e amount of h e a t r e q u i r e d t o m a i n t a i n t e m p e r ­

a t u r e i n s i d e t h e r e a c t o r . 
3 

T w e n t y l i t e r ( 0 . 7 f t ) c a p a c i t y d i g e s t e r s w e r e 

s t a r t e d w i t h a m i x t u r e of p o u l t r y m a n u r e , c o r n s t o v e r and 

i n o c u l u m a t t h e i n i t i a l t o t a l s o l i d s c o n t e n t b e t w e e n 3 0 % 

and 3 5 % i n s t a g e I I I . T he s u b s t r a t e i n t h r e e t r e a t m e n t s 

was i n o c u l a t e d w i t h m u n i c i p a l s l u d g e w h i l e i n two o t h e r 

t r e a t m e n t s a c c l i m a t e d s e e d f r o m a h i g h - s o l i d s f e r m e n t e r was 

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

d i g e s t e r s w e r e 7.0 l b / f t 3 t o 8.8 l b / f t 3 . A f t e r 54 

d a y s o f o p e r a t i o n o n l y one r e a c t o r was o p e r a t i n g . The l e a k ­

age d u r i n g t h e i n i t i a l p e r i o d m i g h t h a v e c a u s e d a n i m b a ­

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

s i s o f t h e o r g a n i c m a t t e r , c a u s i n g v o l a t i l e a c i d 

a c c u m u l a t i o n , a p r o b a b l e c a u s e of i n h i b i t i o n . 

T h e r e a c t o r I I I - D l , w h i c h d i d n o t f a c e any p r o b l e m s , was 

o p e r a t e d f o r 100 d a y s . The s u b s t r a t e of t h i s r e a c t o r was 

i n o c u l a t e d w i t h an a c c l i m a t e d s e e d f r o m a h i g h - s o l i d s f e r ­

m e n t e r w h i c h was o p e r a t e d f o r 118 d a y s . The maximum m e t h a n e 

c o n t e n t o f t h e b i o - g a s f r o m t h i s r e a c t o r was 6 5 % . I t was 

o b s e r v e d t o p r o d u c e g a s a t a r a t e o f 10.7 1/day on t h e s e c ­

ond d a y , t h e n d r o p p e d s h a r p l y t o 2.1 1/day by t h e e l e v e n t h 

day o f o p e r a t i o n . The g a s p r o d u c t i o n r a t e c o n t i n u e d t o d r o p 



up t o t h e 2 9 t h day when i t p r o d u c e d 1.2 1 / d a y . F o r t h e n e x t 

15 d a y s a g r a d u a l i n c r e a s e i n g a s p r o d u c t i o n was o b s e r v e d . 

T h e m e t h a n e c o n t e n t by t h a t t i m e r e a c h e d 6 0 % . From t h e 4 5 t h 

day t o t h e 6 5 t h d a y , r e a c t o r p r o d u c e d g a s a t t h e r a t e of 

3.9 1/day t o 4.1 1 / d a y . A f t e r 65 d a y s g a s p r o d u c t i o n g r a d ­

u a l l y d r o p p e d t o 2.3 1/day w i t h a c o n s t a n t m e t h a n e c o n t e n t 

of 6 2 % on t h e 1 0 0 t h day when i t was t e r m i n a t e d . 

A c c u m u l a t e d b i o - g a s p r o d u c e d i n 100 d a y s was 3 1 3 . 1 
3 

l i t r e s ( 1 1 . 1 f t ) , w h i l e t o t a l m e t h a n e p r o d u c e d was 
3 

163.6 l i t r e s ( 5 . 8 f t ) . The f i n a l s u b s t r a t e a n a l y s e s 

s howed a r e d u c t i o n of 1.0 l b v o l a t i l e s o l i d s w h i c h i s 2 3 . 2 % 

of t h e i n i t i a l v o l a t i l e s o l i d s . The s o l i d s c o n t e n t o f t h e 

s u b s t r a t e was r e d u c e d t o 3 0 . 8 % f r o m i n i t i a l v a l u e o f 3 5 . 2 % 
w.b. The b i o - g a s p r o d u c t i o n p e r pound of v o l a t i l e s o l i d s 

3 
d e s t r o y e d was 11.1 f t , w h i c h i s c o m p a r a b l e t o t h e v a l -

3 

u e s 9 t o 11 f t / l b VSD i n a s l u r r y t y p e p r o c e s s ( 3 ) . 

H o w e v e r t h e r e t e n t i o n t i m e i n h i g h - s o l i d s f e r m e n t a t i o n was 

100 d a y s , i n s l u r r y t y p e p r o c e s s i t i s 30 t o 52 d a y s . T h e 
m e t h a n e p r o d u c e d p e r l b v o l a t i l e s o l i d d e s t r o y e d was 5.8 

3 

f t , w h i c h i s a l s o c o m p a r a b l e t o t h e c o n v e n t i o n a l s l u r ­

r y t y p e p r o c e s s . 

The r e a c t o r s w h i c h s t o p p e d p r o d u c i n g any s i g n i f i c a n t 

amount o f g a s a f t e r 54 d a y s showed h i g h e r h y d r o g e n s u l f i d e 

c o n t e n t i n t h e h e a d s p a c e g a s t h a n t h e r e a c t o r I I I - D l . The 

pH o f t h e r e s i d u e f r o m t h o s e r e a c t o r s was b e t w e e n 6.1 and 
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6.7 w h i l e t h a t of t h e r e s i d u e f r o m t h e r e a c t o r I I I - D l was 

7.5. T h e s e a n a l y s e s i n d i c a t e d h i g h s u l f u r and v o l a t i l e a c i d 

l e v e l s i n t h e r e a c t o r I I I - A 2 , I I I - B 3 , I I I - C 3 and I I I - E l 

w h i c h m i g h t h a v e i n h i b i t e d t h e m i c r o b i a l a c t i v i t i e s i n 

t h o s e r e a c t o r s . 

The v o l a t i l e s o l i d s r e d u c t i o n b e t w e e n 1 8 . 6 % t o 2 5 . 5 % of 

t h e i n i t i a l v o l a t i l e s o l i d s was o b s e r v e d i n a l l t h e t r e a t ­

m e n t s w h i c h i n d i c a t e d v e r y l i t t l e e f f e c t s o f t o t a l s o l i d s 

c o n t e n t i n t h e r a n g e of 3 0 % t o 3 5 % on b i o d e g r a d a t i o n of 

o r g a n i c m a t t e r s . 

The d i g e s t e r I - A and I I - A 2 w e r e o p e r a t e d s u c c e s s f u l l y i n 

s t a g e I and s t a g e I I r e s p e c t i v e l y . The s u b s t r a t e of I - A was 

i n o c u l a t e d w i t h m u n i c i p a l s l u d g e w h i l e t h a t o f I I - A 2 was 

i n o c u l a t e d w i t h t h e r e s i d u e f r o m a h i g h - s o l i d s f e r m e n t e r 

w h i c h was o p e r a t e d f o r 47 d a y s . I - A p r o d u c e d 311.9 l i t e r s 
3 

( 1 1 . 0 f t ) b i o - g a s i n 118 d a y s and showed 1.1 l b of 

v o l a t i l e s o l i d s r e d u c t i o n , 2 5 . 6 % o f t h e i n i t i a l v o l a t i l e 
3 

s o l i d s . I I - A 2 p r o d u c e d 129.0 l i t e r s ( 4 . 6 f t ) b i o - g a s 

i n 71 d a y s and 0.7 l b v o l a t i l e s o l i d s w e r e d e s t r o y e d , 2 5 . 0 % 

of t h e i n i t i a l v o l a t i l e s o l i d s . The m e t h a n e c o n t e n t of t h e 

b i o - g a s i n t h e s e e x p e r i m e n t s was n o t d e t e r m i n e d . 

The b i o - g a s p r o d u c t i o n r a t e s f r o m I - A , I I - A 2 and I I I - D l 

i n t e r m s o f l i t e r s / l b VSD p e r day was 2 . 4 , 2.6 and 3.1 

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

i n g m a t e r i a l d o e s h a v e an i m p a c t on t h e d i g e s t i o n p r o c e s s . 
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The a c c l i m a t e d s e e d f r o m a s u c c e s s f u l l y o p e r a t e d h i g h -

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

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

s l u d g e . 



C h a p t e r V I I 

CONCLUSION 

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

manure m i x e d w i t h c o r n s t o v e r a s a s o u r c e of o r g a n i c 

c a r b o n a t 30% - 3 5 % i n i t i a l t o t a l s o l i d s p r o d u c e d b i o -

g a s q u a n t i t a t i v e l y c o m p a r a b l e t o t h e s l u r r y t y p e a n a e ­

r o b i c f e r m e n t a t i o n . 

Gas p r o d u c t i o n p e r pound v o l a t i l e s o l i d s r e d u c t i o n 

f r o m t h e d i g e s t e r c o n t a i n i n g s u b s t r a t e i n o c u l a t e d w i t h 

t h e r e s i d u e f r o m a h i g h - s o l i d s a n a e r o b i c f e r m e n t e r was 

h i g h e r t h a n t h e one c o n t a i n i n g s u b s t r a t e i n o c u l a t e d 

w i t h m u n i c i p a l s l u d g e . A s e e d t o f e e d r a t i o of 0.05 on 

a wet b a s i s i n s t a g e I I g a v e s a t i s f a c t o r y g a s p r o d u c ­

t i o n . 

T he d i g e s t i o n p r o c e s s was m o n i t o r e d f o r 100 d a y s . V o l ­

a t i l e s o l i d s r e d u c t i o n o f 2 3 % t o 2 5 % o c c u r e d . B a s e d on 

t h i s f a c t a r e t a n t i o n t i m e o f 180 d a y s i s n e e d e d f o r 

50% v o l a t i l e s o l i d s r e d u c t i o n , w h i c h w o u l d g i v e s a t i s ­

f a c t o r y s t a b i l i z a t i o n . 

The b i o - g a s p r o d u c t i o n p e r pound o f v o l a t i l e s o l i d s 

r e d u c e d was 11.1 c u b i c f o o t , w h i c h i s c o m p a r a b l e t o 
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v a l u e s o f n i n e t o e l e v e n c u b i c f o o t i n a s l u r r y t y p e 

d i g e s t i o n . The m e t h a n e p r o d u c t i o n p e r pound v o l a t i l e 

s o l i d s r e d u c e d was 5.8 c u b i c f o o t , w h i c h i s a l s o com­

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

T o x i c i t y was o b s e r v e d i n s e v e r a l d i g e s t e r s a s e v i ­

d e n c e d by low g a s p r o d u c t i o n and low m e t h a n e c o n t e n t 

of t h e g a s . T h e s e d i g e s t e r s had a low pH, 6.2 t o 6.7, 

w h i c h i n d i c a t e s a v o l a t i l e a c i d s a c c u m u l a t i o n . A l s o , 

h y d r o g e n s u l f i d e i n t h e h e a d s p a c e g a s was m e a s u r e d 

o v e r 200 ppm w h i c h i n d i c a t e s a s u l f i d e t o x i c i t y . 



C h a p t e r V I I I 

FUTURE RESEARCH RECOMMENDATIONS 

1. E v a l u a t e t h e e f f e c t s o f 

a . d i f f e r e n t v o l a t i l e s o l i d s d e n s i t y i n t h e d i g e s t ­

e r , b e t w e e n f i v e and t e n pound v o l a t i l e s o l i d s 

p e r c u b i c f o o t , a t s o l i d s c o n t e n t 3 0 % t o 3 5 % 

b. c h e m i c a l p r e - t r e a t m e n t o f t h e s u b s t r a t e , m a i n l y 

b u f f e r a d d i t i o n 

c . r e c i r c u l a t i o n o f a p a r t o f b i o - g a s i n t h e d i g e s t -

e r 

on t h e o v e r a l l p e r f o r m a n c e o f t h e s y s t e m . 

2. U s e r e a c t o r s w i t h p e r f o r a t e d b o t t o m i n o r d e r t o m a i n ­

t a i n u n i f o r m m o i s t u r e c o n t e n t w i t h i n t h e r e a c t o r . 

3. M o d i f y t h e e x i t i n g p r o c e d u r e s t o a n a l y z e t h e w a s t e a t 

h i g h s o l i d s f o r c h e m i c a l o x y g e n demand, v o l a t i l e a c i d s 

and s o l u b l e s u l f u r c o n c e n t r a t i o n . 

4. C o l l e c t d a t a on CODs of t h e s u b s t r a t e b e f o r e and a f t e r 

t h e d i g e s t i o n i n o r d e r t o d e t e r m i n e t h e s t a b i l i t y of 

t h e w a s t e m a t e r i a l . 

5. D e t e r m i n e t h e p o s s i b i l i t i e s o f u s i n g a e r o b i c f e r m e n t a ­

t i o n a t s t a r t - u p t o r a i s e t h e s u b s t r a t e t e m p e r a t u r e . 
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O p e r a t e a b e n c h s c a l e h i g h - s o l i d s f e r m e n t e r f o r a 

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

n e t e n e r g y p r o d u c t i o n . 
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A p p e n d i x A 

D A I L Y GAS PRODUCTION AND METHANE CONTENT 

DIGESTEB=I-» 
DAT GIS PBOD.BkTE (1/D) ACC.GAS PEOJ 

1 0.0 0. 0 
2 o.o 0.0 
3 0.0 0.0 
« 0.0 0.0 
5 0.0 0.0 
6 0.0 0.0 
7 0.0 0.0 
8 0.0 0.0 
9 0.3 0.3 
10 * 0.3 
11 0.3 0.9 
12 * 0.9 
13 » 0.9 
1M • 0.9 
15 » 0.9 
16 O.U 3.0 
17 • 3.0 
18 • 3.0 
19 0.8 5.5 
20 I.U 6.5 
21 • 6.5 
22 1.7 10.0 
23 * 10.0 
24 1.7 13. 1 
25 • 13. 1 
26 1.8 16.6 
27 • 16.6 
26 2. 1 20.6 
29 • 20.6 
30 2. 1 24.6 
31 • 24.6 
32 1.9 28.6 
33 2.8 32. 1 
3<* 3. 1 35.9 
35 • 35.9 
36 3.0 40.4 
37 2.5 44.4 
38 3.8 48.4 
39 4. 1 52.4 
UO 4.2 58.3 
41 3.7 62.0 
H2 3.6 65.5 
H3 4. 1 69.3 
uu 4-2 72.7 
«5 4. 1 76. 1 
Ub 4.3 79.9 
• 7 3. 1 83.3 
ue 3.5 86.9 
49 • 86.9 
50 0.8 86.5 
SI 2.5 91.9 
52 2.4 94.5 
53 2. 1 96.5 
SU 2.5 98.9 
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DIGESTEB=I-A 
if B z ACC.GAS PEOC.(1) 

102. 3 
3 6 1 0U.5 
J ' J . i 106.0 
D O lm D 1 09.9 

2*o 111.2 
n A O 113.7 

O 1 IA 119.3 
O Z 124.4 
O J 7 Q 126. 6 
A l l 
D *# J- D 128.5 
65 ? A J « o 1 J 1 • O 

66 7 U4 .0 
A7 l l 7 139 • 8 
68 11 1 14U . 0 
69 t ft 147. 0 7n / v 151.5 
/ i H . U 155.9 

7 9 / z A 4 
H . 1 

160.2 
7 1 •I • * 164. 0 
7 i i J* r 166.2 
7S l i 3 171.4 
7 A J . J 174.2 
77 l l 0 178. 2 
Ik t o u n ** - U 1 82 .2 
7 Q "3 Q J . O 186. 2 
ou "k 7 188.8 
O 1 l i ^ 192.6 
o z 1 96 . 8 
ft 4 

l i 7 202.0 
O H ! > • 1 206.6 
85 7 7 209.6 
66 3. 4 «•«. # 
87 3 l l 216.4 
88 3.5 220.2 
89 3.6 222.7 
90 3-2 226.7 
91 3.5 229.3 
92 3.5 233.3 
93 3.6 237.6 
94 3.3 240.8 
95 3. 1 242.6 
96 2.5 245.1 
97 2.9 249. 1 
98 2.8 251.3 
99 3.3 255.4 
100 2.6 257.9 
101 2.6 259.5 
102 2.6 262.4 
103 3.6 266.5 
104 3.7 270.6 
105 3.2 273.8 
I Ofa 3.4 275.3 
107 3.3 260.9 
108 2. 1 282.8 



DIGESTEB=I-4 
DAI GAS PBOD.BATE (1/D} ACC.GAS PBOD. (1) 

109 3. 1 286.0 
1 JO 3. 1 289.4 
111 3.0 292. 1 
1 12 3.0 294.9 
113 3. 1 296.9 
1 1<4 3. 1 301.1 
1 15 2.6 303.7 
1 Ib 2.8 305.5 
117 2.9 309.2 
1 18 2.7 311.9 

* - Data not available 



DI5ESIEB=II-i2 

O&I GiS PBOD.BITE (1/D) ACC.GiS PBOD.(1) 

I 0.0 0.0 
2 1.4 2.0 
3 4.9 6. 0 

3.6 10. 5 
S 2.2 15.0 
6 3.5 18. 3 
7 3.3 21.5 
8 3.9 25. 1 
9 4. 0 28.2 
10 3.3 32. 2 
I 1 2.6 34. 1 
12 2-9 36. 1 
13 2.5 38. 1 
14 2.3 4 1.2 
15 2.9 43.6 
I t 3.7 44. 6 
17 3.3 46.4 
IB 2- 1 48. 3 
19 1.3 49.3 
20 1.3 50.8 
21 1.2 52. 1 
22 0.9 53. 1 
23 1. 2 54.2 
24 1.0 55. 3 
25 1.5 56.5 
26 .0.8 57. 4 
27 0. 9 58. 1 
28 1.0 59. 1 
29 1.2 60.3 
30 0.8 61. 1 
31 1.0 62. 1 
32 1.0 63. 1 
33 1.1 63. 8 
34 0.9 64.7 
35 1.4 65.6 
36 1. 1 66. 5 
37 1.7 66.0 
38 0-7 66. 7 
39 1-2 69.8 
40 1.0 70. 8 
41 1. 1 72.0 
42 1.0 72.5 
43 1.2 74.3 
44 1.3 75.3 
45 1. 1 76.5 
46 1.0 77.7 
47 1.4 79.0 
48 1.2 79.7 
49 1. 8 81.5 
50 1.6 83.5 
51 1.4 84.6 
52 1.7 86.7 
53 1.4 86.0 
54 1.5 86. 9 



DIT GIS PBOD.BATE (1/D) iCC.G&S PBOD 
55 1.7 90.6 
56 2.3 92.9 
57 2.5 95.6 
58 2.« 98. 1 
59 2. 1 99.0 
60 2.3 102.8 
6 ! 1.8 10«.5 
62 2.0 106.5 
63 2.5 109.3 
bt 2.2 111.3 
65 2.1 1 13.5 
66 2.6 115.5 
67 2.8 119.5 
bB 2.9 122.3 
69 3.3 12*.5 
70 1.7 125. 9 
7 ) 3. 1 129.0 



DIGESTEB= 1X1-12 

O i l BITE (1/D) TOT1L (1) CU 4 (1/D) TOT11 CB4 

1 0.0 0.0 0.0 0.0 
2 8-7 3.3 0. 2 0. 1 
3 9-4 12. 2 0. 4 0.5 
< 7.6 20. 3 0. 5 1. 0 
5 4.6 24.5 0.4 1.3 
6 3- 1 27.6 0. 3 1.6 
7 2.2 28.6 0.3 1.8 
8 1.9 31.7 0. 3 2. 2 
9 2.3 33. 7 0.4 2.5 
10 2.0 35.6 0. 4 2.9 
1 1 1.5 36.9 0.3 3. 1 
12 1.3 38. 1 0. 3 3. 4 
13 1.3 39. 2 0. 3 3.7 
I t 1.0 40. 4 0. 3 4.0 
15 0.7 40. 9 0. 2 4.2 
16 0.6 41.7 0. 2 4. 4 
17 0.5 42.2 0. 2 4.6 
18 0.6 42.6 0. 2 4.7 
19 0.3 42.9 0. 1 4.8 
20 0.3 43. 2 0. 1 5. 0 
21 0.3 43.5 0. 1 5. 1 
22 0-5 44. 0 0. 2 5. 3 
23 0.5 44.5 0.2 5.5 
24 0.0 44.5 0. 0 5. 5 
25 0. 1 44.7 0. 1 5.6 
26 0.4 45.0 0. 2 5. 8 
27 0. 4 4 5. 2 0.2 5.9 
28 0.2 45. 5 0. 1 6. 1 
29 0. 2 4 5. 6 0. 1 6.2 
30 0.2 4 5. 8 0- 1 6. 2 
31 0.0 45. 8 0. 0 6.2 
32 0. 1 45. 9 0. 1 6. 3 
33 0- 3 46. 3 0.2 6.5 
34 0- 1 46.4 0. 1 6.6 
35 0. 4 46.7 0. 2 D . / 
36 0.0 46.7 0.0 6.6 
37 0.0 46.7 O.O 6.6 
38 0.2 46.8 0. 1 6.8 
39 0. 1 46.9 0. 1 6.9 
40 0-2 47.2 0. 1 7.0 
4 1 0.3 4 7.4 0.2 7. 1 
42 0.3 47.7 0.2 7.3 
«3 0.0 47.7 0.0 7.3 
44 0. 1 47.8 0.0 7.3 
45 0. 1 47.9 0. 1 7.4 
46 0.0 47.9 0.0 7.4 
47 0. 1 48.0 0.0 7.4 
48 0.0 48.0 0.0 7.4 
49 0.0 48.0 0.0 7.4 
50 0.0 48.0 0.0 7.4 
51 0. 1 4 8.0 0.0 7.4 
52 0.0 48. 1 0.0 7.4 
53 0.0 4Q. 1 0.0 7.4 
54 0.0 48. 1 0.0 7.4 



DIGESTEB= 
B4TE (1/D| TOT i t (1) CH 4 (1/D) TOTAL CH4 

1 0. 0 0.0 0.0 0.0 
2 6.8 2.8 0. 2 0. 1 
3 6.5 8.4 0. 3 0. 4 
« 5.4 14.2 0. 3 0.7 
5 3.6 17. 3 0.3 1.0 
6 2.8 19.9 0. 3 1. 2 
7 2.8 21.2 0.3 1.4 
8 2.0 24.6 0. 2 1. 6 
9 1.2 26. 0 0. 2 2. 0 
10 1.2 27.2 0. 2 2. 1 
1 1 1.0 28. 0 0.2 2. 3 
12 0.7 26. 7 0. 1 2. 4 
13 0.8 29. 3 0. 1 2.5 
m 0.4 29. 9 0. 1 2. 6 
15 0. 5 30.4 0. 1 2.7 
16 0.5 30. 9 0. 1 2. 8 
17 0. 3 31.2 0. 1 2.9 
18 0.2 31.4 0. 1 2. 9 
19 0. 1 31.6 0. 0 2.9 
20 0.2 31.7 0. 0 3. 0 
21 0. 1 31. 9 0. 0 3. 0 
22 0. 1 32.0 0. 0 3.0 
23 0. 1 32. 1 0. 0 3.0 
24 0.0 32- 1 0. 0 3.0 
25 0. 1 32. 1 0.0 3. 1 
26 0.9 32.8 0. 2 3. 2 
27 0.0 32.6 0. 0 3.2 
28 0.3 33. 1 0. 1 3. 3 
29 0. 2 33. 3 0. 1 3.4 
30 0. 1 33.4 0. 0 3. 4 
3 1 0.0 33.4 0. 0 3.4 
32 0. 1 33. 5 0. 0 J . 4 
33 0.4 33.9 0. 1 3.5 
34 0. 1 34.0 0.0 3.6 
35 0.6 34.4 0.2 3.7 
36 0. 1 34.5 0.0 3.7 
37 0. 1 34.6 0.0 3.7 
38 0.3 34.7 0. 1 3.7 
39 0. 1 34. 8 0. 0 3.6 
• 0 0.3 35.3 0. 1 3.9 
«1 0.3 35.4 0. 1 3.9 
42 0.4 35.6 0. 1 4.0 
43 0.0 35.6 0.0 4.0 
44 0.2 36. 1 0. 0 4. 1 
45 0. 1 36.2 0.0 4.1 
46 0.0 36.2 0.0 4. 1 
47 0.2 36.4 0. 0 4.2 
48 0. 1 36.4 0. 0 4.2 
49 0.0 36.4 0.0 4.2 
50 0.0 36.4 0.0 4.2 
51 0. 1 36.6 0. 0 4.2 
52 0.2 36.6 0.0 4. J 
53 0. 1 37.0 0.0 4.3 
54 0.0 37.0 0.0 4.3 



DIGESTEfi= 
DIT BITE (1/D; TOTAL ( 1 ) CH4 (1/D) 

1 0.0 O.O 0.0 
2 6.8 2.3 0. 2 
3 6.6 6.2 0.3 • 4.4 13.2 0. 2 
5 3.5 16.4 0.2 
6 3. 1 19.6 0.3 
7 2. 8 20. 9 0.3 
8 1.8 24.3 0. 2 
9 1. 5 25.7 0.2 
10 1.2 26.9 0.2 
1 1 0.9 27.6 0. 1 
12 0.8 28.4 0. 1 
13 1. 1 29.2 0.2 
11 0.8 30.3 0.2 
15 1.2 31.2 0.3 
16 0.9 32.0 0.2 
17 0. 0 32. 0 0.0 
18 0.5 32.5 0. 1 
19 0.6 33.0 0.2 
20 0.5 33.5 0. 1 
2 1 O.S 34. 1 0.2 
22 0.5 34.6 0.2 
23 O.S 35. 1 0. 1 
21 0.2 35.2 0. 1 
25 0. 4 35.7 0. 1 
26 1.0 36.3 0. 4 
27 0.7 36.6 0.3 
28 0.4 37.3 0. 2 
29 0.4 37.7 0.2 
30 0.3 38. 1 0. 1 
3 1 0. 1 38. 1 0. 0 
32 0.4 38.5 0. 2 
33 0.3 38.9 0.2 
34 0.3 39.2 0. 1 
35 0.3 39.4 0.2 
36 0.2 39.6 0. 1 
37 0. 1 39.7 0. 1 
38 0.3 39.9 0.2 
39 0.3 40. 1 0. 1 
• 0 0.3 4 0.6 0.2 
« 1 0.5 4 0.6 0.2 
l»2 0.5 41.3 0.2 
•3 0.0 4 1.3 0.0 
«<t 0.2 41.5 0. 1 
«5 0.2 41.6 0. 1 
«6 0.0 41.6 0. 0 
«7 0.2 41.8 0. 1 
48 0.2 42.0 0. 1 
49 0.0 42.0 0.0 
SO 0.0 42.0 0.0 
51 0. 1 42.2 0.1 

0.2 42.4 0. 1 
S3 0. 2 42.7 0. 1 
S4 0.1 42.7 0.0 

TOTAL CH4 

0.0 
0. 1 
0.3 
0.6 
0. 8 
1. 1 
1.2 
1.6 
1.8 
2.0 
2. 1 
2.2 
2.4 
2.6 
2.8 
3.0 
3.0 
3. 1 
3.2 
3.4 
3.6 
3. 7 
3.9 
3.9 
4. I 
4.3 
4.5 
4.7 
4.9 
5.0 
5.0 
5.2 
5.4 
S.S 
5.6 
5-7 
5.7 
5.8 
5.9 
6. 1 
6.2 
6.5 
6.5 
6.6 
6.6 
£.6 
6.7 
6.8 
6.6 
6.8 
6.6 
6.9 
7.0 
7.0 



i o n 

DIGESTEP= I I I - D l 

DIT B IT E ( 1 / D) TOTAL (1) CH 4 ( i/D) f r - i T i r c u ii # t \ TOTAl. Cd •« ( i J 

I 0.0 0. 0 0. 0 n n 
2 6. 5 2. 9 0. 4 0* 1 
3 10.7 12.0 A • 

0. 8 n Q 

U 8. 5 20. 7 0. 8 1- 7 
5 7. 0 27.2 0. 9 2* 9 
6 4.8 32. 4 0. 1 

^ * i J« z 
7 4. 6 34.5 0. 8 3. 6 
8 3.8 4 0.8 Om 1 li Q 
9 3.2 44.0 0. / 
1 0 2.7 46.7 A t 

0. 6 
£ n o* u 

1 1 2. 1 4 O. / U. J O • D 
1 2 2 . 1 J 1 . 1 u. / 7 7 

1 3 2. 1 C T C u. o 7 7 
1* 2.1 1 I r 

93. 0 U. 6 O- _) 
1 5 2. 4 D 7- 6 U. o Q 1 
16 2.1 6 U. 1 U. l in n 1 v« U 
17 1.9 62. 0 A "7 0. / t n ~t 1 U« / 
18 2.1 6J. / n a 

Um 0 
1 1 • J 

19 1.9 6 5.6 A 1 1 T ft 1 Z . U 
20 1.6 67.4 A 1 

0. 7 
« -> T 
i2« 7 2 1 1.8 6 9.4 A O 0. 0 1 J* 3 

22 2.0 71.4 A Q 
0. 9 14.4 

23 2.0 73. 4 A n 
0. 9 

I t "3 1 9a J 
24 1.7 74. 2 A C 

0. b ID./ 
25 1.8 77.0 0. 8 17.0 
26 2.5 79.2 1. 2 16.0 
27 2. 4 80. 8 1.2 18.6 
28 2. 1 63. 4 1. 0 20. 1 
29 1. 2 64. 4 0.6 20.6 
30 2. 0 66.5 1.0 21.7 
3 1 2. 2 87.5 1. 1 22.2 
32 2.0 69.5 1. 1 23.2 
33 2.6 93.3 1.4 25.3 
34 2. 5 y j - / 1. 4 •3A A Z D . O 
35 2.3 97.7 1.3 27.7 
36 2.6 100.5 1.6 29.3 
37 3.5 104.0 2.0 31.3 
38 2.9 106.0 1.7 32.5 
39 3.6 108.8 2. 1 34. 1 
40 3.6 114.2 2.2 37. 3 
41 4.0 117.7 2.4 39-4 
42 4.2 122.3 2.5 42.2 
43 4. 1 125.2 2.5 43.9 
44 4. 1 134.4 2.5 49.6 
45 3.6 136.0 2.4 50.5 
46 3.9 140.2 2.4 53.2 
47 3.9 145.8 2.5 56.6 
48 4. 1 146.2 2.6 58.2 
49 4.0 155.9 2.5 63.0 
50 4.0 161.2 2.5 66.4 
51 4. 1 166.3 2.6 69.6 
52 4. 1 170.4 2.6 72.2 
53 3.7 174. 1 2.4 74.6 
54 3.4 175.8 2.2 75.7 



D 1 U £ D X £ H — T T T _ n l 
X i i — U l — — — — — 

DIT BATE ( l / u j r u ii 1 1 /m TOTAL CHU 

C c 3 D 181.1 2. 8 79. 1 
D O 165. 6 3. 0 8 2. 0 
c 7 4. 1 190. 3 2.7 85. 0 
J o 3.7 194.0 2. 4 87.4 
J J 2 9 197. 2 1 . 9 89. 5 

7 9 200. 0 1 . 9 91.3 
A 1 204. 2 2.6 94. 1 

4 . 1 207. 3 2. 6 96. 1 
D J 4. 1 209. 5 2. 6 97. 5 
A ll 
0 u 2 19. 8 2. 6 104. 2 
0 D ii 1 77ii 5 2 . 6 107. 1 
* O 227 . 6 2. 1 109. 3 
f, 7 O / 23o»4 1 . 9 111 .1 
D O 2 . 9 233. 0 1 . 9 112. 8 

4 . 5 236. 0 2. 9 116.0 
7 n 3 . 9 24 1 . 5 2. 5 11 8 . 3 
7 ] 3. 1 244. 5 2. 0 120.2 
7 2 2.5 247. 1 1 . 6 121. 9 
7 3 3.0 250. 0 1 . 9 123. 8 
7 4 3. 3 253. 2 2. 1 125. 8 
7 5 2.7 256. 1 1.7 127.7 
7 6 2 . 6 259. 0 1. 8 129. 6 
77 2. 8 260. 5 1 . 8 130.5 
7 8 2.7 262. 9 1. 7 132. 1 
7 9 2. 7 267. 1 1.7 134.7 
80 2. 6 268. 8 1. 7 135 .6 
8 1 2 . 6 271.5 1.7 137.5 
82 2.3 274 . 8 1.5 139.6 
83 2.3 277.2 1.4 141. 1 
84 2.4 279.3 1.5 142.5 
85 2.3 261.9 1.5 144. 1 
86 1 . 9 263.3 1.2 145.0 
87 2. 1 285.0 1.3 146. 1 
86 1 . 9 266.5 1. 2 147.0 
89 2. 1 286 . 6 1.3 146.3 
90 2.2 290.6 1.3 149.6 
9 1 2.5 293.0 1.5 151.1 
92 2.4 295.4 1.5 152.6 
93 2. I 297.5 1.3 153.9 
94 2.0 301.3 1.2 156.2 
95 2. 2 303 . 8 1.4 157 .8 
96 1.1 304 . 6 0.7 158.3 
97 2.0 305.7 1.3 159.0 
98 2.3 309.7 1.4 161.5 
99 1.9 31 1.3 1.2 162.4 
100 2.3 313. 1 1.4 163.6 
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DIGEST £E- I I I - E 1 

O i l BITE (1/D) TOTAL (1) CH4 (1/D) TOTiL CH4 
1 0.0 0.0 0.0 0.0 
2 7.3 2.9 0.3 0. 1 
3 11.0 12.7 0 . 6 0.7 
« 6 . 6 21.9 0.7 1.4 
5 7.4 28.4 0.7 2.0 
6 4.2 32.7 0.5 2.6 
7 2.7 33.9 0.4 2.7 
e 2.0 37.5 0.3 3 . 3 
9 2.0 39 . 3 O.J 3 . 6 
10 1.4 40.7 0. 3 3.9 
1 I 1.0 4 1.6 0.2 4. 1 
12 1.5 43.0 0.4 4.4 
13 0 . 8 43.7 0.2 4 . 6 
Mt 0.8 44. 8 0.2 4.9 
15 1.0 45.6 0.3 5. 1 
16 0.8 46. 9 0. 3 5 . 6 
17 0.5 47.4 0.2 5.7 
18 0.6 47.9 0.2 5.9 
19 0.6 48.5 0.2 6 . 1 
20 0.5 4 8.9 0.2 6. 3 
21 0.5 49.5 0.2 6.5 
22 0 . 6 50. 1 0.3 6.6 
23 0.3 50.4 0. 1 6,9 
2« 0.1 50.5 0. 1 6.9 
25 0.3 51.0 0.2 7.2 
26 0.7 51.5 0.4 7.4 
27 0.6 51.9 0.3 7 . 6 
28 0.3 52 . 3 0.2 7.6 
29 0.3 52 . 6 0.2 7.9 
30 0.2 52.6 0. 1 8. 1 
31 0. 2 52.9 0. 1 8. 1 
32 0.2 53. 1 0. 1 6. 2 
33 0.5 53.6 0.3 8.5 
3« 0.2 53.6 0. 1 6.7 
35 0.4 54. 1 0.2 6 . 8 
36 0.2 54 . 3 0. 1 8.9 
37 0. 1 54.4 0. 1 9.0 
38 0.4 54.6 0.2 9. 1 
39 0.3 54. 8 0.2 9 . 3 
40 0.4 55.4 0.3 9 . 6 
4 1 0 . 6 55.7 0.3 9.6 
42 0.4 56.2 0.3 10. 1 
43 0.0 56.2 0. 0 10. 1 
44 0.2 56.7 0. 1 10.4 
45 0.0 56.7 0.0 10.4 
46 0.0 56.7 0.0 10.4 
47 0.3 57. 1 0.2 10.7 
48 0.3 57.3 0.2 10.8 
49 0.0 57 . 3 0.0 10.8 
50 0.0 57.3 0.0 10.6 
51 0.4 57.8 0.2 11. 1 
52 0.2 56. 1 0. 1 11.2 
53 0.2 58.2 0. 1 11.3 
54 0.0 56.2 0.0 11.3 



A p p e n d i x B 

SUMMARY OF GAS PRODUCTION DATA 

D I G E S T E R S 

FROM A L L 

D i g e s t e r D u r a t i o n Range o f T o t a l M e t h a n e T o t a l 
g a s pr od . g a s c o n t e n t me t h a 

(d a y s ) ( l / d a y ) ( 1 ) ( % ) ( 1 ) 

I - A 118 0. 8 5.4 3 1 1 . 9 N/A N/A 
I - B 46 0.8 2.2 4 6 . 8 N/A N/A 

I I - A 1 70 0.8 2.4 97.8 N/A N/A 
I I - A 2 7 1 0.8 3.3 129.0 N/A N/A 
I I - B 1 34 0.1 0.5 4 3 . 0 N/A N/A 
I I - B 2 66 0.4 1 .9 70.4 N/A N/A 
I I - C 1 68 0.9 1 . 7 63.6 N/A N/A 
I I - C 2 30 0.8 1.3 29.2 N/A N/A 

I I I - A 1 54 0.1 0.4 51.0 N/A N/A 
I I I - A 2 54 0.0 2.0 48 . 1 0 . 0 - 5 7 . 8 7.4 
I I I - A 3 54 0.1 0.6 4 1 . 8 N/A N/A 
I I I - B 1 54 0.0 0 . 6 9 . 5 N/A N/A 
I I I - B 2 54 0.0 0.2 2 . 4 N/A N/A 
I I I - B 3 54 0.0 1.7 3 7 . 0 1 4 . 3 - 2 7 . 2 4.3 
I I I - C l 54 0.0 0.2 3.3 N/A N/A 
I I I - C 2 54 0.0 0.6 5.7 N/A N/A 
I I I - C 3 54 0.0 1.2 42 . 7 1 4 . 5 - 4 6 . 0 7 . 0 
I I I - D l 100 1.1 4.6 3 1 3 . 1 2 2 . 8 - 6 5 . 0 163.6 
I I I - D 2 80 0.3 1.4 80 . 6 N/A N/A 
I I I - E l 54 0.0 1 . 5 58.2 19 . 8 - 6 2 . 3 11.3 
I I I - E 2 54 0.2 0 . 6 60.9 N/A N/A 
I I I - E 3 54 0.0 0.3 2 5 . 9 N/A N/A 

Note : Range o f g a s p r o d . r a t e ( 1 / d a y ) and m e t h a n e c o n t e n t 

(%) a r e a s o b s e r v e d 10 d a y s a f t e r s t a r t i n g t h e d i g e s t e r . 

N/A - D a t a n o t a v a i l a b l e 
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A p p e n d i x C 

CHEMICAL OXYGEN DEMAND OF THE R E S I D U E 

D i g e s t e r 

I I I - A 2 

I I I - B 3 

I I I - C 3 

I I I - D l 

I I I - E l 

COD 
m g / l 

2 4 , 3 2 0 

1 7 , 1 5 2 

1 7 , 1 2 0 

8,560 

1 5 , 0 2 0 
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