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I n t r o d u c t i o n  

The n a t u r a l  gas r e s e r v e s  o f  t h i s  c o u n t r y  a r e  dwindl ing ,  and t h i s  r e s o u r c e  w i l l  
some day i n  the n o t  t o o  d i s t a n t  f u t u r e  have to  be augmented o r  r e p l a c e d  by syn- 
t h e t i c  gaseous o r  o t h e r  t y p e s  of  f u e l .  A t  t h e  same t i m e ,  was te  materials of a l l  
types  are ever  i n c r e a s i n g  so t h a t  waste d i s p o s a l  i s  one of the l a r g e s t  problems 
f a c i n g  a n  ecology-minded s o c i e t y  o f  today. 

The magnitude o f  t h e  problem i s  shown by t h e  f a c t  t h a t  about  3 b i  ion tons  of 
s o l i d  o r g a n i c  wastes  a r e  g e n e r a t e d  y e a r l y  i n  t h e  United S t a t e s .  (2)- 1)  

A g r i c u l t u r a l  wastes genera ted  t o t a l  2 .5  b i l l i o n  tons  per  y e a r ,  o f  which about  
2 b i l l i o n  tons are manure. T o t a l  urban wastes genera ted  i n c l u d i n g  domest ic ,  com- 
m e r c i a l ,  munic ipa l ,  and i n d u s t r i a l ,  a r e  400 m i l l i o n  tons  p e r  y e a r .  S o l i d  waste 
d i s c a r d s  c o l l e c t e d  by p r i v a t e  and municipal  a g e n c i e s  c u r r e n t l y  t o t a l  a b o u t  200 m i l -  
l i o n  tons  per  y e a r  and a v e r a g e  a b o u t  6 l b  per  day p e r  person (1). P r e d i c t i o n s  c a l l  
f o r  doubl ing  t h i s  ra te  long b e f o r e  t h e  end of  t h e  20th c e n t u r y .  

The o b j e c t i v e  o f  t h i s  work was t o  s t u d y  t h e  product ion  o f  methane by t h e  anaero-  
b i c  d i g e s t i o n  o f  garbage and waste  materials.  Other  methods of u t i l i z i n g  waste 
materials have been proposed and i n v e s t i g a t e d .  A t  t h e  U.S. Bureau of Mines Energy 
Research Center  a t  P i t t s b u r g h ,  Pa. ,  garbage and waste m a t e r i a l s  have been pyrolyzed 
and hydrogenated t o  c o n v e r t  them to  u s e f u l  products  (5, 1). Both o f  t h e s e  processes ,  
however, r e q u i r e  special  equipment ,  and t h e  processes  are complex. Hydrogenation, 
f o r  example, is done a t  h igh  p r e s s u r e s  (2000 t o  6000 p s i )  and high tempera tures  
(250° t o  400' C ) ,  and t h e  waste  must be r e a c t e d  w i t h  a gas (hydrogen o r  carbon 
monoxide). Pyro lys i s  o f  wastes is  accomplished a t  a tmospheric  p r e s s u r e s ,  bu t  
e l e v a t e d  temperatures  of 200' t o  900' C are r e q u i r e d  a s  a r e - s p e c i a l  furnaces  and 
a u x i l i a r y  equipment. Anaerobic  d i g e s t i o n ,  however, would n o t  r e q u i r e  s p e c i a l  high-  
tempera ture  or h igh-pressure  equipment ,  because it is  done a t  atmospheric  pressure  
and about  100' F,  and would u t i l i z e  convent iona l  equipment used i n  t h e  l i q u i d  waste- 
t r e a t m e n t  i n d u s t r y  today.  

D e s c r i p t i o n  of Equipment and T e s t  Methods 

F igure  1 i l l u s t r a t e s  t h e  g l a s s  equipment used i n  ba tch  tes ts  f o r  t h e  anaerobic  
d i g e s t i o n  o f  waste  materials. The procedure o f  t e s t i n g  was a s  fo l lows:  The s i d e -  
arm f l a s k s  used a s  d i g e s t i o n  vessels were f i r s t  purged w i t h  helium t o  exc lude  a i r  
s i n c e  t h e  methane-forming organisms cannot  s u r v i v e  i n  an oxygen atmosphere.  Weighed 
amounts o f  garbage o r  was te  material t o  be t e s t e d  were p laced  i n  i n d i v i d u a l  f l a s k s .  
Measured q u a n t i t i e s  ( u s u a l l y  2 l i t5 f . s )  o f  d i g e s t e r  s ludge  from a nearby a c t i v a t e d  
s ludge- type  sewage-treatment p l a n t -  t r e a t i n g  e s s e n t i a l l y  domest ic  wastes were 
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I 

I 

I 

i 

I 
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t r a n s f e r r e d  to  t h e  he l ium- f i l l ed  f l a s k s .  The f l a s k s  w e r e  then s toppe red  and placed 
i n  a water ba th  c o n t r o l l e d  a t  95" to  100" P where d i g e s t i o n  began. One of  t h e  
f l a s k s  o f  each series of  tests contained no s o l i d  wastes b u t  on ly  t h e  d i g e s t e r  
s ludge  and served as a c o n t r o l  f o r  t h e  o t h e r  f l a s k s .  

The gaseous p roduc t s  of d i g e s t i o n  were c o l l e c t e d  i n  a rubber  ba l loon  con ta ined  
i n  a w a t e r - f i l l e d  jar ,  which prevented c o n t a c t  between t h e  gas and t h e  water. 
Measurement of the water d i s p l a c e d  as t h e  ba l loon  i n f l a t e d  gave a d i r e c t  measure- 
ment o f  t he  gas produced. Gas samples were p e r i o d i c a l l y  removed f o r  chromato- 
g raph ic  a n a l y s i s  by d e f l a t i n g  t h e  bal loons.  The on ly  c i r c u l a t i o n  of t h e  con ten t s  
of  t h e  f l a s k s ,  bes ides  occas iona l  manual shaking of t h e  f l a s k s ,  w a s  t h e  n a t u r a l  
c i r c u l a t i o n  provided by t h e  heated l i q u o r  and passage o f  gas bubbles through t h e  
mixture .  

T e s t s  With Various Waste Materials and Discussion 

Table  1 i l l u s t r a t e s  d a t a  from a batch tes t  with garbage. One f l a s k  contained 
2 liters of d i g e s t e r  sewage s ludge ,  and the  o t h e r  contained 2 l i ters of d i g e s t e r  
s l u d g e  and 25 grams (dry weight)  of processed,  shredded garbage. The processed 
garbage was  obtained a t  Altoona,  Pa., where r e s i d e n t s  s e p a r a t e  b o t t l e s  and cans  
from t h e i r  r e f u s e  so t h a t  t he  d e s t r u c t a b l e  wastes can be shredded and ground p r i o r  
to undergoing a n  a e r o b i c  mulching t reatment .  

A f t e r  24 hours of d i g e s t i o n ,  t h e  s ludge  (SG-55) had produced 945 m l  o f  gas (50% 
methane), while t h e  sludge-garbage mixture  (SG-56) produced 2080 m l  o f  gas (63% 
methane). In a total  of  336 hours  of  d i g e s t i o n ,  t he  s ludge generated 2735 m l  of  
gas  (1748 m l  of  C a ) ,  a n d  t h e  garbage-sludge mixture generated 6620 m l  o f  gas 
(4048 m l  o f  a). A t  t h e  end of 336 hour s ,  gas gene ra t ion  had ceased i n  both 
f l a s k s .  Assuming that t h e  s ludge  would produce the  same amount o f  gas i n  each  
f l a s k ,  t h e  d i f f e r e n c e  i n  gas product ion is a t t r i b u t a b l e  to the  garbage; or ,  i n  
t h i s  t e s t ,  1.50 f t 3  o f  methane w a s  produced per  l b  o f  garbage. 

Table  I1 i l l u s t r a t e s  a test wi th  sewage s ludge ,  cow manure, and d r i e d  grass 
c l i p p i n g s .  The c o n t r o l  (sewage sludge alone)  produced on ly  422 m l  of  methane, 
t h e  cow manure produced 6949 ml, and t h e  g r a s s  c l i p p i n g s  produced 7483 m l .  
r e c t i n g  f o r  t he  methane produced by t h e  c o n t r o l ,  t h e  cow manure produced 1.11 f t 3  
o f  methane/lb o f  d ry  waste, and the  g r a s s  c l i p p i n g s  y i e lded  1.20 f t 3  of  methane/lb.  

C o r -  

Other materials t e s t e d  f o r  t h e  product ion of  methane by anae rob ic  d i g e s t i o n ,  
w i th  sewage s ludge as t h e  source of  t h e  methane-producing b a c t e r i a ,  are l i s t e d  
i n  t a b l e  111. A s  i n  p rev ious ly  d i scussed  tests, t h e  gas produced by t h e  c o n t r o l  
(sewage s ludge  a lone )  was deducted from the gas produced by t h e  mix tu re  of  sewage 
s ludge-waste  material, and t h e  t o t a l  methane produced by t h e  waste material is 
l i s t e d  i n  c u  f t / l b  (dry weight)  of  s o l i d  waste material. 

Numerous c o a l s  were tested f o r  methane product ion by anae rob ic  d i g e s t i o n ,  b u t  

S ince  t h i s  symposium is  concerned 
on ly  two r e s u l t s  are l i s t e d :  
WAB c o a l  produced 0.44 f t 3  methane/lb c o a l .  
w i th  f u e l s  from n o n f o s s i l  sou rces ,  t h e . c o a l s  are mentioned merely to  show t h a t  
t hey  too  are amenable t o  b a c t e r i o l o g i c a l  degradat ion.  

LVB c o a l  produced 1.04 f t 3  methane/ lb  c o a l ;  the 

The garbage char o f  t e s t  SG-38 ( t a b l e  111) was the  r e s idue  from p y r o l y s i s  a t  
Processed garbage is a raw garbage t h a t  has  been 

The f r e s h  garbage o f  
500" C of a processed garbage. 
shredded a f t e r  t h e  removal of  g l a s s  and metal  materials. 
tes t  SG-41 was a hand-picked, blended mix tu re  of t h e  following: a p p l e ,  orange,  
s i l i c o n e  rubber ,  waxed mi lk  c a r t o n ,  p o t a t o ,  newspaper, on ion ,  aluminum f o i l ,  egg- 
s h e l l ,  lemon, and plum. 
o f  methane/lb of  waste. 
methane producers  gene ra t ing  3 t o  4 f t 3 / l b  of  garbage. Other materials t e s t e d  
were shredded brown paper hand towels ,  shredded newspaper, wood e x c e l s i o r ,  and 

A s  no ted ,  both of  t h e s e  garbages produced about  1.3 f t 3  
The processed garbages (SG-43 and SG-44) were t h e  b e s t  
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cow manure. Apparent ly ,  a n y  o r g a n i c  material is  s u s c e p t i b l e  t o  some degree of 
d e g r a d a t i o n  by a n a e r o b i c  d i g e s t i o n ,  which makes the process  a t t r a c t i v e  f o r  t h e  
d i s p o s a l  o f  urban s o l i d  wastes s i n c e  they a r e  a conglomerat ion o f  d i scarded  
m a t e r i a l s .  

Process  Improvemencs Needed 

Although the  methods used i n  o u r  tests gave r e s u l t s  t h a t  were comparable and 
r e p r o d u c i b l e ,  i t  is  f e l t  t h a t  d i g e s t i o n  would have been more complete and h igher  
y i e l d s  of  methane could have been obtained i f  changes i n  tes t  o p e r a t i o n  were made 
t o  more n e a r l y  s i m u l a t e  convent iona l  sewage t rea tment  p r a c t i c e .  For  example, con- 
t inuous  c i r c u l a t i o n  o f  t h e  s o l i d - l i q u i d  mixture  would provide  b e t t e r  c o n t a c t  
between t h e  methane-producing organisms and m a t e r i a l s  on which they  feed .  
would a l s o  provide more c o n s i s t e n t  temperature  c o n t r o l .  L ikewise ,  p e r i o d i c  feed 
o f  waste m a t e r i a l  and wi thdrawal  o f  d i g e s t e d  s o l i d s  would a i d  d i g e s t i o n  by provid-  
i n g  t h e  proper  ba lance  between organisms and food material. 

This 

One o f  t h e  drawbacks o f  t h i s  system i s  t h e  length  of time r e q u i r e d  to  o b t a i n  
complete d i g e s t i o n .  As shown by t h e  d a t a  i n  t a b l e s  I and 11, d i g e s t i o n  times o f  
300 t o  900 hours may be r e q u i r e d .  
minimum d e t e n t i o n  time i s  u s u a l l y  requi red  f o r  provid ing  wel l -d iges ted  s ludge .  
Any methods o f  reducing  t h e s e  long d i g e s t i o n  times would add g r e a t l y  t o  t h e  a t t r a c -  
t i v e n e s s  o f  t h e  p r o c e s s .  

Combined Sewage-Garbage Treatment  

In  today ' s  sewage t r e a t m e n t  p r a c t i c e ,  a 1-month 

To o p e r a t e  a combined sewage-garbage t rea tment  p l a n t ,  t i n  cans ,  g l a s s ,  and un- 
d i g e s t a b l e  s o l i d s  would have t o  be removed from t h e  garbage.  The d i g e s t a b l e  gar -  
bage should then be shredded  o r  o therwise  comminuted before  a d d i t i o n  t o  t h e  sewage 
system. The i d e a l  l o c a t i o n  f o r  a d d i t i o n  o f  the  comminuted garbage would be a t  t h e  
sewage t rea tment  p l a n t .  However, i t  could j u s t  as e a s i l y  b e  added anywhere a l o n g  
t h e  sewage c o l l e c t i o n  system,.  and t h e  sewers would t r a n s p o r t  i t  to  the  t reatment  
p l a n t .  In  l a r g e  c i t i e s  t h e r e  could  be numerous garbage c o l l e c t i o n  c e n t e r s  s t r a t e -  
g i c a l l y  loca ted  t o  r e d u c e  haulage  c o s t s .  A d i sadvantage  of t h i s  type of  system 
could be t h a t  t h e  a d d i t i o n a l  water added t o  t h e  garbage t o  render  it t r a n s p o r t a b l e  
might tend t o  overload t h e  t rea tment  p l a n t .  Wherever t h e  garbage o r  waste is added 
i n  t h e  system, when i t  gets t o  t h e  t rea tment  p l a n t  i t  would undergo convent ional  
t rea tment .  

The b l o c k  diagram o f  f i g u r e  2 i s  an i l l u s t r a t i o n  o f  a n  a c t i v a t e d  s ludge  p l a n t .  
The s o l i d s  removed by t h e  pr imary sed imenta t ion  s t e p  ( g e n e r a l l y  about  50% of t h e  
to ta l  s o l i d s )  are pumped t o  the  anaerobic  d i g e s t e r s ,  which are maintained a t  about 
95' t o  100' F. I n  f i g u r e  2 ,  t h e  garbage i s  shown as  b e i n g  added b e f o r e  the  i n l e t  
t o  t h e  t rea tment  p l a n t ;  it could  a l s o  be added t o  t h e  raw s ludge  from t h e  primary 
sed imenta t ion  s t e p ,  t h u s  s u b j e c t i n g  a l l  t h e  garbage t o  anaerobic  d i g e s t i o n  r a t h e r  
than o n l y  50% of t h e  garbage s o l i d s .  Pumps provide r e c i r c u l a t i o n  of t h e  d i g e s t e r  
c o n t e n t s .  A s  t h e  s o l i d s  become d i g e s t e d ,  they s e t t l e  to t h e  bottoms o f  t h e  d i g e s -  
t i o n  t a n k s .  The s u p e r n a t a n t  l i q u o r ,  which inc ludes  excess  water  and n o n s e t t l i n g  
s o l i d s ,  i s  drained t o  the secondary  t rea tment  system where i t  undergoes a e r o b i c  
d i g e s t i o n ,  f i n a l  c l a r i f i c a t i o n ,  and c h l o r i n e  t rea tment  before  being r e l e a s e d  t o  
t h e  r e c e i v i n g  s t ream. 

Digested s o l i d s  from t h e  d i g e s t i o n  tank bottoms a r e  dra ined  t o  sand-drying beds 
o r  vacuum-f i l te r  p r e s s e s  f o r  dry ing .  The dry  d i g e s t e d  s o l i d s ,  which have been 
reduced i n  mass a t  least  SO%, are  u s e f u l  as low-grade f e r t i l i z e r s  and s o i l  condi-  
t i o n e r s .  A s  p r a c t i c a l l y  s ter i le  d iges ted  s o l i d s ,  they  a r e  much more acceptab le  
a e s t h e t i c a l l y  and much less o f f e n s i v e  than  the  o r i g i n a l  raw garbage.  
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The gaseous products  o f  d i g e s t i o n  c o n s i s t  e s s e n t i a l l y  of  methane (about  65%) and 
carbon d ioxide  (about 35%). 
gases  t h a t  they  g e n e r a t e  i n  t h e i r  d i g e s t e r s  t o  o p e r a t e  internal-combust ion e n  

t r e a t i n g  about 2 m i l l i o n  g a l l o n s  p e r  day, produced 606,300 f t 3  o f  methane d u r i n g  a 
r e c e n t  l-month per iod .  This  amount of  methane vas produced from abou 80 tons  of  
s o l i d s  conta ined  i n  t h e  r a w  s ludge  pumped to t h e  d i g e s t e r s ,  or 3.8 f t  p f  methane 
was produced/ lb  of sewage solids. 

Many sewage t rea tment  p l a n t s  today u t i l i z e  t h e  650-Btu 

t o  dr ive  b lowers ,  pumps, and o t h e r  p l a n t  a u x i l i a r y  equipment. One such p l a n t  Pes 
5 

I f  a11 the  s o l i d  waste d i s c a r d s  t h a t  are collected annual ly  i n  t h i s  count ry  by 
c o l l e c t i o n  agencies  (200 m i l l i o n  tons)  were s u b j e c t e d  t o  t rea tment  by anaerobic  
d i g e s t i o n ,  p o t e n t i a l l y  some 1.2 t r i l l i o n  f t 3  of methane would be  produced based on 
y i e l d s  obta ined  i n  our  batch t e s t s .  Likewise,  i f  a l l  t h e  animal  wastes (manure-- 
2 b i l l i o n  t o n s )  were a l s o  t o  receive t h i s  t rea tment ,  a n  a d d i t i o n a l  4.4 t r i l l i o n  f t 3  
of  methane could be prodpced annual ly .  These amounts t o g e t h e r  are a b o u t  one-fourth 
t h e  annual  U.S. consumption of  n a t u r a l  gas  (9. 
t i a l  source would amount t o  m i l l i o n s  of  d o l l a r s ,  and t h i s  is a renewable energy 
source  t h a t  is today being wasted. 

Conclusions 

The value o f  gas  from t h i s  poten- 

The urban and a g r i c u l t u r a l  s o l i d  wastes being genera ted  i n  t h e  United S t a t e s  
a r e  a p o t e n t i a l  source  of more than  5 t r i l l i o n  f t 3  of methane p e r  year--about 
one-fourth our  annual  consumption. 
by t h e  process  of  anaerobic  d i g e s t i o n ,  the  same process  u t i l i z e d  i n  t h e  opera t ion  
o f  household s e p t i c  tanks .  The d i g e s t i o n  process  would not  r e q u i r e  e x o t i c  o r  
expensive equipment s i n c e  it would t a k e  p lace  a t  95' t o  looo P and a t  atmospheric  
pressure .  
30% t o  35% carbon d i o x i d e ,  a s o l i d  product  remains (reduced more than  50% i n  ma68 

from t h e  o r i g i n a l  waste)  t h a t  is u s e f u l  as a f e r t i l i z e r  o r  s o i l  c o n d i t i o n e r .  One 
o f  t h e  b igges t  advantages of t h i s  scheme is t h a t  waste materials are a renewable 
energy source  t h a t  vi11 n o t  d iminish  l i k e  our  f o s s i l  f u e l s  bu t  w i l l  cont inue  t o  
i n c r e a s e .  

Methane could be produced from t h e s e  wastes  

In  a d d i t i o n  t o  a gaseous product c o n s i s t i n g  o f  65% t o  70% methane and 
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Table I .  Gas' Production by Anaerobic Digest ion of 
Garbage and Sewage Sludge 

Diges t ion  Gas produced, m l  Gas a n a l y s i s ,  % 
time, hr T& C& C& Cop 

SG-55 24  945 473 50.0 3 9 . 1  10.9 
2 l i t e r s  d i g e s t e r  72 1690 974 67.2 2 3 . 6  9.2 

2495 1570 7 4 . 0  19.7 6 . 3  
2735 1748 - - - -  ---- ---- sewage sludge { 264 

336 

SG-56 2 4  2080 1310 63.0 3 5 . 1  1 .9  
2 l i t e r s  d i g e s t e r  72 4375 3017 74 .4  2 4 . 6  1.6 

sewage s ludge + 6230 3724 82.7 1 6 . 9  0 . 4  

essed garbage 
25 grams proc- \ E: 6620 4048 ---- ---- --- 

Methane produced by sludge-garbage mixture (SG-56) 4048 m l  
- 1748 m l  

Methane produced from garbage: 2300 m l  

230G m l  C& = 1.50 f t 3  C&/lb garbage 
25 8 garbage 

Minus methane produced by sludge (SG-55) - 

A 
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Table 11. Gas Production by Anaerobic Digestion of Bovine 
Waste, Grass Clippings, and Sewage Sludge 

Digestion Gas produced, m l  Gas analysis,  56 
time, hr a C A  CQr 

SG-60 82 1175 227 19.3 14.8 65.9 
2 liters d i g e s t e r  286 1425 336 43.5 13.8 42.7 

1625 422 ---- ---_ ---- sewage sludge { 310 
Gas product ion 

ceased 

SG-61 46 1930 867 44.9 34.2 20.9 
2 liters digester 82 2870 1480 64.2 27.0 8.8 

s e w a g e  sludge + { 160 4035 2248 65.9 27.4 6.7 
100 g cw manure 286 5095 2966 67.7 27.C 5.3 

502 7475 4592 68.3 28.1 1.7 
9 57 10700 6949 73.1 25.2 1.7 

6949 m l  C& = 1.11 f t 3  C&/lb manure 
100 g manure 

SG-62 82 1395 239 17.1 29.6 53.3 
2 liters digester 160 3220 1093 46.8 37.1 16.1 

sewage sludge + 4605 2072 70.7 25.3 4.0 
5550 2778 74.7 23.3 2.0 
8940 5409 77.6 22.4 0 grass clippings 502 

9 57 12190 7905 76.8 19.4 3.8 

100 g dried 1 
7483 ml Ca, = 
100 g grass . 

1.20 f t 3  CB+/lb grass clippings 

\ 
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Table 111. - Methane Yields from Waste Materials and, Coals 
by Anaerobic Digestion 

i Dry Duration Gas production, Ft3 methane 
! Test u t ,  of t e s t ,  m l  produced/lb - No. Materia 1 & hr Totall /  Methane waste inaterial 

SG-19 LVB coal minus 
325 mesh .... 100 1330 7600 6460 1.04 

SG-20 HVAB coal minus 
325 mesh .... 100 1330 4015 2770 0 .44 

SG-38 Garbage char... 100 840 9850 . 8195 1.31 

SG-41 Fresh garbage.. 50 360 8980 4215 1.35 

SG-43 Processed 
garbage ...... 50 864 18735 12571 4.03 

SG-44 Processed 
garbage ...... 25 864 7895 5282 3.39 

paper towels 25 816 865 692 0.44 
56-47 Shredded brown 

.SG-49 Shredded nevs- 
papers...... 25 734 1500{ Gas not 0.67g1 

0.3411 analyzed 
SG-50 Wood exce ls ior  25 734 7701 

SG-58 Cow manure.. . .. 100 234 7800 4402 0.71 

- 11 Deduction from total production has been made fo r  gas produced by 
control. - 21 Estimated. 

I 
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Figure 2 .  Flow Diagram o f  Garbage-Sewage Treatment Process. 
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