
DIGEST 

Public awar'eness of the need to develop sys
tems for producing energy from readily
renewable sources, as an alternative to 
energy from expensive and diminishing 
supplies of fossil fuels, led to research at The 
Pennsylvania State University on systems 
for methane production by anaerobic diges
tion of animal manures. Experiences with 
design, construction, and operation of a 
two-stage heated continuous-feed digester 
for a herd of 100 dairy cows are reported in 
this Bulletin. 

The publication contains discussions of 
the microbiological processes involved in 
the anaerobic digestion of organic materials; 
design and function of the digester system; 
operational procedures and constraints; 
storage and use of biogas; and costs. Biogas 
production in relation to loading rates and 
retention times for winter and summer 
periods is reported. Daily production rates as 
high as 55 cubic feel of biogas (33 ft' of 
methane) per cow were obtained. Capital 
cost of the system was about $20,000. 
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I 
AGRICULTURAL 

ANAEROBIC DIGESTERS 

The need to develop alternative energy 
sources has become increasingly apparent 
with incidents of fuel shortages and escalat
ing prices in recent years. Producing 
methane (valued for its use as a fuel) by 
anaerobic digestion of agricultural organic 
residues, especially animal manures, is 
technically feasible and has been practiced 
in India and Germany. Renewed attention is 
now being directed to biogas generation as a 
source of fuel in the U.S.A. 

Since most previous research was directed 
primarily to the waste-treatment potential of 
anaerobic fermentation, rather than to 
energy recovery, information on biogas
generation-system designs for livestock
management practices and systems is lim
ited. Therefore, the research project "Re
search on Methane Gas Production from 
Farm Wastes" was initiated in 1974 by the 
Agricultural Engineering Department of The 
Pennsylvania State University in coopera
tion with the departments of Sanitary En
gineering (Raymond W. Reagan} and Dairy 
and Animal Science (August E. Branding). 
Financial support was received from the 
Pennsylvania Department of Agriculture. 

Since the Penn State project began, studies 
of farm digesters have been undertaken by 
research workers at several other locations. 
Results of some of these studies are now 
available and are incorporated into this Bul
letin. 

Advantages and disadvantages of anaer
obic digestion of manure and other farm re
sidues are listed as follows (Lapp 1974, 
Jewell 1974, Jewell et a1. 1974): 

Advantages of anaerobic digestion 

1. Organic content of the residue is reduced 
and stabilized so that final disposal presents 
a reduced pollution problem. 

2. Digested residue is an almost-odorless 
free-flowing liquid. 

3. The fertilizing nutrients- are conserved. 

4. Methane, a constituent of the gases pro
duced by the process, has significant value 
as fuel. 

5. Weed seeds and some pathogens may be 
destroyed during digestion. 

6. Rodents and flies are not attracted to the 
digested residue. 

7. The sludge can be easily dewatered. 

8. Particulate matter in sludge may have re
feeding potential. 

9. Organic nitrogen will be hydrolized to 
ammonia nitrogen. 

Disadvantages of anaerobic digestion 

1. Equipment is complex and involves high 
initial investment. 

2. Daily feeding of digesters at controlled 
loading rates is desirable. 

3. Energy input is required. 

4. High standards of maintenance and man
agement are required. 

5. Strict explosion-proof standards must be 
maintained. 

6. Temperature (and perhaps volatile acid 
concentration and pH) must be controlled to 
optimize gas production. 

7. Some chemicals, if present in excessive 
quantities, can inhibit the digestion process. 

8. Digestion systems will reduce, but not 
eliminate, the solids content; digested liquid 
slurry remains a pollutant unless subjected 
to further treatment. 

Earlier anaerobic digesters 
for biogas production 
The fact that a combustible methane gas is 
produced from anaerobic digestion of 
biological material was recognized by Von 
Helmont in 1630, Shirley in 1667, Volta in 
1776, Priestly in 1790, and Dalton in 1804. 
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Laboratory experiments to produce methane 
from manure were made in 1806 by Hum
phrey Davy. 

The history of municipal sewage sludge 
digestion can be traced back to the 18"50s 
with the development of tanks to treat settled 
waste-water solids. A treatment scheme 
known as the Mouras automatic scavenger 
was developed in Vesoul, France, about 
1860. Donald Camerson, who in 1895 built 
the first septic tank for the English city of 
Exeter, used its methane gas for lighting 
streets near the treatment plant. A full-scale 
plant existed as early as 1857 in Bombay, 
India. The continuous digestion process, as 
developed by Imhoff around 1900, became 
generally accepted for the treatment of 
municipal wastewater. One of the earliest 
U.S. installations using separate digestion 
tanks was at Baltimore, Maryland, in 1911. 
From 1920 to 1935 the anaerobic digestion 
process for stabilization of municipal sludge 
was studied and improved extensively. 

During World "Var II approximately 30 
farm-scale biogas plants for the anaerobic 
treatment of manure were developed in 
Germany, using the Schmidt-Eggersghiss 
and the Darmstadt methods. Only one of 
these appears to be still in use. Ducellier and 
Ismann in Algeria also worked on the prob
lem at this time. A large number of small, 
inexpensive digesters, based largely on re
search work by R. B. Singh (1971, 1972), 
have been in operation in India since around 
1960. Reports on many such digesters have 
also come from Taiwan and other parts of the 
world. The gas from these small digesters is 
used for cooking and for driving electric 
generators. 

Studies at Penn State 

The primary objective of the Penn State re
search was to determine the technical re
quirements and economic feasibility of pro
ducing methane gas by anaerobic digestion 
of dairy-cow manure. A review of literature 
revealed a substantial amount of laboratory 
experience with methane digestion from 
farm wastes, mainly dairy manure. However, 
information on experiences with full-scale 
digesters in operation on commercial
size farms in the United States was not 
found. As a consequence, it was decided to 
build a digester of sufficient size to study the 
engineering problems related to the lise of 



digesters on dairy farms. The University 
dairy barns have facilities for 50 cows each, 
which is representative of the size of an aver
age Pennsylvania dairy herd. Therefore, the 
prototype digester was built to process man
ure from one of the 50-cow barris at the Uni
versity Dairy Center. Later, it was used to 
process manure from 100 cows and was 
found to perform satisfactorily, producing a 
proportionally increased rate of gas. 

The digester was designed and con
structed during 1974 and 1975. Operation 
began in the fall of 1975 and continued until 
the cows were turned out to pasture in the 
spring. After shutdown, the digester was 
cleaned and examined to determine condi
tion of the components. Based on the first 
year's experiences, a number of components 
were rebuilt or replaced. The digester was 
restarted in late 1976 and operated until 
spring of 1977, when it was again shut duwn 
for a brief period because of gas leakage 
through the roof. An improved gas seal was 
installed, and the digester placed back in 
operation from July until December 1977. 
Considerably higher loading rates were used 
during parts of this latter test period. 

Operation of this full-size digester will 
continue for further studies relating to 
anaerobic digestion of other agricultural res
idues, use of the processed material, and the 
role of digesters in the overall energy picture 
on animal farms, This publication is based 
mainly on experiences with the Penn State 
digester up to December 1977, and is in
tended to give the reader suggestions on the 
construction, operation, and costs of an 
anaerobic digester for agricultural wastes. 

Modern farm-size digesters 
Design characteristics and operating experi
ences have been reported for a number of 
farm-size digesters currently or formerly in 
operation in a number of locations (Table 1). 
Some are pictured in Figures 1 to 5. 

TABLE 1. Modern farm-size digesters described in the literature (as of fall, 1978). 

Type and location 

Dairy cows 

Pennsylvania 
(PA State Univ.) 

New York 
(Cornell Univ.) 

Wisconsin 
(Jefferson) 

(Rice Lake) 

Denmark 
(Stenderup) 

Germany 
Darmstadt system 

Sweden 
(Gustafs) 

Dairy and swine 

Germany 
Schmidt-Eggersgluss system 

Dairy and other 

India 

Taiwan 

China 

Beef animals 

Florida 
(Bartow) 

Iowa 
(IA State Univ.) 

Michigan 
(Custer) 

Oklahoma 
(Guymon) 

Washington 
(Monroe) 

Beef and swine 

Great Britain 
(Winkfield) 

Swine 

Iowa 
(Mount Pleasant) 

Minnesota 
(Wyoming) 

Missouri 
(Univ. of MO) 

New Jersey 

Denmark 
(Skarrild) 

Digester volume 

(ft') (m') 

3,500 100 

1,350 38 
1,800 34 

5,000 140 

5,500 154 

2xl,750 2 x 50 

700-1,050 20-30 

3,500 100 

3,500-35,000 100-1,000 

110-3,500 3-100 

110-2,700 3-75 

110-3,500 3-100 

85,000 2,400 

2,800 80 

5,300 150 

530,000 15,000 

, , 

16,000 455 

7,400 208 

1,750 50 

5,000 140 

2,700 76 

3,400 90 

aThe digester in Monroe, WA, is reported to have a capacity of "350 head." 
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Reference 

Persson et al. 1977 
Persson, Bartlett 1978 

Jewell et al. 1977 a, b 
Persson 1978 

Pigg 1977 
Lapp 1978 

Abeles 1978 
Halsey 1978 
Lapp 1978 
Martin, Dale 1978 

Persson 1977 
Thyselius 1977 

Stauss 1952 
Noack 1957 

Thyselius 1977 

Persson 1952 
Singh 1971 
Tietjen 1975 
Muller 1978 

Singh 1971 
Patel 1971 

Po 1973 
Lapp 1977 

Smi11977 
Lapp 1977 

Davenport 1978 

Lapp 1978 
Persson 1978 

Abeles 1978 
Martin, Dale 1978 

Lapp 1978 
Jewell 1978b 

Clark 1976 
Jewell 1978b 

Lovelidge 1976 

Persson 1978 
Lapp 1978 

Persson 1978 
Lapp 1978 

Fischer et al. 1978 

Brodie 1974 

Persson 1977 
Thyselius 1977 

TABLE 1 continued 

Type and location 

Swine and poultry: 

Georgia 
(Canton) 

Poultry 

Iowa 
(West Union) 

Maine 
(Univ. of ME) 

Wisconsin 
(Ripon) 

Digester volume 

8,SOO 

67,000 

2,000 

3,SOO 

Figure 1. The Penn State experimental anaerobic digester. 

240 

1,900 

56 

100 

Reference 

Booram et al. 1975 

Anon 1977 
Persson 1978 
Lapp 1978 

Hassan et a1. 1975 

Converse 1977 
Persson 1978 
Lapp 1978 

Figure 2. Anaerobic digester for swine manure at Figure 3. Two digesters built into a barn at Stenderup, Denmark. 
the University ofMissouri{courtesy of D.M. Sievers). 
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Figure4. Trench-type plug-flow digester with plastic fabric cover at the Cornen University Research Farm. 

Figure 5. Biogas plant for 30 dairy cows, using the Schmidt-EggersglOss system, in Germany, 1952. 
Tractor is carrying equipment with compressed gas cylinders; vehicle at left is a slurry-transport wagon. 

12 

i 
I 

I 

1 
1 

Section I. 
MICROBIAL AND CHEMICAL 

PROCESSES 

The anaerobic digester is a system for biolog~ 
ical conversion of biodegradable organic 
materials into methane (CH4), carbon diox
ide (C02 ), water, and other gases. The mi
crobes that produce methane gas cannot live 
in the presence of oxygen, so the digester 
must be sealed from the atmosphere. Such 
an environment (anaerobic) cannot sustain 
respiration, and thus is a hazard to all oxy
gen-breathing organisms. 

The principal parts of a high-rate anaero
bic digester are shown in Figure 6. 

FUNDAMENTAL BIOCHEMISTRY AND 
MICROBIOLOGY 

Several groups of methane bacteria, each 
fermenting a limited number of organic 
compounds, work together to stabilize 
complex mixtures of organic materials 
typical of waste-water sludge and 
agricultural residue. 

The chemistry and microbiology of 
anaerobic treatment of complex organic 
matter is thought to occur in two phases, as 
outlined in Figure 7. In the first phase, 
acid-forming bacteria convert, by hydrolysis 
and fermentation, the complex materials 
(such as fats, proteins, and carbohydrates) in 
the slurry to simple organic fatty acids, 
primarily acetic and propionic acids. In the 
second phase, the organic acids are 
converted by "methane-forming" bacteria to 
gaseous end products (methane and carbon 
dioxide). Some of the methane-formers 
utilize formic acid and methanol and grow 
rapidly, requiring less than a 2-day 
slurry-retention time. However, the most 
important methane bacteria are 
slow-growing and require acetic and 
propionic acids. These bacteria require 
slurry-retention times of 4 days or more, and 
for this reason may be the growth-limiting 
step of an anaerobic digester operation. 

Attempts to isolate the most efficient 
methane-producing bacteria are under way 
(Nanson 1973; Zeikus 1973; Bryant 1973), 
but present digesters operate with whatever 
types of bacteria develop naturally in the 
slurry. The most suitable bacterial fauna is 
determined by the ingredients of the slurry. 

Agitator 
Gas storage 

("::::::~~~t-~~~G=a:s~outlet 
Slurry inlet ---.... _ ... _ .... .£1 ....... _1 T· Slurry outlet 

Heating 
pipes '-..-II "--' e-....... Sludge outlet 

Figure 6. Schematic of a high-rate anaerobic digester. 

Complex organics 

FIRST PHASE: 

LIQUEFACTION 

T 
Facultative 
and 
anaerobic 
bacteria 

I 

Simple organics 
("volatile acids") 

Cellulose 
Starch 
Hemicellulose 

t 
Cellobiose 
Maltose 

t 
Glucose and other sugars 

t 
Aldehydes 
Ketones 
Fatty acids Volatile acids 
Hydrogen 
Carbon dioxide 

SECOND PHASE: 

GASIFICATION 

Methane 
....,--- Carbon dioxide 

1'--------' 
Methane 
bacteria 

Volatile acids 

~ 
Methane 
Carbon dioxide 

Figure 7. Chemistry and microbiology of anaerobic treatment of organiC materials (from McCarty, 1964). 
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A change in the input slurry, such as might 
result from a change in the animal diet, may 
result in a temporary reduction in gas 
production, reflecting a readjustment in the 
bacteria population (Fischer et a1. 1978). 

Acetic acid is one of the most important 
intermediate acids produced by the 
decomposition of complex organics and is 
the source of most of the methane produced. 
Reduction of carbon dioxide accounts for 
most of the remaining methane generation. 

A breakdown of protein and other 
nitrogen-containing substances occurs 
parallel to the methane-forming process. 
This process provides the necessary raw 
material for growth of the bacteria. Small 
amounts of ammonia and hydrogen sulfide 
are also produced in the digester. 

The biological pathway for methane 
formation from a complex organic material 
is further illustrated in Figure 8. The process 
is similar, in principle, to the process in the 
digestive tract of ruminant animals. 

A relatively small fraction of the raw 
organic material is used by the bacteria to 
produce new cells. The major part, 90 
percent of the original energy, is converted 
to methane. The process does not create or 
consume a measurable amount of heat. 

ENVIRONMENTAL REQUIREMENTS FOR 
THE PROCESS 

The methane-producing microbial process 
is affected by numerous interdependent en
vironmental factors, such as temperature, re
tention time, loading rate, and agitation. An 
effective production system must control all 
these factors through provisions within its 
structural and equi pment components. 

Temperature 
The rate of solids conversion and resultant 
gas production is closely related to tempera
ture (Fig 9, 10). Under optimum environ
mental temperature, gas production will 
begin to occur in about 4 days and will con
tinue for several weeks. 

One maximum in gas production, caused 
by bacteria that thrive best in the so-called 
mesophilic temperature range, occurs at 
95°F (35°C), with rapid decrease as the tem
perature goes below 90°F (3Z°C) or above 
1000 P (38°C). A second maximum of some
what higher rates of gas output is produced 

15% 

17% 

13% 

Complex 
organic material 

100% 

20% 

Acetic acid 

72% 

Acid 
formation 

65% 

Figure 8. Methane formation from a complex organic material (from McCarty, 1964). 
Percentages refer to the chemical oxygen demand (COD). 

100% 

E 
~ 

E 
" 40 
~ 

.~ 
]ij 
Q) continuous 
0: mixing 

20 

mesophilic.,.. .. thermophilic 

10 20 30 40 50 eo°c 

i [ i i i [ [ [ i [ 

50 eo 70 80 90 100 110 120 130 140°F 
Digester temperature 

Figure 9. Effect of temperature and mixing on solids-reduction rate (from Regan 1975; 
Ljunggren and Petre 1976; Roediger 1967). 
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ba,ct,.na in the thermophilic range, 120 to 
140°F (49-60°C). However, most materials 
digest as well at the lower range, which re
quires less heat to bring them up to tempera
ture and to offset heat losses to the environ
ment. Thermophilic bacteria are very sensi
tive to changes within the digester, whereas 
mesophilic bacteria are more stable. 

Retention time 
Substantial time is required for microbial ac
tivity to break down organic matter and con
vert itto gas. The time that the substrate must 
remain in the digester environment thus de
termines the size of the digester chamber 
required for a given daily amount of organic 

. matter input. 
With the continuous-type digester, new 

substrate is added at frequent intervals (one 
or more times daily) in amounts related to 
the retention time. As an example, one-tenth 
of the digester liquid volume should be 
added daily for a lO-day retention time. Ad
dition of small amounts at a time avoids the 
danger of loading shock, such as occurs 
when cold input reduces digester tempera
ture or when the composition of the input 
material changes. The calculated retention 
time will normally not be the same as the 
actual treatment time for all individual par
ticles in the slurry, but will represent the 
average treatment time. 

In Penn State laboratory tests, a retention 
time of 7 to 10 days yielded the maximum 
rate of gas production per unit of digester 
chamber volume (Fig 11, curve c) when the 
slurry concentration was 7 percent volatile 
solids. Longer retention times yielded a 
slightly greater total amount of gas for a 
given amount of manure processed (Fig 11, 
curve a). The longer slurry retention time 
also permitted a greater reduction of digesti
ble solids in the slurry (Fig 12). 

Experience at Penn State showed that a 7-
to l?-day retention time was also sufficient 
to stabilize the substrate satisfactorily with 
regard to preventing malodor problems with 
the digester effluent. 

Thus for maximum heat-energy recovery 
in relation to capital outlay and for adequate 
stabilization of the slurry, a 7- to 14-day re
tention time is recommended for digesters of 
dairy-barn manure with approximately 8 
percent solids. Longer retention times may 
be needed for slurries with higher solids 
concentration, for other types of agricultural 

120% 

40~ ____ -, ______ ,-____ -. ______ ,-____ -, 

10 

i 
50 eb 

20 

i 
70 

i 
80 

30 

i 
90 

40 50 

t I i I 
100 110 120 130 

Digester temperature 

Figure 10. Effect of temperature on gas-production rate (from Roediger 1967). 
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Figure 11. Effect of retention time on gas production from dairy manure with bedding, feeding twice daily. 
Curves a, c: Laboratory test in asingle-chamberdigester, input concentration 6.8 percent volatile solids (from 
Patelunas 1976; Patelunas and Regan 1977). Curves b, d: Full-size two-chamber digester, input concentra
tion of 11.8 percent volatile solids (from Persson and Bartlett 1978). 
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Figure 12. Remaining solids as a function of reten
tion time (from Lawrence 1971). Slightly slower 
breakdown rate was observed by Morris et al. 
(1977), and by Patelunas and Regan (1977). 

residue, and for lower operating tempera
tures (Table 2). 

Solids concentration 
To assure that all oxygen has been excluded 
from the material entering the digester, it 
must be fully saturated with water. Further
more, solids concentration affects flowabil
ity, which is essential for ease of mixing the 
slurry within the digester and for flow out of 
the digester, as well as for handling by 
pumps. Increased dilution may also be re
quired for handling agricultural residue in 
order to avoid pump clogging. Additional 
water may, therefore, be needed to dilute the 
manure, possibly in as much volume as the 
original manure if large amounts of bedding 
or litter are used. Excessive dilution should 
be avoided, however, in order to maximize 
the amount of gas-producing organic mate
rial in a given digester volume and to reduce 
the total amount of material to be handled. 

A wide range in recommendations for the 
solids concentration ofthe digester substrate 
appears in the literature (Table 2). Some au
thors indicate that anaerobic bacteria func
tion most efficiently when the volatile solids 

TABLE 2. Retention time, loading rate, gas production, and size for farm digesters. 

Daily VSa loading 

content of the slurry is around 8 percent. 
However, other studies have shown effective 
digester operation at considerably higher 
concentrations of volatile solids. The Penn 
State digester operated satisfactorily at an 
input slurry concentration of 13 percent sol
ids (wet basis). The resulting effluent con
centration was approximately 8 percent sol
ids for a 20-day retention time. 

Since the solids content of liquid manure 
affects its flowability and related handling 
properties, the maximum concentration for 
dependable mixing inside the digester de
pends on the type of agitation used. Large 
centrifugal manure pumps can satisfactorily 
handle liquid manure with a solids content 
of up to 12 percent. Smaller pumps require 
that the solids content be between 5 and 8 
percent in order to avoid high power re
quirements and risk of blockage in pumps 
and pipe lines. Other types of material mov
ers can handle material with considerably 
higher solids contents. As an example, in 
preliminary tests the ram-type pump used in 
the Penn State system handled a mixture of 
cow manure and sawdust bedding with sol
ids content up to 22 percent. 

Manure Concentration of Retention Digester volume rate (per- unit Daily bio~as production source input slurry time digester volume) per unit digester vo ume per animal per animal 
(% TS)b (days) (lb/tt3) (kg/m3) (ft3lft3) (m3/m3) (ft3) (m3) (ft3) (m3) 

Dairy 

Designc 13 14 0.5 8 1.9 1.9 53 1.5 28 0.8 
Ranged 6-20 10-30 0.13-0.7 2-11 0.7-2.0 0.7-2.0 

Beet 

Design 10 18 0.3 4.8 2 2 38 1.1 19 0.53 
Range 5-10 15-40 0.25-0.31 4-5 7-46 0.2-1.3 

Swine 

Design 9 21 0.22 3.5 2 2 8 0.23 4 0.11 
Range 2.5-11 10-30 0.08-0.31 1.2-5 0.1-2 0.1-2 1.4-14 0.04-0.4 

Poultry 

Design 8 40 0.13 2 0.4 0.4 0.15 0.004 0.35 0.01 
Range 7-14 20-50 0.11-0.21 1.8-3.4 0.01-0.9 0.01-0.9 0.2-0.4 0.006-0.Q12 

Source: References listed in Table 1 
aVS = volatile solids (total solids less ash) 
bTS = total solids 
cValue suggested for design of modern hjgh~rate digesters 
dValues reported by various workers with farm~size digesters 
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Loading rate 
The capacity of a digester to convert volatile 
solids into methane is related to its loading 
rate, which is defined as the amount of vol
atile solids fed to the digester per day per 
unit volume of the digester. A high loading 
rate is desirable because it means that a di
gester of a given size can handle a larger 
amount of manure in relation to its size, 
which also relates to its capital cost. Ex
pressed in another way, a smaller digester 
can be used for the same given amount of 
manure if the loading rate is higher. A high 
loading rate will result in a high daily gas 
production and a high daily rate of volatile 
solids reduction, but it will give a smaller 
percentage conversion of the volatile solids 
to gas. A combination of high solids con
centration in the input slurry and short re
tention time results in a high loading rate. 

Published values of loading rates used in 
high-rate agricultural digesters are listed in 
Table 2, indicating that dairy-cow manure 
and beef-cattle manure permit higher load
ing rates than do poultry and swine manure. 

Agitation 
Thorough agitation of the substrate in the 
digester is required to distribute organisms 
uniformly throughout the mixture and to 
transfer heat from the heating surface to the 
incoming slurry so as to maintain uniform 
substrate temperature. Furthermore, agi
tation aids in particle-size reduction as di
gestion progresses and in removal of the gas 
from the mixture. 

The effect of agitation in reducing diges
tion time is plotted in Figure 9 (page 14). 

INPUT SLURRY COMPOSITION 

The functioning of an anaerobic digester on 
a farm benefits from the fact that the input 
material from animal production is reason
ably uniform when compared to the input 
material at municipal sewage-treatment 
plants. However, proper care must be exer
cised by farm operators to prevent materials 
that would disturb the functioning of the 
digester from being discarded into the ma
nure system. The material classified as man
ure in this bulletin includes feces, urine, 
bedding material, wasted feed, antislip 
material (barn snow), and grit tracked in by 
animals and barn workers. 

The amount and composition of manure 

produced by different animals is reported in 
literature such as Midwest Plan Service's 
Structures and Environment Handbook 
(1975) and the 1978-1979 Agricultural En
gineers Yearbook. Large variations from 
these values may be expected from farm to 
farm and season to season, depending on 
type of feed, amount of pasturing, and types 
and amounts of bedding material used. The 
major component of dairy-cow manure is 
water (about 85%). The remainder is solid 
matter, which consists of organic (volatile 
solids) and inorganic (ash) materials. 

Among the organic compounds in the ma
nure are protein, starch, fat, cellulose, and 
lignin. Dairy wastes have been determined 
to contain as much as 30 percent cellulose 
and 20 percent lignin. The major chemical 
element in manure is carbon; other elements 
include nitrogen, oxygen, hydrogen, and 
minerals. The ash originates partly from the 
excrement and waste feed, but to a greater 
extent from the grit and antislip material on 
the barn floor. 

Besides manure, the farm may have avail
able several other kinds of production re
sidue that could be used in the digester for 
methane-gas production. Such materials as 
milk-room wastes, straw, corn husks, grass, 
leaves, and waste from agricultural
processing industries can be readily con
verted to methane in .anaerobic digesters. 

Carbon-nitrogen ratio 
Carbon (carbohydrates) and nitrogen (pro
tein) are the principal elementary nutrients 
for anaerobic bacteria. The carbon compo
nent of the incoming organic material is the 
ingredient converted to methane in the pro
cess. Nitrogen is necessary as food for the 
bacteria and as a catalyst for the process to 
proceed most efficiently. However, if the ni
trogen content is too high, the process is 
retarded or stopped. According to Singh 
(1971), digestion proceeds at an optimum 
rate when the ratio of carbon to nitrogen is 
approximately 30. On the other hand Sievers 
and Brune (1978) recommend ratios between 
16 and 19. The availability of these elements 
varies widely in manures from different 
animal species, with age and diet of the ani
mals, and with manure management. 

The nitrogen content of animal excrement 
exists in many forms (ammonia, NH3 ; nit
rates, N03 ; proteins, etc.). Whereas anaero
bic bacteria can utilize most forms of nitro-
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gen, the total nitrogen content as determined 
by the Kjeldahl test (TKN) can be considered 
"available" nitrogen. The greatest amount of 
nitrogen in manure is in the urine; feces and 
bedding material have little nitrogen. 

The carbon content in dairy manure is 
slightly higher than required for an efficient 
balance, and swine and poultry manures 
have excess nitrogen. Consequently, adding 
swine or poultry manure to the dairy manure 
will increase the gas production and the effi
ciency of the process. However, this is not 
practical unless the two livestock species are 
housed on the same farm. Similarly, diges
ters for swine and chicken manure become 
more stable when material that contains an 
excess of carbon in relation to nitrogen (e.g., 
bedding or litter) is added. 

Biodegradability 
Only a fraction of the volatile solids (VS) in 
the manure can be converted to gas by the 
bacteria. Lignin is practically unaffected by 
the bacteria in the digester, and cellulose is 
broken down only very slowly. 

The biological oxygen demand (BOD) 
value may be used as a measure of the 
biodegradability 01 the slurry. A BOONS 
ratio close to 1 indicates that most of the 
volatile solids can be converted. Dairy ma
nure has low BODIVS values {around 25%). 
whereas swine and poultry manure show 
higher values. On the basis of volatile-solids 
percentage and the BODNS values of dairy 
manure, as little as 20 percent of the total 
solids may be available for conversion in the 
digester. 

Conversion rates 
Based on some analyses for typical incoming 
solids, the expected production of biogas 
(with 60% methane) has been calculated to 
be approximately 11 It'/lb (0.7 m3/kg) of con
verted volatile solids. Conversion rates are 
often given relating gas output tothe amount 
of volatile solids fed to the digester, as in 
Table 2. Naturally, these figures should be 
less than 11 1t3/lb (0.7 m3/kg) because not all 
volatile solids are biodegradable and be
cause not all biodegradable solids are con
verted during the limited time (retention 
time) that the material is in the digester. 

Toxicity problems 
Methane bacteria are sensitive to extreme 
values of alkalinity and acidity (pH). The 



optimum pH for these bacteria is in the range 
of 6.6 to 7.6. Beyond these limits, methane 
fermentation will be greatly retarded, and 
with continued operation will stop com
pletely. Acidity and alkalinity ofthe digester 
slurry are mainly a function of the properties 
of the raw material fed to the digester. If the 
pH of material fed into the digester is nearly 
neutral (pH ~ 7.0 ± 0.5). satisfactory condi
tions will normally result. Highly acid or 
alkaline material should not be used as input 
to a digester. 

Properly operated, cattle-manure diges
ters will usually stay well within safe pH 
limits. If the pH in a continuous-feed diges
ter becomes too low, it can be brought up to 
normal again by recycling fresh effluent to 
the inlet or by reducing the amount of raw 
slurry that is fed to the digester. If the slurry 
becomes too alkaline, carbon dioxide will 
increase, which will have the effect of mak
ing the mixture more acidic, thus correcting 
itself. Small concentrations of sodium, 
potassium, calcium, and magnesium (up to 
200 ppm or 200 mg/liter). have been found to 
stimulate the anaerobic process. Concentra
tions above 5,000 ppm (5,000 mg/liter) may 
inhibit methane production. 

Ammonia concentrations in the range of 
1,500 to 3,000 ppm (1,500-3,000 mg/liter) are 
assumed to be toxic to methane bacteria in 
the pH range of 7,2 to 7.4. However, concen
trations in excess of 3,000 ppm (3,000 mg/ 
liter) have been found to be toxic regardless 
of pH. High concentrations of ammonia have 
been assumed to be the main factor limiting 
success with anaerobic digesters for swine 
and poultry wastes. This toxicity can be con
trolled by reducing the pH to 7.2 to 7.0 
through dilution with water. 

Materials that may be toxic to microbial 
life must be prevented from entering the di
gester. Common among materials associated 
with livestock-production operations 
are health-related drugs and disinfectant 
compounds. Generally, dosages normal for 
disease-control purposes will not be ex
creted in quantities sufficient to affect mi
crobial activity adversely. However, the 
common practice of disposing of unused 
materials in the manure-distribution system 
must be avoided, 

EFFLUENT COMPOSITION 

The volume of the effluent is slightly less (2 
to 5%) than the volume of the input, due to 

biodegradation of some of the volatile solids, 
The remaining solids are mainly those tJ1at 
are difficult to break down by bacterial activ
ity, The relative solids reduction, expressed 
in percent of initial amount of volatile solids, 
is higher for low loading rates than for 
higher loading rates. Conversely, a smaller 
percentage of the volatile solids component 
is reduced with higher loading rates, How
ever, a high loading rate results in a higher 
rate of solids conversion per day, Approxi
mately one-half of the volatile solids in fresh 
manure will be converted in a 10-day treat
ment period. 

Most of the nitrogen in the input manure 
will remain in the processed slurry. Some is 
transformed in the digester from organic ni
trogen to ammonia nitrogen, making it more 
readily available for plants. Phosphorus and 
potassium contents remain unchanged, 

The processed manure does not have a 
foul odor and does not attract flies. 
Homogenized by lengthy agitation in the di
gester, it can be handled easily by liquid
manure pumps and tank spreaders for dis
tribution on land, 

BIOGAS AMOUNTS AND COMPOSITION 

The daily rate of gas production is com
monly estimated on the basis of amount per 
animal or amount per unit of digester vol
ume. The rate is influenced by such factors 
as digester temperature, slurry composition 
and concentration, and digester loading rate. 
Gas output reported from digesters for vari
ous livestock manures is listed in Table 2. 

The gas produced by an anaerobic digester 
has been shown to be mainly methane (CH4 ) 

and carbon dioxide (C0 2 ), with small 
amounts of other gases, including nitrogen 
and hydrogen sulphide. Analyses of the gas 
from the Penn State digester showed an av
erage of 60 percent methane and 30 to 35 
percent carbon dioxide (the remainder was 
nitrogen), Other sources have reported 
methane contents of 55 to 70 percent. With a 
methane content of 60 percent, biogas has a 
net heat content of 545 Btu/ft' (20.5 M)/m3). 

During its first season of operation, the 
Penn State digester was held at 82'F (28'C) 
for start-up. At this temperature, daily gas 
production in a typical period was only 0.5 
fP per cubic foot of digester capacity (0,5 
m 3/m3) , which was not sufficient for main
taining even this low temperature by use of 
its own gas production, After increasing the 
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temperature to 95'F (35'C), gas production 
was in excess of needs for slurry
temperature maintenance, Workers with 
other farm-size digesters emphasize the im
portance of maintaining slurry temperature 
at 95°F for satisfactory gas production. A low 
gas-production rate results in inefficient op
eration of the digester, 

The biogas did not have an -unpleasant 
odor, Only traces of ammonia or hydrogen 
sulphide could be detected (presence ofhyd
rogen sulphide signifies an acid process, 
which is undesirable in a digester opera
tion). Inspection of the gas pipes after several 
months of digester operation revealed a thin 
coating of sulphur, indicating the presence 
of sublimated sulphur in the gas. 

Section II 
DESIGN AND FUNCTION OF THE 

DIGESTER SYSTEM 

MAIN COMPONENTS OF THE SYSTEM 

The principal components of an anaerobic 
digester system for biogas production on a 
farm include one or more digester chambers, 
a facility for slurry preparation, storage for 
the processed slurry, a gas-collecting space, 
and an area for the mechanical equipment 
needed for slurry heating and agitation, The 
flow-chart (Fig 13) shows how these func
tions relate to each other in the digester sys-

"ifl··············· 'om Components should be arranged to 
permit a simple flow path for the material 
through the system and to minimize heat 
losses. Ease of accessibility to the various 
components should be emphasized, 
since these and the related equipment will 
require inspection, adjustment, and mainte
nance, Safety considerations must be consi
dered in planning a digester system. 

Designs of some existing and proposed 
anaerobic digesters for farm use, illustrating 
alternatives for chamber construction, gas 

storage, and slurry handling, appear in Fig
ure 14. 

A digester design utilizing a bag of plastic 
or rubber in a trench (Fig 14c) has attracted 
considerable attention, and testing is under 
way (jewell et al. 1978a, 1978b). Heat insula
tion, agitation, material flow, and sludge 
removal may present spe~ial problems with 
this design. 

The following discussion will emphasize 
mainly rigid-wall digester designs and 
mechanical-system components as used in 
the Penn State digester (Fig 15). It will in
clude recommended improvements based 
on operating experiences with Penn State's 
design and deSCriptions of alternative'de
signs used in other digesters. Design 
parameters and examples are presented for 
each major component to aid in calculating 
dimensions for a contemplated digester, The 
best design choice will be determined by the 
situation on the individual farm. Many good 
variations in digester design are possible, 
and improvements occur constantly. The 
descriptions presented here should be con
sidered as background examples and 
guidelines for design, construction, and op
eration of digesters. 
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TYPES OF DIGESTERS 

Digesters may be operated as a batch process 
or as a continuous-feed process. In the batch 
system the digester is filled with slurry that 
is allowed to remain in the digester until the 
desired treatment is finished. The biode
graded slurry is then removed and replaced 
with a new batch of material. Batch digesters 
have advantages where the availability of 
raw materials is sporadic or limited to coarse 
plant material requiring handling by special 
equipment that may need to be scheduled at 
a specific time. Batch-type digesters require 
little daily attention. However, the rate of gas 
production is uneven; itincreases slowly 
after start-up and decreases gradually after a 
brief period of peak production. The disad
vantage of uneven gas production can be 
reduced by using additional batch digesters 
charged at specific intervals. Due to their 
lower gas output, batch systems that would 
necessitate the expense of more than one 
digester will likely be limited to small farms. 

In the continuous-feed process, small 
amounts of slurry are fed into the digester at 
frequent intervals (one or more times daily) 
and a corresponding amount of substrate is 

Effluent 
Store Unload 

"'!-I---+---+='11100 Solids 

Unloading 
Control 

Figure 13. FUnctions and processes in an agricultural anaerobic digester. Main material flow is from leftte right; not all functions listed maybe incorporated in 
all digesters. Shaded area shews processes occurring within the main digester chamber. 
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Figure 14. Typical designs for agricultural digesters. A is a rigid-chambered digester with fixed roof; B is a 
rigid-chambered digester with floating roof; and C has a flexible digester chamber. 
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Figure 15. The experimental Penn State digester, showing components in use 1976-1978. 
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displaced and discharged from the digester 
each time new material is added. One type of 
continuous-flow digester is the tunnel type 
(plug flow) wherein the material is fed in at 
one end of a long digester and displaces 
material along its length until it overflows at 
the other end. The tunnel length assures that 
material remains in the digester for a suffi
cient length of time for digestion to take 
place. 

With continuous-feed digesters. the rate of 
production of both gas and sludge is more 
uniform. Such digesters are especially well 
adapted to systems where raw materials con
sist of a regular supply of easily digestible 
waste from nearby sources, such as livestock 
manure (Stoner 1974). 

In continuous-feed digesters. a small 
amount of the fresh manure may flow di
rectly to the overflow without being di
gested. With good mixing, this amount will 
be negligible. However, baffles or other fea
tures that minimize the chance of the incom
ing material going directly out the overflow 
should be considered. 

Due to the microbial process occurring in 
two definite steps (the acid-forming and the 
methane-forming stages), it has been 
suggested by Jewell et al. (1974a) that a two
stage digester should be more efficient than a 
single-stage unit. In this way. each stage 
could be controlled for maximum efficiency 
of each group of bacteria. A two-stage ar
rangement could be either two separate di
gesters following each other, or one digester 
chamber divided into two sections with a 
flow passage through the dividing wall. 
Two-stage digesters are common in munici
pal sewage-digestion systems where the 
main interest is to have low solids content in 
the effluent rather than to produce the 
maximum amount of methane gas, However, 
work by Zajic et al. (1974) did not show that 
the two-stage method was necessarily 
superior to the single-stage method. 

The Penn State digester was designed as a 
two-stage unit using a divider wall across 
the digester chamber (Fig 16. 17). Silo-type 
single-stage and two-stage digesters and the 
trench-type digester are sketched in Figure 
18. 

DIGESTER SIZE CALCULATIONS 

The digester should normally be designed 
and constructed as small and as compact as 

1 

Figure 16. Primary chamber of the Penn State diM 
gester. Slurry-inlet pipe is labeled "A" 

Figure 17. Secondary chamber of the Penn State 
digester. Effluent-outlet pipe is labeled "A." 
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Figure 18. Single-stage, two-stage, and tunnel·type digester designs. 
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possible. as it is the most expensive compo
nent of the system. A procedure for calculat
ing chamber volume of a continuous-feed 
digester for a dairy operation of 100 cows 
follows: 

A. Calculate weight and volume of manure 
to be handled. 
One cow will produce: 

Weighta 110 lb/day (50 kg/day) 
Volume" 1.8 ft'/day (0.05 mS/day) 

Total daily weight produced by 100 cows: 
100 x 110 ~ 11,000 lb (4,990 kg) 

Total daily volume produced by 100 cows: 
100 x 1.8 ~ 180 ft' (5.1 mS) 

B. Calculate dry matter to be handled. 
Solids content of manure is expected to be 
about 15 percenta 

Dry matter: 11.000 xO.15 ~ 1 .. 650 lb (750kg) 

C. Calculate weight and volume of slurry to 
be moved into the digester each day. 
Dry matter concentration of slurry: 13 percent 
Total volume: excreted manure +added water 
Total weight of slurry: dry matter/0.13 

1,650/0.13 ~ 12,700 lb (5.760 kg) 
Total volume c of slurry: total weight/62 

12,700/62 ~ 205 ft' (5.8 mS) 

D. Calculate volume of digester chamber for 
specific retention time, 
Assume retention time of 14 daysb 
Chamber volume: 

daily slurry production x retention time 
205 fP x 14 ~ 2,870 ft3 (81 m3) 

E. Check daily loading rate of volatile solids 
(VS). 
Volatile solids are 85 percent of total solids 
(dry matter)a 

VS: 1.650 x 0.85 ~ 1,400 lb (64 kg) 
Daily loading rate; 

daily total VS/volume of digester chamber 
1,400/2,870 ~ 0.5 Ib!fP (7.7 kg/mS) 

aMidwest Plan Service 1975; ASAE Yearbook 
1978 

b.From Table 2, page 16 
cThe Penn State University Dairy Reference Man
uallists the weight of dairy manure to be approx
imately 62 IbffP 



The daily loading rate falls midrange 
within the limits of 0.13 to 0.71b per ft3 of 
digester volume expressed for dairy cattle 
manure in Table 2. 

In calculating dimensions for a digester, 
include a freeboard of a foot or more to pro
vide temporary slurry storage in case of 
stoppage in the slurry outlet. 

In order to keep heat losses from the di
gester surfaces to a minimum, the height and 
diameter of the digester should be approxi
mately equal. To provide the volume re
quired for 100 dairy cows, and a 12-in 
freeboard, a chamber approximately 16 ft 
(4.9 m) in diameter and 15 ft (4.6 m) in depth 
is needed. 

Gas generated during digestion collects in 
the top of the digester, and the space pro
vided for collection and temporary storage 
should he about 10 to 20 percent of the total 
digester volume. This minimum size of 10 to 
20 percent is frequently inadequate for in
termittent gas use. However, it is usually less 
expensive to provide other forms of gas stor
age than it is to construct the digester over
size. 

STRUCTURAL COMPONENTS 

Construction material properties 
Proper selection and protection of construc
tion material against corrosion is important 
because many digester components function 
in contact with gases and liquids that are 
very corrosive. Materials that are exposed to 
the biogas and condensed moisture from the 
biogas are subjected to severe corrosion at
tack (Fig 19, 20). 

Mild steel may be left unprotected only if 
it is constantly submerged in the slurry, 
though additional material thickness is rec
ommended for satisfactory service life. Reg
ular or enamel paints and galvanized coat
ings have a short life in the biogas atmos
phere. Epoxy paint coatings seem effective if 
the steel surface has been cleaned and pre
pared according to instructions, which usu
ally specify sandblasting. Stainless steel, as 
used in hose clamps, etc., may suffer rapid 
deterioration in the biogas environment. 
Aluminum (Fig 20), copper, and brass cor
rode rapidly due to the sulphur in the gas. 

Plastic pipes and pipe fittings, as well as 
glassfiber-reinforced plastic sheets, seem re
sistant to deterioration inside the digester. 
However, at the elevated temperatures, cer-

Figure 19. Corroded ladder. The upper rung, lo
cated above the slurry surface and exposed to the 
biogas atmosphere, shows much more corrosion 
than do rungs that were constantly submerged. 

Figure 20. Corroded aluminum outlet pipe. 

tain kinds of plastic lose some of their creep 
strength and will sag if not sufficiently sup
ported. Some types of plastic films and 
foams will deteriorate rapidly when exposed 
to sunlight. Wood, especially when 
pressure-treated with creosote, appears to 
stand up well in the digester environment. 

22 

Pipes for the gas system should be 
corrosion-resistant and of liberal size. Plastic 
and stainless steel may be used as described 
earlier. According to some gas-pipeline 
codes, only polyethylene-type plastic is 
permitted (Milo 1974). 

Wall construction materials 
Materials used for the main digester con
struction should be strong, liquid tight, and 
durable against corrosion and weathering. 
Materials considered by Sievers et al. (1975) 
to be suitable for digester construction in
clude concrete, glass-lined steel, and 
fiberglass. Although wood has been 
suggested as a suitable material for digester 
construction, no reports of its use were 
found. Unprotected steel can be expected to 
corrode rapidly. Glass-reinforced plastics 
(fiberglass) offer high corrosion-resistance 
properties, but may require custom fabrica
tion for suitable size and strength require
ments. 

Concrete digesters can be readily made in 
monolithic form or with precast concrete 
elements (staves). The precast concrete ele
ments offer flexibility in size selection (silo 
diameter and height) and can be erected on 
site without the need for special equipment. 

The spacing of steel reinforcing hoops 
should be based on the hydraulic pressure, 
which will be far greater than that normally 
encountered with silage. Inadequate rein
forcement will result in expansion or possi
ble bursting of the silo. Even a small amount 
of expansion can result in cracks or joint 
separation that may permit slurry and gas 
leakage. 

The Penn State digester was constructed 
of 4- by 5-ft (1.2- by 1.5-m) precast concrete 
interlocking panels (Fig 21), with reinforc
ing hoops spaced according to variations in 
fluid pressure. These pressures are greatest 
at the bottom and progressively decrease as 
the fluid depth decreases toward the top of 
the wall. 

Foundation and floor 
Due to the extreme weight of the concrete 
silo construction, a reinforced concrete 
foundation and floor are required to avoid 
the possibility of differential settlement that 
could cause the wall to crack and leak, un
less the foundation is on bedrock or ex
tremely hard and well-compacted soil. Gen-

Figure 21. Assembling the Penn State digester. 

erally, the foundation and floor are inte
grally cast as a flat concrete slab. Several 
existing digester designs show a poured 
sloping bottom (Fig 14A, 14B) for easy re
moval of sludge accumulation. With proper 
agitation in the digester, sludge accumula
tion will be minimal, making it questionable 
that the resultant reduction of the digester 
capacity will be sufficient to warrant the 
added cost of constructing a sloping floor. 
However. a means of removing the heavy 
mineral materials that settle to the bottom of 
the digester is necessary to prevent their ac
cumulation to the extent of substantially re
ducing the active volume of the digester. 
Methods that have been used for sludge re
moval include installation of a pipe extend
ing to the bottom of the digester to be used ilS 

a suction line, or a channel for an auger that 
will convey the sludge out of the digester. 
The favorable topography at the Penn State 
digester site made it possible to use a perma
nently installed horizontal sludge-removal 
auger in the floor (Fig 15) that empties into a 
line surfacing down-slope from the digester. 

Placement of the digester partly below 
ground can aid in reducing the lift required 
to pump manure into it and, under certain 
topography conditions, the slurry can flow 
by gravity. 

Roof design 
A critical component of the digester is the 

roof assembly, which must both seal out at
mospheric gases and prevent escape of the 
methane that is produced. Thus, the roof 
must consist of materials that are weather
resistant and impermeable to methane. 
Since the amount of material inside the di
gester varies during its operation, it has be
come common to provide a floating or flexi
ble roof that moves up and down according 
to the amount of liquid and gas inside. vVhen 
a fixed roof is used, some reliable means for 
expansion must be provided (Fig 22). Under 
certain regulations, a fixed roof is not per
mitted in a gas-producing structure such as 
the digester. Also, if the digester is to be used 
for gas storage, a floating or flexible roof is 
needed to adjust the gas-storage volume in 
relation to the rate that gas is being pro
duced. 

Floating roof: The floating roof assembly for 
the Penn State digester was fabricated from 
the roof and upper wall section of a standard 
circular galvanized-steel grain-storage bin. 
The top was 18 ft (5.5 m) in diameter and the 
side wall was 40 in (1 m) in height. The 
interior surfaces were sprayed with 3 in (80 
mm) of polyurethane foam to provide heat 
insulation. The final gas seal for the seams in 
the roof was provided by an inside mem
brane. The gas seal between the roof and the 
main digester walls was achieved by sub
merging the lower edge of the roof in the 
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slurry (Fig 22A). A more elaborate wat~r seal 
(similar to Fig 22B) was included in the orig
inal Penn State design, but it became filled 
with slurry (creating operational problems) 
and was removed. The simpler design, how
ever, permits a small amount of gas to escape 
through the slurry between the roof and the 
digester wall. 

During operation of the digester, it was 
noted that the lower sidewall surfaces of the 
roof assembly not protected by polyurethane 
insulation and exposed alternately to slurry 
and atmosphere became severely corroded; 
the galvanized coating was nearly corroded 
away by the end of the first year's operation. 
The surface was then cleaned thoroughly 
and coated with the epoxy paint, which 
seemed to prO'vide better protection against 
rapid corrosion. It is suggested that 
sidewalls of a digester roof assembly be 
made of fiberglass. 

Galvanized sheet metal was satisfactory 
for the overhead outer surface of the roof 
assembly; this area was exposed only to the 
exterior atmosphere. Its inner surface was 
protected by the coating of polyurethane in
sulation. 

Access to the interior of the digester 
should be provided; the Penn State design 
included a manhole in the roof assembly (Fig 
23J. The cover must be fitted with a gas-tight 
seal. 

As it is necessary to hoist the roof assem-



A. Floating roof with edges 
submerged in slurry 

-----r-
B. Floating roof with edges 

submerged in water-filled trough 

C. Flexible roof 
(rubber or plastic film) 

----~------~----

D. Rigid roof with outside 
biogas storage in flexible bag 

E. Flexible roof 
protected by rigid cover 

----~----~-----

Figure 22. Variations in roof designs for anaerobic digesters. 

bly into place with a crane (Fig 24), the con
struction of the roof assembly must include 
strong connecting points for attaching the 
hoisting cables. 

Flexible roof: Due to the difficulties of mak
ing a floating roof move up and down with
out catching and jamming on the digester 
walls, other roof designs have been tried. 
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One alternative is a flexible roof material. 
such as sheet plastic or rubber. However, not 
all plastic or rubber materials are imperme
able to gas or durable in a biogas atmosphere. 
Manufacturers should be consulted for 
specifications and warranties of their prod
ucts for this purpose. 

A flexible sheet roof may require mechan:o 
ical protection and structural reinforcement 
to withstand wind and gas pressures and to 
avoid deterioration by sunlight. Attainment 
of a seal at the point where the sheet joins the 
digester wall can best be ob~ained by extend
ing the sheet a foot (300 mm) or so below the 
surface of the liquid. 

Fixed roof: This roof can be made as an inte
gral part of the digester chamber. However, if 
such a design is used, some means of pres
sure release must be provided, such as a 
fail-safe relief valve or expandable gas
storage compartment. Caution is required in 
using a fixed roof, because of the possible 
danger of explosion due to excessive pres
sure buildup. The Missouri digester (Sievers 
et al. 1975) was constructed with a thick 
concrete roof and uses a large plastic bag for 
gas storage. Even with a thick concrete roof, 
the interior of the gas chamber must be 
sealed with a paint or mastic compound or a 
membrane that is not permeable to gas. The 
roof must have sufficient weight or must be 
loaded to withstand the gas pressure. 

Insulating and sealing the digester 
Due to the 95°F (35°C) temperature necessary 
for effective biological activity inside the d~
gester, heat insulation is required for all di
gesters in geographical areas where the out
side temperature goes considerably below 
the inside temperature. The amount of insu
lation required is determined by the 
minimum temperature expected at the di
gester site. It has been suggested that suffi
cient insulation be provided to keep the di
gester, without heat being added, from cool
ing more than zop (l0C) during the Z4-hour 
period when outside temperatures are at 
their coldest. 

Suggested insulation values ("R") range 
from a to 40; this is equivalent to a thickness 
of 2 to 10 in (50 to 250 mm) of expanded 
polystyrene. The Penn State digester wall 
consists of precast ribbed concrete silo 
staves lined with a 1/2-in (13-mm) coating of 
Gunite (concrete plaster) to seal the joints. 

, 
.• 0, Inlet to 

Control 
switches 

Insulation 
o C pressure controls 

O ... 
'0 

Figure 23. Roof hatch assembly of the Penn State digester. 

Over this was placed two layers of 2-in (50-
mm) expanded polystyrene sheets (total 
thickness of 4 inches), sealed in turn by a 
34-in (20-mm) thickness of Gunite as the in
terior coating of the chamber. This com
posite construction represents an approxi
mate "R" value of 18. Experience has shown 
the desirability of placing the insulation on 
the inner walls of the digester; because of its 
warmth, rodents are attracted to the digester 
during winter and their burrowing would 
damage exterior insulation. 

In the interest of heat conservation, the 
digester roof and floor should also be well
insulated. The Penn State digester roof was 
insulated on the inside by a 3-in (aO-mm) 
thickness of sprayed-on polYUI'ethane foam. 
Since the roof must be gas-tight, the spray-on 
urethane was selected to serve the dual pur
pose of insulating the walls and ceiling and 
sealing the joints in the panels. However, the 
foam application was not a satisfactory seal, 
due either to improper application or be
cause of excessive flexing when the assem
bly was lifted into place. If a sprayed-on gas 
seal is attempted, the work should be done 
by an experienced contractor who has the 
necessary high-capacity equipment and can 
guarantee his work. 

Outer cover 

0: '. Insulation 
" , 

inner cover Latch pin for~~~§~t: 
~----------------~I 

", . 

'.Insulation 
Hypalon gas 

"" 

To overcome gas-leakage problems, a Figure 24. Installing the digester roof at Penn State. 
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sheet of 30-mil (O.B-mm) Hypalon, with 
nylon-fiber reinforcement, was finally 
applied to the inside surface of the Penn 
State digester roof assembly. This formed a 
satisfactory seal, as indicated by gas pres
sures as high as 7-in (1.7 kPa) water gage. 

Insulation was applied to the gas agitation 
lines and the heating-water.pipes wherever 
they were exposed to outside air conditions 
or were in unheated building areas. Temper
atures of both the gas and the water in their 
respective systems were equal to or above 
digester temperatures. Without good insula
tion, the large temperature differences be
tween the pipes and the outside air will re
sult in large heat losses. 

Slurry-preparation area 
The digestion process is most efficient if the 
manure is fed into the digester as soon as 
possible after it leaves the animal. Con
sequently, delays in moving the manure 
from the animal housing to the digester 
should be avoided. However, to reduce sen
sitivity to temporary breakdowns of equip
ment, a storage space sufficient to hold the 
manure produced for a brief period may be 
advantageous. Normally, this storage space 
should be reserved for emergency use. Be
cause the amount of manure coming from 
the gutter varies, a hopper should be pro
vided at the inlet so manure is always avail
able for the pump to work constantly at full 
capacity without running the risk of pump
ing air into the digester. 

The slurry-preparation area should be 
kept as- warm as possible - at least above 
freezing - to avoid the possibility of equip
ment damage. It is suggested that the slurry 
be prepared inside or directly adjacent to the 
animal shelter to utilize animal heat. The 
slurry preparation area is one of the likely 
places for trouble in the operation and 
should consequently have adequate working 
space for normal operation, maintenance, 
and possible repair work. 

An adequate water supply is needed in the 
slurry-preparation area. This may be pro
vided by an overhead storage tank of suffi
cient size to hold the dilution water needed 
each time the digester is fed. Schematic 
sketches of the slurry-preparation area with 
the ram-type-pump feeding system used for 
the Penn State digester are shown in Figures 
25 and 26. A photograph of the system ap

pears in Figure 27. 

Water tank 

Shut-off valve 

Figure 25. Section view of ram-pump installation used in the Penn State digester, 

showing slurry - preparation area. 

Gutter cleaner 

~~ump hopper 

, I ~ TI "- ~ I 
- - -- ~ to digester 

I ' V' CheekY , , 
valve 

Figure 26. Top view of slurry-preparation area. 

Figure 27 Slurry-preparation area at the Penn State digester. Gutter cleaner discharges directly in~o 
ram-pum~ hopper; water can be added from storage tank at upper left. Power unit and control panel IS 

located at upper right. 
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Storage for processed manure 
The size of the storage area for the digester 
effluent depends on how the manure is to be 
managed after processing. If it is to be spread 
daily on land, the storage space need be only 
large enough to hold a few days output, 
which will allow for delays because of 
equipment breakdown or extremely severe 
weather. On the other hand, if manure is to 
be stored until the best time for land applica
tion, larger storage will be necessary. With 
longMterm storage, dewatering might be ad
vantageous. In this way the liquid could be 
distributed by sprinkler irrigation, and the 
solids stockpiled and distributed whenever 
convenient. Solids do not require a special 
storage facility. Storage of the liquid will 
require a water-tight pit or an approved ear
then impoundment. It may be possible to 
recycle some of the water removed from the 
process slurry for use as dilution water for 
fresh manure input. This procedure will re
duce the volume of processed slurry that 
must be stored, as well as the amount of 
processed manure that must be hauled to the 
field. Storage of processed manure in the 
digester itself is not economical, due to the 
much higher cost of digester space comM 
pared with storage space. 

Housing for mechanical components 
The components of the heating, gas circula
tion, and control systems should be housed 
in a structure with good heat insulation. 
Water and condensate will be present in 
pipelines, which must be protected against 
freezing. Consequently, the structure should 
be attached or closely adjacent to the di
gester so that lines can be short and insula
tion and heat loss minimized. There should 
be room inside the structure for the operator 
to supervise the operation during low out
side temperatures. Controlled ventilation 
should be provided to eliminate the risk of 
the operator inhaling toxic gases. Construc
tion material should be specified with con
sideration for the potential fire hazards in 
this structure. Doors to the facility should be 
large enough to facilitate installation of 
preassembled equipment (Fig 28). 

MECHANICAL COMPONENTS 

The mechanical components of a biogas 
generator system include equipment for 

Figure 28. Prefabricated equipment shelter used 
at the Penn State digester. 

handling manure slurry and biogas and for 
heating the digester. 

Slurry-feeding systems 
The slurry-handling system consists of 
equipment for barn cleaning, slurry prepara
tion, feeding the digester, agitating the di
gester substrate, slurry removal, and effluent 
storage andlor distribution. With the 
continuous-feed digester, slurry handling 
occurs once or twice daily when the barn is 
cleaned. Daily handling procedures should 
be managed so as to require a minimum of 
time and labor for manually operating the 
mechanical components. With frequent 
feeding, relatively small amounts of material 
need to be handled each time the system is 
operated. This reduces the demand for 
high-capacity equipment. Because of the 

Gutter cleaner 

strong possibility of malfunction, alternative 
systems should be provided for handling the 
manure from the barn to the digester and for 
removing slurry from the digester. 

Gravity feed: Gravity flow should be used 
wherever possible, such as when the manure 
comes out of the animal shelter at a sufficient 
elevation to flow unaided down into the di
gester. Generally, this can be done only with 
small digesters or with tunnel-type di
gesters, which have low height compared to 
their length and width. An example of a 
gravity-flow design appears in Figure 14 
(page 20). 

In a modification of the gravity-feed sys
tem, the slurry (after preparation) is pumped 
into a tank that is at sufficient elevation 
above the digester so that it will flow from 
there by gravity. The Penn State digester was 
originally designed and operated in this 
way. An electrically driven centrifugal ma
nure pump mixed the manure and water to 
form a slurry, which was then pumped into 
an elevated tank that discharged by gravity 
to near the bottom of the digester (Fig 30). 
This digester-feeding system required dilu
tion to about 8 percent solids for satisfactory 
handling by the pump against a 10-ft (3-m) 
head. The electrically driven centrifugal 
pump was frequently clogged by large wood 
chips in the sawdust bedding and by slugs of 
rejected feed, particularly long hay. 

Pressure feed: Because of the clogging prob
lems, the Penn State digester was modified 
to a forced-feed system using a ram pump 

Figure 29. A slurry-handling system employing gravity feed and mechanical agitation. 
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Figure 30. A slurry~handling system in which slurry is pumped from the sump into an elevated tank, and then feeds by gravity into the digester. This system was 
used in early experiments at Penn State. 

located directly beneath the gutter cleaner 
(Fig 31). The ram forces the manure into the 
digester against an 8-ft (2.4-m) bead of 
slurry. This pump has a 12- by 18-inch (300-
by 450-mm) opening and a discharge line 12 
in (300 mm) in diameter, making it suitable 
for handling manure that contains long fib
ers. 

Dilution water was added to the manure in 
the gutter by gravity flow from an overhead 
storage tank near the ram-pump hopper (Fig 
25, page 26). The discharge line from the 
storage tank was a 1.5-in (38-mm) hose 
equipped with a PVC stopcock-type valve. 
This size of line allowed water flow at a 
sufficient rate to produce a slurry mix with 
13 percent solids concentration, which 
proved satisfactory for hydraulic flow 
through the digester. 

The reciprocating action of the plunger 
through the manure and water in the hopper 
provided mixing of the slurry before it en
tered the digester. Experience showed that 
better mixing resulted by adding the water at Figure 31. Ram-type manure pump employed at the Penn State digester. 
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the end of the gutter cleaner instead of di
rectly into the pump hopper. 

The input pipe discharged the slurry jn 
close proximity to the heated wall panel so 
that the slurry was heated as quickly as pos
sible (Fig 15, 16). Figures 14A and 14C illus
trate other pressure-fed systems using a ram 
pump and a centrifugal (Monoye) pump. 

Slurry removal: Continuous-feed digesters 
are designed to discharge processed slurry 
through an overflow pipe or over an edge 
each time tbe digester is fed. Dependable 
outflow is necessary to avoid the need to 
open the digester to remove stoppage. Open
ing the digester will require shutdown and 
may lead to malfunction due to admission of 
oxygen. For dependable flow through tbe 
outlet pipe, the slurry must be kept well 
mixed. Examples of outlet tubes used in the 
Penn State digester are shown in Figures 15 
and 17. In addition to the normal outflow, 
emergency overflow devices should be pro
vided against overfilling the digester. These 
outlets should be located where an overflow 
will do the least damage. Protection against 
overfill can be provided by the equivalent of 
a surge tank in the feed pipe. 

Dewatering the effluent is a possible 
means of making the manure-dilution water 
available for reuse. If mechanical dewatering 
of effluent is included in the system, the 
dewaterer should be located directly follow
ing the digester slurry outlet. In this way the 
dewaterer can operate with fairly low capac
ity and some of the heat content of the liquid 
can be saved by return of the warm liquid to 
the manure-pump hopper. 

Sludge removal: Provision must be made for 
removal of the heavy sludge that settles in 
the bottom of the digester, since l.arge ac
cumulations of sludge will reduce the active 
volume of the digester available for gas pro~ 
duction. The Penn State digester had outlets 
in its floor, opened and closed by sliding 
valves operated by hydraulic cylinders con
trolled from a remote location (Figs 15, 32). 
When the valves were opened, the fluid 
pressure forced the sludge down into a hori
zontal channel in which an auger helped to 
convey the sludge to the storage pit. 

The sludge-removal mechanisms were 
operated weekly to prevent buildup. With 
this arrangement, the operator could draw 
off sludge from either chamber of the di
gester or from the storage tank by selectively 

Figure 32. Hydraulically operated gate to the sludge-removal auger. 

actuating the gate-control valve for the re
spective chamber. The sludge auger was 6 in 
(150 mm) in diameter by 28 It (8.5 m) long. It 
was powered by a direct-coupled submerged 
hydraulic motor operated at 60 rpm, which 
required approximately 0.5 hp (0.35kW). 

The hydraulic motor that powered the 
sludge-removal auger and hydraulic cylin
ders were operated by an electrically driven 
hydraulic pump. The same hydraulic pump 
that powered the ram pump can be used. A 
tractor hydraulic system may serve as a 
standby hydraulic-power source. 

Alternative methods that have been used 
for removing sludge are an incline~ auger 
conveyor driven by an external power source 
or the suction line from a vacuum-type tank 
spreader wagon extended to the bottom of 
the digester through the feed andlor over
flow pipe. 

Slurry pumps and pipelines: Equipment to 
feed the digester at a dairy barn must satisfy 
the follOWing requirements: 

A. It should be electrically powered for con
venience due to frequent use and the need 
for operation from a remote location. This 
puts the limit on the permissible power at 
approximately 7.5 hp (5 kW) in normal farm 
installations. 

B. The pump must be capable of handling a 
semisolid mixture that might occasionally 
contain large wood chips and long hay parti
cles, as well as handling pure liquid. 

C. It must be capable of providing a sufficient 
head to force material to the upper level of 
the liquid in the digester and also to over
come the occasional high flow resistance 
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when a slug of solid material occurs in the 
manure. 

The above power limi tation prevents the 
use of the large centrifugal pumps normally 
used for handling liquid manure. Possible 
alternatives are the hydraulically operated 
ram-type manure pump, conveyors of the 
type used for gutter cleaners, and augers. All 
mechanical components should be located 
so that they can be serviced without inter
rupting the functioning of the digester. 

Because manure coming from the barn 
should be exposed as little as possible to 
oxygen, which can kill the anaerobic bac
teria present in the manure, it should not be 
agitated unnecessarily. The ram-type man
ure pump and screw conveyors provide 
some desirable mixing and homogenizing 
action before the manure enters the digester. 
Slurries containing long fibrous rnatei'ials 
such as long hay may require a pump equip
ped with shredding or cutting components. 
This equipment will have a high power re
quirement. 

In a gravity-flow system, the forces mov
ing the slurry are very small. Consequently, 
large-diameter pipes and ducts (Fig 33) must 
be used. Smaller pipes may be used with 
pump-type handling systems, which de
velop considerable pressure to move the 
manure. However, in selecting pipe size, 
consideration must be given not only to its 
capacity to handle manure during the pump
ing operation, but also to prevention of stop
page or plugging of the pipes when the 
pumps are not in operation. The slurry be
haves as an easilypumpable liquid when it is 
well agitated, but after being stationary in 
the pipes for a few hours the solids stratify 



and congeal. Consequently, all pipes should 
be much larger than required for liquid-flow 
considerations. 

Inaccessible elbows in flow pipes must be 
eliminated (Fig 34). If a turn must be in
cluded, a "T" or "Y" fitting should be used 
so one branch is accessible from the outside. 
If the "T" is below slurry level in the di
gester, a plug or valve arrangement (as illus
trated in Fig 34) that can be removed or 
opened without emptying the digester 
should be installed. Cleanout and shutoff 
gates should be installed where necessary 
for cleaning and maintaining the pipe sys
tem. 

Installation of the main pipes in the di
gester should be so that a small steel pipe can 
be inserted from the outside for flushing and 
cleaning with water. Plastic pipes are prefer
able for slurry handling. They are resistant to 
corrosion from the slurry and require fewer 
joints than concrete or vitreous-clay pipes. 

Slurry-agitation systems 
Some digesters have been built with little or 
no provision for agitation of the slurry in the 
digester. However, most operators have rec
ognized the need for agitation to improve 
heat transfer and distribution of the mi
croorganisms, as well as to provide good 
fluid consistency for reliable outflow. 
Thorough mixing also prevents stagnation 
of material in sections of the digester and 
formation of a scum layer that may retard gas 
release from the surface of the slurry. Agita
tion permits a reduction in retention time 
(Fig 9, page 14) and thereby increases the 
digester working capacity. 

Three basic systems for slurry agitation 
have been used in various digesters; 
mechanical agitation inside the digester, 
slurry recirculation through an outside 
pump, and gas recirculation (Fig 35). Slurry 
can be agitated either intermittently or con
tinuously. Intermittent agitation requires 
relatively high power input for a brief period 
of . time to accomplish complete mixing each 
time the system is operated, whereas con
tinuous agitation can normally be consider
ably less intensive because the material is 

-not permitted to come to rest and settle. 
With mechanical agitation, a paddle must 

be driven by an externally powered shaft 
extending through the digester roof or wall. 
Maintaining a tight seal around the rotating 
shaft is difficult. Also, the fluid drag on the 

Slurry 
tank 

O.utlet r J 
plpe-""'· 

:igure 33: SlurrY inlet (fe~din~) and ~utlet (o~erflo~) pipes. This straight-line arrangement permits mechan
I~al cleaning f~om the outSide Without Interruptmg digester operation. Sampling of digester contents is also a 
simple operatlon. 
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Figure 34. Bent i~let (feeding) and outlet. (overflow) ~ipes installed in a digester. A system of plugs and valves 
needs to be prOVided, so that extender pipes can be Installed for cleaning without shutting down the digester. 
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Figure 35. Systems for slurry agitation. Agitation is 
necessary to assure even distribution of the micro
organisms throughout the slurry, and to provide an 
even substrate temperature. 

blade is high, necessitating large power 
input for operation at sufficient speed to ac
complish effective mixing. Start-up re
sistance in settled slurry may be very high 
and is known to have caused several agitator 
failures. 

Hydraulic mixing with a solids-handling 
pump requires large-capacity equipment, 
and the pump and lines are subject to clog
ging, especially when long hay fibers or 
large particles of wood from the bedding are 
present. 

The gas agitation system consists of a gas 
pump that draws biogas from the digester 
gas chamber and returns it through the recir
culation pipe to the bottom of the digester. 
The bubbles rise to the surface, recirculating 
the slurry and breaking up any surface layer 
that may be formed. The pump must develop 
sufficient pressure to overcome the head 
(dependent upon the depth of the liquid) of 
the slurry in the digester (Fig 36, 38). 

Gas-recirculation systems are very reliable 
since the equipment moves gas only, avoid
ing fouling problems usually associated 
with movement of liquids that may contain 
fibrous materials or other solids. 

Penn State gas agitation system: In the Penn 
State digester, the gas was taken from a high 
point under the floating roof to a gas pump in 
the equipment shelter. It was then pumped 
back into the digester through three diffusers 
(two in the primary and one in the secondary 
digester chamber) located close to the bot
tom of the digester and near its middle wall. 
Components of the gas system are illustrated 
in Figures 36 through 41. 

The gas pump was a positive-dis
placement vane-type rotary pump normally 
used as a vacuum pump for milking 
machines. The pressure required at the 
pump. to provide active bubbling through 15 
f1(3.8 m) of slurry was determined to be 13 in 
of mercury (44 kPa). The pump was operated 
with a gas-circulation rate of 12 fP/min (0.34 
m3/min), which corresponded to approxi
mately 0.003 fP/min per cubic foot of diges
ter volume (0.003 m 3/ min per m3). Higher 
gas-circulation rates were used initially but 
did not seem to provide an advantage. 

The lubrication system for the pump was 
modified by installing the lubricating oil 
inlet on the gas intake side of the pump to 
make it operate satisfactorily in the pressure 
mode. The standard lubricator for pump op-
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eration in vacuum mode was used. 
Distribution of the recirculated gas to the 

respective diffusers can be adjusted by 
throttling values in the manifold outlet lines 
(Fig 38, 41). Because of its corrosive proper
ties, the gas was carried in PVC pipes and 
rubber hoses wherever possible. However, 
the high temperatures of the gas at the pump 
outlet caused the pipes of regular PVC to 
soften and change size, especially where 
connected to steel pipes. Thus leaks de
veloped fairly soon in threaded joints and 
under hose-clamp connections. These 
gas-leakage problems were overcome by re
placing the PVC schedule-40 pipes with 
CPVC schedule-80 plumbing and by insert
ing stainless-steel sleeves inside the ends of 

the plastic pipes. 
Because of high moisture and temperature 

in the digester, the gas contains a considera
ble amount of moisture. As the gas cools in 
the pipes outside the digester, condensation 
occurs, requiring installation of condensate 
traps at all low points in the gas lines. Also, a 
trap is required for the spent oil from the gas 

pump. 
Those portions of the gas agitation pipes 

submerged in the slurry will be filled with 
slurry when the gas system is not operating. 
If an extended shutdown occurs, the solids 
may accumulate and form a mat that will 
plug the pipes. Consequently, these pipes 
should always be installed so they can be 
cleaned mechanically from the outside, 
which means that elbows or fittings must be 
avoided in the gas lines inside the digester. 

Check valves (Fig 38) were installed in the 
diffuser pipe to prevent backflow of the di
gester liquid into the gas lines. Throttling 
valves installed in each diffuser line made it 
possible to shut off one diffuser at a time so 
as to check if all diffusers were operating 
properly. The valves were located well 
above the digester level of the slurry surface 
to avoid risk of contamination by slurry 
backflow. Care was taken to prevent these 
components from freezing, since the gas 
lines contained condensate. A flame trap 
(combined with a condensate trap) was in
stalled in the gas lines just outside the di

gester. 
Gas agitation during the 1975-76 season,-· 

when the incoming slurry was homogenized 
in the centrifugal manure pump, was suffi
cient to prevent formation of a surface crust. 
During the 1976-77 winter/spring operation, 
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Figure 36. The Penn State gas agitation system. Biogas produced by the microorganisms in digesting the 
slurry is pumped back into the digester to provide bubbling action, which provides mixing of incoming slurry 
and prevention of solid scum formation on the slurry surface. Two diffusers (detailed in B) are used in the 
primary chamber; a third operates in the secondary chamber. 
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Figure 37. Arrangement of the gas pump and ac
cessories in the Penn State digester system. 
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Figure 38. Arrangement of the diffuser-pipe man
ifold in the Penn State system. It is important that the 
manifold be located higher than the surface of the 
slurry in the digester. 

Figure 39. Diffusers, detailed at right, in the primary chamber of the Penn State system. Note the slurry inlet 
pipe and the hydraulically opened sludge cleaning gate (floor of digester). 
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Figure 40. Biogas pump with electric drive motor, 
condensate traps, and output valves. 

Figure 41. Diffuser gas manifold (note Fig 38). 
The three diffuser pipes are pictured near the bottom 
right of the photo; the white horizontal fitting is the 
tube through which biogas is collected from the 
digester. 
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which relied on the ram-pump feed system 
for mixing. a thick mat or crust formed on the 
slurry surface, except directly above the dif
fusers. The gas bubble velocity was high 
enough to keep the surface open at these 
points. The mat was composed mainly of the 
long hay fibers that were abundant in the 
gutter cleaner discharge. Apparently most of 
the slurry was well mixed as indicated by 
uniform temperatures measured during di
gester operation. During the summer/fall 
1977 operation, when care was taken to pre
vent long hay from entering the digester, 
there was no substantial crust formation. 

Biogas output system 
In the Penn State system, gas in excess of that 
needed for digester agitation was taken from 
the pressure side of the gas pump for use in 
the boiler and elsewhere (Fig 42). Because of 
high moisture conditions in the digester, the 
gas was saturated with moisture. This mois
ture condensed in the boiler manifold, caus
ing restriction of gas flow and creating prob
lems due to the liquid's chemical aggres
siveness. Therefore, gas taken for heating the 
boiler or other gas-burning appliances was 
cooled down sufficiently to condense most 
of the moisture. After cooling, it was re
heated (Fig 42) to reduce the chance of 
further condensation in the distribution 
lines. The condensate traps at the Penn State 
digester were drained manually, but at some 
locations an automatic type of condensate 
trap could be installed. 

Following cooling and reheating, an au
tomatic pressure-reduction valve reduced 
the gas pressure in the line to about 12 in (30 
cm) water gage. Further treatment of the gas 
was not necessary for its use in the boiler. 
When several gas outlets are used, a pressure 
regulator for the digester-heating boiler and 
another regulator for other gas outlets may 
be desirable to prevent interference in pres
sure supply to the boiler. Pressure on the 
high-pressure side of the pressure regulators 
does not normally fluctuate very much, due 
to the high capacity of the gas pump. 

Gas-metering devices should be installed 
to measure gas production, which is an im
portant indicator of whether the digester is 
functioning properly. Gas meters used in 
home installations were found to malfunc
tion after a brief period of use. A suitable 
method of measuring gas flow is through an 
orifice calibrated with a differential man-
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Figure 42. The gas-usage system at the Penn State anaerobic digester. A portion of the digester output is 
utilized in firing the boiler that provides hot water for maintaining slurry temperature at 95°F. 

ometer. A simple design of such an orifice 
and a schematic of the apparatus is shown in 
Figure 43. 

Both the boiler and the vent for excess gas 
in the Penn State system were controlled by 
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temperature and pressure switches that ac
tuated solenoid valves. To determine the 
amount of gas used, hour meters were in
stalled to record the time the solenoid valves 
were open. 
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Figure 43. Flow-meter arrangement for measuring volume of biog'as going for external use. Lower sketch 
represents detail of the orifice. Commercial household-type gas meters were not satisfactory for this 
purpose. 

Heating system 
The temperature for efficient digester opera
tion is 95°F (35°C), which is generally 
warmer than outside temperatures, so heat 
must be supplied to raise incoming manure 
slurry up to this temperature and to offset 
heat losses through walls, roof, and floor of 
the digester. Normally, this heatinput can be 
supplied by burning a portion of the gas pro
duced by the digestion process. An alterna
tive heating method is to use the biogas as 
fuel for a stationary combustion engine and 
to utilize the engine-cooling water and hot 
exhaust gases to heat the digester. 

Digester-heating systems that have been 
used to heat the slurry include the heated 
wall or floor (Penn State, I~dia}, hot-water 
coil in digester (Missouri, Cornell, Denmark, 
and others), steam injection into digester 
(Darmstadt), hot-water injection in digester 
(Cornell and others), hot-water injection at 
slurry preparation, outside heat exchanger 

using hot water andior hot effluent (Sweden, 
England, Washington, Georgia, and many 
municipal systems), and solar heat on the 
digester roof. The more common types are 
illustrated in Figures 44 through 47. 

In the Penn State digester (Fig 48), the 
slurry was heated by passing it along the 
heat-exchange surface in the middle wall 
(Fig 49), which contained heating pipes cast 
into concrete panels. Hot water from a gas
fired standard cast-iron boiler (Fig 50, 51) 
was forced through the pipes by a circulation 
pump. The boiler was fired with LP gas for 
start-up and switched to biogas when pro
ductionpermitted. Thereafter, the boiler was 
operated on biogas entirely, except for its 
pilot light, which used LP gas continuously. 
Converting the boiler to biogas required 
larger burner nozzles than for LP gas, and 
almost complete closure of the air intake to 
the burner manifold. 

The biogas fuel supply to the boiler was 
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Figure 44. Digester with heated inner partition and 
gas agitation of slurry. 

Hot water inlet 

Figure 45. Digester with heating coils in the diges
tion chamber. Slurry agitated mechanically. 
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Figure 46. System for maintaining slurry temPera
ture through addition of hot water during slurry prep
aration. Such a system has been tested in work at 
Cornell University. 
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Figure 47. This digester-heating system uses an 
outside heat exchanger and a slurry pump to move 
the slurry through the exchanger. Source of heat is 
hot water. 
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F!gure 48. Schematic of the heated middle wall in the Penn State digester. Four wall sections are 
connected in two separate loops. Hot water flows through the pipes at a constant rate. 

Figure 49. The heated middle wall. The wall has 
darkened where pipes are embedded in the con
crete. 

adjusted according to digester-heating 
needs by regulating gas pressure at the 
burner with a throttling valve. The pressure 
was manually adjusted between 0.8 and 5 in 
(20 and 125 mm) water gage, which corres
ponded to 35 to 95 ft3/hr (1 to 2.7 m3/hr) of 
biagas, depending on outside temperatures 
and loading rate. The relationship of gas 
pressure to gas volume was predetermined 
by nozzle-calibration tests. The correspond. 
ing heat input to the boiler was calculated to 
be 19,200 to 52,000 Btu/hr (5.7 to 15.4 kW)' 
from the known low heat value of methane 
(910 Btulft', or 34 MJ/m3 ) and the methane 
content of the gas (60%). 

Digester heat losses: Digester h~at losses 
through floor, walls, and roof can be calcu
lated from the following equation: 

Q ~ U A (t i - to) 
where: Q ~ heat flow 

U =thermal conductivity coeffi-
cient 

A = area 
tt = inside temperature 
to = outside temperature 

/ 

}' 

1-" taok 

~T .< 

1. 

Water
circulating 
pump' 

Automatic 

"""'no ,- -

Thermometer 11'./ 

51 [J// 
,,,/ 

Figure SO. The Penn State boiler end heal-ci<cula1ion system. 
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Figure 51. Boiler (lower center), with expansion 
tank (above) and cylinder (left) of LP fuel for the pilot 
light. 

LP-gas inlet 

LP-gas coritroiller._ 

An example of the heat-loss calculation for 
the Penn State digester, using values for heat 
transfer coefficients and expected outside 
temperatures, is presented in Table 3. 

Guidelines suggested earlier - that insu
lation should be sufficient to prevent the di
gestertemperature from dropping more than 
ZOF/Z4 hr WC/d) - would correspond to an 
hourly average heat loss equal to 8 Btu/hr per 
fF (115 \N"/m2) of digester surface area. The 
amount of insulation used in the Penn State 
design would permit approximately one
half of this temperature drop. 

Heating requirements for slurry input; The 
amount of heat needed to heat the incoming 
slurry can be calculated from the following 
equation: 

Q ~ m Cp (t, - t2) 

where: Q ~ heat 
ill 0.:: feeding rate 
cp .-::: specific heat 
t1 .0:: initial temperature 
t2 = final temperature. 

The specific heat (cp ) of manure was as-

Figure 52. The fuel and burner system of the Penn State digester heating boiler. 
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sumed to be equal to the specific heat of 
water. This estimate is high, since the solids 
content of the slurry is between 5 and 15 
percent, and the solids can be expected to 
have a lower specific heat than water. A 
sample calculation, based on data for the 
Penn State digester operation, is presented 
in Table 4. 

Boiler size selection: The total heat input 
needed for the lowest outside temperature 
expected, as shown in Table 5, was used as 
the basis for calculating the required boiler 
size. 

The manufacturer's rating for boilers indi
cated a boiler efficiency of 0.7 with LP gas 
and 0.78 with natural gas. The value of 0.58 
was used in calculating the needed boiler 
capacity due to intermittent and low-load 
operation. A boiler with a rated input value 
of 66.000 Btu/hr (19.5 kW) was selected for 
the Penn State digester installation. Experi
ence in operating the digester has sho1N11 this 
size boiler is adequate. 

Biogas consumption by the boiler versus 

Shutoff valve 

Drain valve 

Pressure gauge outlet 

--BurnE" nozzle 

TABLE 3. Penn State digester heat-loss calculations, based on 95°F. digester-operating temperature and lowest outside temperatures recorded during the 
1976-1977 season. 

Component 

Floor 
Wall below 
ground 
Wall above 
ground 
Roof 

Material 

6-inch concrete 
4-inch styrofoam 
+ 4-inch concrete 
4-inch styrofoam 
+ 4-inch concrete 
3-inch urethane + 
l/l6-inch galv. steel 

Area (A) 

(ft2) 

315 
630 

375 

500 

(m') 

29 
58 

35 

47 

Outside surface 
temperature 

(OF) 

53 
42 

10 

10 

CC) 
11.5 

6.5 

-12 

-12 

Heat transfer 
coefficient (U) 

(Btu/hr per 
ft2 per OF) 

0.5 
0.068 

0.069 

0.53 

(W/m2 
per 0c) 

2.85 
0.39 

0.39 

0.30 

Total 

Heat loss (Q) 

(Btu/hr) (kW) 

1,260' 0.37 
2.270 0.65 

2.200 0.64 

2.250 0.65 

8.000 2.3 
alnside temperature = 61°F (16°C) due to insulating layer of settled solids. 

average outside temperature for a period 
when the feeding rate was constant is plotted 
in Figure 53. 

Temperature distribution in the Penn State 
digester: Thermocouples located just above 
the floor, close to the outside walls, and in 
the center of the slurry recorded practically 
the same temperature - a difference of only 
ZOF (1°C) - indicating that the slurry was 
well mixed. However, lower temperatures 

TABLE 4. Heat required to raise temperature of input slurry to operating temperature (95°F, 35°C) in the 
Penn State digester. 

Volume Temperature Heat 

(Ib) (kg) CF) CC) (Btu) (MJ) 
Total manure 
input (per day) 11.000 5.000 46 8 539.000 570 
Dilution water (per day) 1.700 770 42 6 90.000 ~ 

Total daily requirement 629.000 665 

were found on the floor surface, indicating TABLE 5. Heat requirements of the Penn State digester system. 

Heat the desirability of installing floor insulation A:..:;.;re:;;a;.;;ol;..;;lo:;;s;;;s..;o:;;r_co;;;;;n:;;s:;;u;;m;;:p:;.t;;io:;;n.;... ___________________ ..;.;;;;;;; ___ _ 
of approximately the same value as in the (Btu/hr) (kW) 
walls. Heat losses through floor, wall, and roof 8,000 2,3 

Temperature measurements on the out
side of the digester showed an almost con
stant year-round soil temperature beneath 
the digester floor. The average temperature 
outside the buried parts of the walls varied 
slightly with the outside temperature. Due to 
the large masses involved, the heating needs 
of the digester did not follow variations in 
the outside air temperature. This experience 
seems to justify calculating heating needs on 
monthly air-temperature averages. 

Digester heat-exchange areas: Temperature 
of the heating surface in contact with the 
slurry cannot go much above 110°F (43°C) 
without risk of damage to microbial action 
and subsequent low gas production. Also, 
elevated temperatures may cause the slurry 
to cake onto the surface, which will consid
erably reduce the heat-transfer rate. For this 
reason, temperature of the water entering the 
digester heat exchanger must be adjusted 
with regard to the type of heat-transfer sur
face. If metallic tubes in direct contact with 

Heat input to warm the slurry 26.200 7,7 

Total heat for the digester chamber 34,200 10.0 

Heat losses from lines (estimated at 10%) 3.400 1.0 
Total heat needed for the digester 37.600 11.0 

Energy input to the boiler (58% efficiency) 

the slurry are used, the water temperature 
must be lower than if plastic tubes are used. 
The water temperature can be higher if the 
heater tubes are embedded in concrete so the 
heat is dissipated over a larger surface area 
(as in the Penn State digester, which used the 
central wall separating the primary and sec
ondary chambers as the heating area). 

The heat-exchange surface in the Penn 
State digester consisted of four precast con
crete divider-wall panels. each providing 
18 ft' (1.7 m') of heat-exchange area to the 
primary chamber (the side of the panel fac
ing the secondary chamber was insulated). 
Each panel contained 47 linear ft (14 m) of 
three-fourths-inch (ZO-mm) steel pipe em-
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64.800 19.0 

bedded one-half inch (13 mm) from the sur
face facing the primary chamber. 

In order to attain sufficient heat-transfer 
capacity, temperature of the water going to 
the heat panels had to be maintained at be
tween 130 and 150°F (54 and 65°C), which 
was achieved by setting an automatic 
water-mixing valve. The boiler temperature 
was normally held at 180°F (8Z°C). The water 
returning from the digester to the boiler was 
normally 6 to 10°F(3 to 5.5°C) colder than the 
outgoing water. Attempts to measure the 
flow rate of circulating hot water indicated 
approximately 5 gal/min (18 liter/min). This 
flow rate and a temperature difference of 
10°F (5.5°C) corresponds to a heat-transfer 
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Figure 53. Boiler biogas consumption versus outside temperature by the Penn State digester during spring 
1977. Feeding rate was 158 ft3 (4.46 rn3) of sl4rry per day. Each point (X) represents actual average daily use 
during- a 3· to 10·day period of uniform outside temperature. Digester operating temperature was 95°F. 

rate of approximately 25,000 Btu/hr (7 kW). 
Thermocouples attached on the surface of 

the concrete panels indicated a temperature 
drop of 30°F (17'C) from the hot water to the 
concrete surface, reflecting the advantage of 
embedding the heating coils in concrete 
rather than having them in direct contact 
with the slurry. The hot water can be kept ata 
higher temperature without risk of overheat
ing the slurry. After the first 18 months of 
operation, the heat panels showed no de
posits of caked-on manure, as would occur 
with exposed pipes. A darker shade directly 
over where the heat pipes were embedded 
indicated some temperature variation over 

the concrete surface. 
Under extreme cold-weather conditions, 

return water temperature was as much as 
11°F (6°C) less than outgoing temperature, 
which resulted in an estimated 27,500 Btu/hr 
(8 kW) ofheatthrough 72 ft2 (6.7 m2) of con
crete panel surface area. The inside area of 
the heating-water tubes was 40 ft2 (3.7 m2). 
the slurry temperature was 95°F (35°C) and 
the water temperature was HO'F (60°C). This 
gives a heat-transfer rate of 380 Btu/hr per ftl 
(1.2 kW/m2) of panel area and 690 Btu/hr per 
ft2 (2.2 kW/m2) of heating-tube area. 

From experience in operating the digester, 
it appears that the heat-transfer area in the 
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digester was on the lower limit and that a 
somewhat larger heat -transfer area should be 
used. Suggested design values for a digester 
system of similar size are 30,000 Btu/hr (9 
kW). This requires a panel area of approxi
mately 90 sq ft, or 0.003 ft2/Btu per hr (1 
m2/kW) and a heating coil area of 0.0017 
ft2IBtu per hr (0.55 m2/kW). Thus, to transfe; 
30,000 Btulhr (9 kW) with a panel surface 
temperature of 108°F (42°C), the following 
heat-transfer coefficients can be calculated 
for the various media: 
Hot water to heat panel surface = 

29 Btu/hr per ft2 per of 

(167 W/m2 per 'C) 
Heat panel surface to slurry = 

22 Btulhr per ft2 per of 

(120 W/m2 per 0C) 
These data assume that slurry agitation is at 
least equivalent to that used in the Penn 
State digester. 

Controls and safety devices 
Since the anaerobic digester for biogas pro
duction from manure is a complex 
biochemical-processing system, it requires 
accurate control of many components for 
high efficiency and safety. It should be as
sumed that any component of the system can 
fail at a critical moment, requiring the avail
ability of a substitute method of maintaining 
proper operation until the malfunctioning 
component can be repaired. 

In order to limit the need for manual labor 
and supervision, manual control of opera
tions should be confined to the initial start
ing of the process and overseeing that the 
system functions properly. Proper controls 
and alarms should be installed to keep 
equipment and process functioning within 
design limits and to call the operator's atten
tion to malfunctions. 

Heating system: For effective regulation of 
the digester temperature at close to 95°F 
(35°C), a remote-sensor type of thermostat 
should be used to control the operation of the 
heating unit (boiler). The sensor should be 
located in an area where the slurry is actively 
agitated in order to assure quick response to 
changes in temperature of the digester sub
strate. The thermostat should be installed to 
control a solenoid valve in the gas-supply 
line to the boiler, according Jo heat needs. 
Fuel for the pilot flame should be supplied 
by LP gas (or other independent source) to 

""ssurethat low-quality biogas or an interrup
in the biogas supply would not cause 

, ".,-- flame to be extinguished, resulting 
not igniting when the thermos

tat calls for heat. 
In the early Penn State digester design, the 

~pper-limit automatic temperature con
troller installed on the purchased boiler Was 
used to prevent it from overheating; the 
boiler was run continuously, with the boiler 
temperature regulated by manually adjust
ing biogas pressure according to heat need. 
Fuel for the pilot flame was supplied by LP 
gas. The hot-water circulator operated con
tinuously to insure that the water tempera
ture in outside pipes did not drop below 

In the later design, the boiler was moved 
closer to the digester so that hot-water pipes 
did not go outdoors. A thermostat placed in 
the center of the digester turned the biogas 
flow to the boiler on and off by a solenoid 
valve in the biogas-supply line. 

Gas system: The rate of gas use for outside 
purposes does not normally correspond 
exactly to its rate of production. Therefore, 
control devices are needed to avoid exces
sively high or low pressures within the di
gester. A floating roof automatically elimi
nates the danger of excessive pressure in the 
digester; if more gas is produced than is 
being used, the roof will rise and allow ex-

Biogas~ 

Water 

Aame trap combined 
with condensate trap 

- ---}fteel mesh 
~ 

Dry flame trap 

Figure 54. Flame traps suitable for use in an 
anaerobic digester system. 

cess gas to escape under the edge of the roof. 
As an alternative, the upper limit of gas pres
sure in the system can be controlled by a 
pressure sensor coupled to a solenoid valve 
in a line extending into the atmosphere. 

On the other hand, drawing off more gas 
than is being produced would eventually 
lead to a partial vacuum in the digester, 
which could collapse the roof. For this 
reason, the digester must have a vacuum
actuated switch that will close the gas outlet 
and avoid development of negative pres
sures within the digester. The gas pump can 
develop damaging high pressures, so safety 
devices (Fig 37, page 32) should be installed 
to shut it off if excessive pressures or tem
peratures should develop. 

Flame traps should be installed in gas 
lines to prevent the danger of a backfire 
reaching any component of the system con
taining substantial amounts of gas (Fig 54). 

Slurry system: Daily feeding of the anaero
bic digester is a routinely repeated opera
tion and should consequently be automated 
to the fullest extent. Slurry-handling con
veyors and pumps should be equipped with 
pressure-relief and flow-limit control de
vices to guard against slugs of material enter
ing the slurry system and causing overflow, 
stoppage, or breakage of the equipment. The 
slurry level in the digester can best be con
trolled by fixing the elevation of the over-

flow passages. These passages should be 
adequate to minimize the possibility of 
blockage. However, they should be checked 
periodically for accumulations of fibrous 
material that might restrict flow. An alarm 
device that will give an early warning 
against overfilling is desirable. 

Hazards: Materials used in constructing a 
digester system should be fireproof to pre
vent secondary fires from being started by 
small gas flames that might occur in normal 
operation of a gas-fired heating system. Sen
sors should be installed to activate an audi
ble signal if the boiler or gas system tempera
ture andlor pressure goes outside of set 
limits, or if afire should occur in the digester 
equipment room. Signs warning of danger 
should be prominently displayed around the 
digester (Fig 55). and the system should be 
fenced in and locked to keep animals and 
unauthorized persons away. 

Indicators of malfunction 
There are several biological indicators avail
able to an operator for monitoring the need 
for routine process adjustment: 

Temperatures should be measured at dif
ferent locations in the system. Any change 
from normal temperature values may indi
cate blockage, uneven mixing of the slurry, 
or malfunction of the heating system. 

Figure 55. The Penn State digester in operation. Note "Warning" sign. 
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Biogas production will usually be reduced 
by any biological upset. Normal variability 
in gas generation would be expected if the 
loading rate were changed or the digester 
temperature fluctuated. Therefore, gas pro
duction alone cannot be relied upon as an 
indicator of biological problems. 

The volatile acids level is an indicator of 
the acid-forming bacteria activity; high 
levels indicate that these bacteria are pro
ducing intermediate acids faster than the 
methane formers can utilize these com
pounds. From an operational standpoint, 
volatile acid variability would reflect irregu
larity in numerous factors that affect total gas 
production. Measurement of the volatile 
acids concentration requires precise chemi
cal tests. 

The primary form of alkalinity is am
monium bicarbonate. It alone is not a re
sponsive indicator. However, alkalinity and 
volatile-acid measurements can be used to
gether as an effective indicator. Alkalinity 
should always exceed volatile acids. 

The pH level is an indicator of the balance 
in acid and methane bacteria activity, but is 
not as responsive as volatile acids and alka
linity, due to the buffering effect of alkalinity 
in the digester. Proper operation can nor
mally be expected in the pH range of 6.8 to 
7.4. Determination of pH concentration can 
be done on site with readily available in
struments or methods. 

The odor of digester gases is distinct, but it 
is generally not considered to be unpleasant 
when the digester is operating properly. A 
foul odor is a qualitative indicator ofbiologi
cal upset. It is not an early indicator of the 
problem because of the long solids-retention 
time, but it may be interpreted as an indica
tion that adjustment is needed. 

WARNING: Operators should be alert to the 
presence of distinct biogos odor, as it is evi
dence of leakage in the gas system. Person
nel should never enter the digester chamber 
until the chamber has been completely emp
tied and thoroughly ventilated. Remaining 
sludge may continue to produce methane, 
CO" and H,S, all of which are extremely 
dangerous to workers in confined spaces. 
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Section III 
OPERATIONAL PROCEDURE 

DIGESTER START·UP 

To start the operation, the Penn State di
gester was filled (Fig 56) with warm active 
slurry obtained from a municipal anaerobic 
digester. The amount pumped in was suffi
cient to cover the lower edge of the roof as
sembly, thereby sealing the chamber against 
oxygen from the atmosphere. The municipal 
sludge also provided seeding with methane 
bacteria. 

After filling, the material was allowed to 
stand for approximately 24 hours so that 
oxygen entrained during handling and oxy
gen remaining in the gas-collection chamber 
could be consumed in the surface layer. The 
heating and mixing systems were then 
started to bring the temperature back up to 
about 95°F (35°C). 

After the digester reached normal operat
ing temperature, feeding of manure began 
slowly. The loading schedule was about 
one-tenth normal loading the first day, fol
lowed by increased increments of about 
one-tenth each successive day, until the full 
loading rate was reached on the 10th day. 

DAILY OPERATIONAL PROCEDURE 

The digester was fed twice daily, in conjunc
tion with cleaning the barn. At the time of 
each feeding, condensate traps in the gas 
lines were drained and equipment monitor
ing devices checked to verify that the boiler, 
hot-water circulator, gas pressures, and di
gester temperatures were normal. Ad
justments were made as necessary to com
pensate for abnormalities or changes in 
climatic conditions. 

With the original slurry-feeding system 
(using the centrifugal pump), dilution water 
was first added to the gutter for a set length of 
time to give the proper slurry concentration. 
The slurry pump was set on mixing mode 
and the gutter cleaner was operated to fill the 
mixing hopper. After thorough mixing, the 
slurry pump was switched to pumping 
mode, and the gravity-feed hopper (Fig 30, 
page 28) was filled and then emptied into the 
digester. These mIXIng and feed
hopper-filling procedures were repeated for 
successive batches, The respective hopper 
sizes required processing three batches each 
time the digester was fed. 

With the ram-pump slurry-feeding sys-

tern, dilution water was added to the manure 
in the gutter by gravity flow from an over
head storage tank near the ram-pump hopper 
(Fig 57). The attendant manually started the 
gutter cleaner and ram pump, and manually 
adjusted the dilution water supply in accor
dance with the amount of manure in the gut
ter cleaner. It was considered necessary to 
have an attendant present during the 
digester-feeding process to make adjust
ments for extremes in manure-feed rate, to 

remove materials that might interfere with 
pump operation, or to correct equipment 
malfunctions. At times the gutter discharge 
was in excess of the ram-pump capacity, re~ 
quiring the gutter cleaner to be stopped 
momentarily to prevent the pump hopper 
from overflowing. At other times the manure 
supplied was less than the pump capacity, 
requiring that the pump be stopped momen~ 
tarily to avoid pumping air into the manure 
pipeline. Occasionally the check valve in the 

Figure 56. Filling the digester with processed sludge from a municipal anaerobic digester. Methane
producing bacteria in the sludge provided rapid start-up for the system. 

Figure 57. Slurry flow characteristics are most satisfactory when dry-matter concentration is about 13 
percent of the tot~1. Water is added in the gutter cleaner to achieve this consistency. 
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ram pump became fouled, causing backflow 
from the digester. which required correction 
by the operator (Fig 58). 

Digester effluent fldwed automatically 
from the digester to the storage tank, which 
overflowed to the large storage pit. Occa
sionally the effluent-discharge opening 
clogged, requiring operator attention to 
flush out the overflow pipe. The total daily 
time needed to feed and monitor the di
gest~r, in conjunction with gutter cleaning, 
'~mounted to approximately 1.5 hour. 

ADDITIONAL PERIODIC SERYICIi 

Operations required at approximately 
weekly intervals included filling the 
lubricating-oil reserv-oir of the gas pump and 
operating the sludge-removal augers in the 
bottom of the digester. This required an 
operator's attention for approximately one
half hour each week. 

In addition to the operator's daily and 
weekly attention, periodic maintenance was 
needed for such items as lubricating electric 

motors and adjusting drive belts and chains. 
The gutter-cleaner flights were checkedfre
quently to reduce the chance of a flight be
coming detached and fouling the manure 
pump. 

El'FLUENT DISPOSAL 

The volume of effluent is slightly less than 
the volume of slurry fed to the digester. 
Effluent is usually applied to agricultural 
land for utilization by crops. The volume of 
processed slurry (p. 21) can be used as the 
basis for estimating storage needs or the 
number of loads to be hauled daily. Unlike 
unprocessed manure, the processed manure 
requires very little agitation in the storage pit 
prior to hauling. It can be readily pumped 
from storage with suction equipment. 

INTERRUPTIONS 

On occasions the regular digester-feeding 
schedule at the Dairy Center was interrupted 
because of equipment malfunction. If the in
terruption was brief (l to 2 days), no proh-

Figure 58. Handles on the ram-pump check valves provide for manual closing of the valves if they should 

stick in the open position. 
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lems were experienced upon resumption of 
full-scale operations. In one instance, the en
tire roof was removed for 48 hours for repair 
of gas leaks. During this period, the gas agita
tion system was shut off to avoid exposing 
the slurry, other than its surface layer, to 
oxygen. Also, feeding was stopped to pre- . 
vent chilling the digester contents in the 
inlet area because oflack of heating and mix
ing. 

After the roof was replaced, the system 
was allowed to stand for a few hours in order 
for the oxygen within the gas chamber to be 
consumed by organisms in the surface layer. 
Upon resumption of gas recirculation, 4 

hours after the roof was replaced, the biogas 
supply was adequate to resume operation of 
the boiler, and the regular feeding schedule 
was resumed immediately. 

MALFUNCTION PROCEDURES 

Occasionally the digester effluent outlet 
stopped up or the ram-pump check valves 
became jammed in a partially opened posi
tion. Stoppage of the effluent line caused the 
digester to overflow; clogging of the ram
pump check valves caused the digester con
tents to flow back and overflow the pump 
hopper. 

A method to prevent stoppage of manure 
slurry lines is to fill the critical components 
with water or a very thin slurry. Effluent 
stoppage in the Penn State digester was most 
effectively removed by inserting a long 
three-quarter-in (20-mm) steel pipe coupled 
to a pressurized water hose. Attempts to use 
the pipe as a ramrod without water pressure 
were generally not successful; the material 
was only compacted by the ramming ac
tions. Problems with the check valve in the 
slurry-feed line were alleviated by attaching 
a "T" handle to the check-valve pivot shafts 
so the attendant could force the valves wide 
open when the ram-pump piston was in its 
compression stroke. 

The chance of blockage in the submerged 
portion of the gas agitation lines increases if 
the gas-pump operation must be interrupted. 
If a long interruption occurs, it may be desir
able to fill the lines with water or to operate 
them occasionally to prevent blockage. 

Standby devices should be located on site 
and tested before they are needed to assure 
that they ate ready to be used when vital 
system components fail or malfunction. 

Section IV 
AND USE OF BIOGAS 

AND EFFLUENT 

GAS STORAGE 

The digester produces gas continuously, 
making it well-suited for use where fuel is 
needed continuously, such as in space
heating systems. However, fuel needs for 
most other heating purposes tend to be in
termittent. making storage provisions desir
able. For uses such as heating water, a mini
mal amount of storage may suffice just to 
even out the fluctuations during the day. 
Often, tbe collector space at the top of the 
digester, which is necessary to compensate 
for variations in liquid level and gas produc
tion, may be sufficient to compensate also for 
daily variations in gas consumption. If utili
zation is less than the gas produced only on 
certain days, for instance during weekends, 
it is normally not practical to save the 
surplus gas during these days. 

Variable-volume gas storage was provided 
at the Penn State digester by the floating roof 
which held the pressure in the chamber con
stant at approximately 1 inch (0.25 kPa) 
water gage above atmospheric pressure. This 
pressure was determined by the weight and 
area of the floating roof. Pressures as high as 
6 inch (1.5 kPa) water gage were developed 
when the roof was anchored down. Even 
higher gas pressures have been reported for 
other digesters where the structure could 
withstand the load or was sufficiently bal
lasted. However, the storage volume under a 
floating roof is normally considerably less 
than the daily gas production from the di
gester. Therefore, larger storage volumes are 
desirable for the best possible use of the gas. 
Several types of gas storage systems are illus
trated in Figure 59. Figures 60 and 61 show 
installations of the flexible-bag and 
pressure-tank storages in lise. 

Size of the gas storage needed for daily, 
but intermittent, gas use can be shown by the 
following example. If the total gas produc
tion is 5,300 ft'/day (150 m3/d) and the heat
ing need is 1,600 ft3/day (45 m3/d), the neces
sary gas storage will be 3,500 fl3 (100 m') if 
cooling water from an internal combustion 
engine driving an electric generator pro
vides the heat for the digester. and 2,000 fl3 
(55 m 3

) if a separate heating boiler is used. Figure 59. 
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Figure 60. Flexible-bag storage of biogas at low pressure (courtesy of D.M. Sievers). Figure 61. A used propane tank was utilized for 
medium-pressure biogas storage near Ripon, Wis
consin. The motor-generator is assumed to be run

ning 8 hours daily. 
Compression of the gas concentrates 

energy and thereby reduces storage-space 
requirements. However, high-pressure stor
age requires expensive compressors and 
tanks. The relationship of storage pressure to 
energy concentration is shown in Table 6. 
Attaining very high concentration of energy 
by liquefying the gas, as is done with pro
pane, cannot be done with methane at nor
mal temperatures; it requires a temperature 
of _117°F (-83°C) at a pressure of 5,000 psi 
(35 MPa). The very low temperature of 
-260'F (-162'C) is required to liquefy 
methane at atmospheric pressure. 

Scrubbing the biogas to remove the inert 
carhon dioxide should be considered as a 
means of minimizing the cost per unit of 
energy stored. Although gas-scrubbing sys
tems are not extremely complex, they will 
require substantial additional capital outlay 
and management, making their feasibility 
questionable except for very large digester 
systems or where the gas is to be sold com
mercially. An alternative to a large or high
pressure storage is to use the digester
produced gas for only part of the energy 
needs and supplement it with other fuels as 
needed. Because of storage costs, large sea
sonal energy needs (such as for drying grain 
or hay) cannot be met economically by di
gester gas. 

Converting gas energy to other forms 
The energy of the produced gas can also be 
saved by converting it to other forms of 

TABLE 6. Effect of pressure on energy concentration of stored biogas. 

Pressure (gauge) Concentration (volume)a Energy contentb Storage 

(Ib/in') (MPa) (ft'a/ft') (m3a/m3) (Btulft') (MJ/m') 

Siogas (60% methane) 

0 0 545 20 In digester 
20 0.14 2.4 2.4 1,310 48 Floating roof or 

flexible bag 

100 0.7 7.8 7.8 4,600 161 Low-pressure 
steel tank 

300 2 21.4 21 11,450 422 Medium-pressure 
steel tank 

1,000 7 72 72 39,240 1,460 High-pressure 
steel tank 

3,000 20 250 250 136,250 5,030 High-pressure 
steel tank 

Refined Siogas (100% methane) 
1,000 7 72 72 66,000 2,460 High-pressure 

steel tank 
3,000 20 250 250 228,000 8,500 High-pressure 

steel tank 

LP Gas (propane and butane) 
300 2 670,000 25,000 

No.2 Fuel Oil 

1,030,000 38,700 

aGas volume, at standard atmospheric pressure and temperature, per unit of storage 
blow heat value 

energy. Electricity seems to be the best alter
native and has been used in several systems. 

Another approach is to store the energy as 
heated water. This can be as hot water for 
domestic use, for space heating, or for pro
ducing a temperature increase in the di
gester itself. The heat energy contained in 1 
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fP (0.03 m3 ) ofbiogas is sufficient to increase 
the temperature of 1 gal (3.8 liters) of water 
approximately 46°F or 25°C. Converting the 
methane into methanol is not feasible on the 
average farm, as it involves a catalytic pro
cess requiring high pressure and high tem
perature. 

SYSTEMS FOR GAS USAGE 

Gas for external use may be taken from an 
outlet in the line on the high-pressure side of 
the gas agitation pump. After passing it 
through a cooling coil to condense the mois
ture (Fig 42) and a pressure reducer, it can be 
distributed for outside use. A separate pres
sure regulator should be installed in each 
supply line for outside uses. Also, conden
sate traps must be installed at low positions 
in the distribution lines. Shutoff valves are 
suggested at several points in the system to 
permit disassembly for cleaning. A com
prehensive summary on installation of 
equipment for biogas use has been published 
by the Gobar Research Station in India 
(Singh 1971). 

Use in boilers and water heaters 
Throughout the test periods at Penn State, 
biogas successfully fueled the boiler that 
heated the digester chamber. Preliminary 
tests were made of its usefulness as fuel for a 
household-type water heater and for operat
ing spark-ignition and compression-ignition 
internal-combustion engines. 

The gas-fired cast-iron boiler was of com
mercial manufacture, of a type that would 
normally be fueled with LP gas. Several 
changes were required to prepare the unit for 
fueling with biogas: 

A. The diameter of the nozzle orifice was 
increased. The heating value of biogas is 
only 30 percent that of LP gas and only 60 
Pt?rcent that of natural gas, and line pres
sures were less with biogas than with LP gas. 
Consequently, the diameter of the burner 
nozzle orifices was enlarged approximately 
70 percent for biogas utilization. 

B. Air supply to the burner was decreased. 
The air-inlet ports had to be almost com
pletely closed, which required special cov
ers for the air inlets. 

C. Moisture was removed. A system of 
cooling and heating the gas in combination 
with condensate traps facilitated delivery of 
the gas to valves and orifices without risk of 
condensation in these narrow channels. 
Pressure-regulator valves were kept warm to 
prevent condensation. 

D. An independent fuel source (LP gas) 
was usedforthe pilot light. This was because 
the quality and supply of biogas may not be 

totally reliable. The pilot light required ap
proximately 1 lb (0.45 kg) LP gas per day. 

A 40-gal (150-liter) water heater was oper
ated experimentally, using biogas as fuel. 
This test indicated that a gas consumption of 
1.4 ft31min (40 literlmin) would heat 0.6 
gal/min (2.3 liter/min) of water from 50 to 
150'F (10 to 65'C). This corresponds to a 
thermal efficiency of 65 percent, compared 
to a rated efficiency of 70 percent. Further 
adjustment of the burner would probably 
improve its performance when fueled with 
biogas. 

Since well-adjusted and fully loaded boil
ers and other water-heating devices may be 
assumed to have 70 percent efficiency on 
biogas, as well as on other gaseous fuels, the 
fuel consumption for a water heater can be 
calculated from the relationship that 110 fP 
(3.2 m3) ofbiogas (59,000 Btu, or 62 MJ) will 
heat 54 gal (190 liter) of water from 50 to 
150'F (10to 65'C). Ina home-heating system, 
185 ft'lhr (5.2 m3lh) of biogas would give a 
rated (input) heating capacity of 100,000 

Btu/hr (29 kW). 

Use in internal combustion engines 
Biogas-fueled engines are common in 
municipal sewage-treatment plants. 
Many experimental digesters have furnished 
gas for engines, tractors, trucks, or au
tomobiles (Fig 62). However, a fuel tank that 
will store sufficient biogas to operate a 
mobile vehicle will be quite large, so use of 
biogas as a motor fuel will likely he confined 
to stationary engines. 

Biogas has a high (100 to 110) octane rat
ing and consequently can be used in high
compression engines. However, the high 
octane rating also means that the fuel mix
ture must be ignited by a spark or by some 
other fuel. In spark-ignition engines, biogas 
alone can be used as fueL In diesel engines, 
however, a small amount of regular diesel 
fuel must be injected in order to achieve igni
tion of the biogas. In this case, the engine 
may run on 20 percent liquid fuel and 80 
percent biogas. 

The heat value per unit volume of an ap
propriate biogas-air mixture is only 60 per
cent of the heat value of a gasoline-air mix
ture, and only 75 percent of the heat value of 
the fuel mixture used in a diesel engine. 
Consequently, the maximum power output 
from an engine' operated on biogas will be 20 
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Figure 62. A motor-generator powered by biogas. 
Only large digesters can provide sufficient gas to fuel 
equipment of this size. 

to 40 percent less than that of the engine 
operating on liquid fuels. 

Since the combustion velocity of the 
biogas-air mixture is considerably lower 
than the combustion velocity of a gasoline
air mixture, ignition has to occur considera~ 
bly earlier in the cycle than for normal 
gasoline operation. Consequently, engine 
timing on spark-ignition engines must be 
advanced. Experiments with biogas at Penn 
State revealed that the engine timing must be 
advanced approximately 25 crankshaft de· 
grees in order to achieve efficient combus
tion. 

Conversion of a compression-ignition 
(diesel) engine from liquid fuel to hiogas is 
more complicated than conversion of a 
spark-ignition engine. Advancing the ig
nition (injection) timing cannot be done eas
ily from outside the diesel engine; it requires 
an internal adjustment of the fuel pump. The 
fuel pump may also have to be modified so 
that it will be capable of furnishing only the 
very small exact amounts of liquid fuel re
quired for a mixed biogas-diesel operation. 
Energy conversion should, however, be 
more efficient with a diesel engine than with 
a spark-ignition engine. As a fuel, biogas 
seems to be better suited for low-speed diesel 
engines than for high-speed engines. 

Special carburetors or diesel-conversion 
kits for biogas are available. For the Penn 
State studies, a simple manually adjusted 
fu'el-mixing device worked well under fairly 
constant loads. The engine was started on 
liquid fuel. 

For engines that are properly modified 
and adjusted, the heat-energy consumption 
when fueled with biogas is approximately 
equal to that when burning liquid fuels. A 
biogas containing 60 percent methane has a 



heat value of 545 Btufft' (ZO.5 MJ/m'), which 
could be expected to be ·ZZ.5 ft'/hphr 
(0.85 m'/kWh) for a spark-ignition engine at 
75 percent load. Therefore, daily gas pro
duction of3,700 ft' (105 m') would permit an 
engine to develop ZO.5 hp (15.5 kW)for 8 
hours per day. 

Penn State tests, comparing fuel consump
tion and power output for a tractor engine 
operating on biogas and on gasoline, showed 
that 100 ft' (Z.85 m') ofbiogas corresponded 
to approximately 0.5 gal (1.9 liter) of 
gasoline in effective fuel value. Tests of a 
converted diesel tractor in Germany re
ported biogas consumption of 16 ft'/hphr 
(0.6 m'/kWh) at full load and ZZ ft'/hphr 
(0.85 ni'IkWH) at 40 percent load (Seifert 
1955). Biogas consumption in a pickup truck 
was 11 fP/roile (O.2 m3/km) in studies re
ported by Lapp (1977). 

Concern regarding the harmful possible 
effect of hydrogen sulphide and other gases 
on the engine has been expressed. Tests of 
sufficient duration to study this effect have 
not been conducted at Penn State, but the gas 
agitation pump showed no visible Wear after 
4 months' continuous use. The housing of 
the pump has a cast-iron inner surface, and 
fiber-like vanes operate against it - produc
ing conditions somewhat similar to an en
gine. The used oil coming from the pump 
ranged between pH 7.3 and 7.6, indicating 
that it was not acidic in nature. 

Reports of experience in the petroleum in
dustry seem to confirm this observation 
(Milo 1974). Petroleum workers have 
noticed that high-strength steel, such as in 
valve springs, is more susceptible to ill ef
fects of H 2S than are cast iron and the lower
grade steels. German tractors have operated 
more than 5,000 hours on biogas without 
problems (Seifert 1955). In these machines, 
the lubricating oil was changed more fre
quently - at 120-hour rather than 240-hour 
intervals. 

Cleaning the gas 
Analysis of biogas shows its composition to 
be approximately 60 percent methane, 
which represents a low heat content of 545 
Btu/ft' (ZO.5 MI/m'). Other components in
elude water vapor, carbon dioxide, traces of 
hydrogen sulphide, ammonia, and oil from 
the pump. 

Biogas burns readily as produced, How
ever, the water vapor in the gas should be 

removed in order to prevent its condensation 
prior to use as fuel in a furnace or water 
heater; this will aid in preventing fouling of 
the burners and control devices. Biogas for 
open-flame combustion in enclosed areas, 
such as for cooking, should be cleaned. 

Water vapor: In the digester chamber, biogas 
becomes saturated with water; at a tempera
ture of 95°F and RH of 100%, one-thousand 
cubic feet of gas will contain 2.5 lb of water 
(40 g/m3). But at an ambient temperature of 
60°F (15.5°C), biogas will contain only 0.8 Ib 
of water per 1,000 ft' (13 g/m'), and at 3ZoF 
(O°C) it will containonlyO.3lb H20 per 1,000 
cubic feet (5 g/m'). As the gas cools upon 
leaving the digester chamber, the water 
vapor cools and condenses to liquid and may 
interfere with the functioning of pressure 
reducers, boiler orifices, and other devices. 

Water also increases the rate of corrosive at
tack on metals. For these reasons, water 
vapor should be reduced at an early stage, 
either by cooling the gas and trapping the 
moisture in condensate traps or by passing it 
through a water-absorption medium such as 
calcium chloride or an organic absorbent. 

Carbon dioxide: Carbon dioxide scrubbing 
can be done by cooling and compressing the 
gas. If the gas is to be used for fueling an 
engine or a boiler, it is doubtful if the im
provement in performance will be sufficient 
to justify the additional complications and 
cost of scrUbbing. CO2 must be removed from 
gas that is to be sold commercially. 

Hydrogen sulphide: Removal of hydrogen 
sulphide may be desirable if the gas is to be 
used in engines or if piped for long dis
tances. A reduction to approximately 1 mgt 
liter of gas has been recommended. H2S can 
be removed by passing biogas through fer
rous oxide, iron filings, or steel wool. 

Oil: The major part of the oil from the gas 
pump can be removed in a condensate trap. 
Further cleaning of the gas is not needed for 
use in boilers or other gas burners. 

USE OF THE DIGESTER EFFLUENT 

Nitrogen content of the digester effluent is 
essentially the same as that of the input 
material; its fertilizer value is qui te compar-
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able to that of unprocessed manure. How
ever, part of the organic nitrogen in the ma
nure has been converted to ammonia forms 
that are more readily available to plants but 
also more susceptible to loss through volati
zation. Loss of nitrogen from the digester 
effluent may be reduced by addition of small 
amounts of phosphoric acid to the stored 
effluent (Bartlett et al. 1978). Digester 
effluent is partly stabilized so that it does not 
have an offensive odor and does not attract 
pests, such as flies. However, it remains high 
in biological oxygen demand, and thus is a 
pollutant if discharged into surface waters. 
Samples of the processed manure stored at 
room temperature at Penn State were still 
inactive after 12 months. 

Storage and handling facilities compara
ble to ordinary manure-management sys
tems will be required for the effluent. 
Effluent from a digester with agitation will 
be well homogenized and will require 
minimum agitation in the storage pit prior to 
loading. 

Dewatering the effluent and using 
sprinkler-irrigation equipment to distribute 
the liquid on land may be feasible for large 
operations. Dewatered stabilized solids 
do not require confined storage facilities and 
can be easily handled by conventional trac
tor front-end loaders and manure spreaders. 

Section V 
COSTS OF ANAEROBIC 

DIGESTION 
AND BIOGAS PRODUCTION 

FROM DAIRY· BARN MANURE 

CAPITAL COSTS 

Many of the components of the Penn State 
digester are commercially available; prices 
can be obtained from their manufacturers. 
However, several parts for the Penn State 
project were constructed according to 
specifications. Table 7 lists the major com
ponents of the system with approximate 
costs for the Penn State digester construction 
and equipment components. The costs re
flect agricultural contractor construction 
methods and 1975 price levels. Costs of the 
respective items can be expected to vary, 
depending on the price situation for a given 
area. The major part of the work should be 
done by a contractor, but some labor input 
could be supplied by the farmer. 

OPERATING COSTS 

Labor 
Based on experiences in operating the Penn 
State digester, operating costs for a normal 
farming operation are estimated to be as fol
lows. As discussed under "Daily Operating 
Procedure" (p. 41), when feeding the di
gester in conjunction with cleaning the gut
ter twice daily, the operator time required for 
tending the digester was approximately 45 
minutes per cleaning. In addition, weekly 
labor expended in operating the bottom au
gers and servicing the equipment was about 
30 minutes. Labor for spreading material 
from an anaerobic-digester system will be 
about the same as with a regular liquid
manure-handling system. 

Electricity 
Electricity was used for lighting the equip
ment area, operating the gas recirculation 
pump, hot water-circulating pump, manure 
pump, and hydraulic pump that in turn op
erated the sludge-removal gates and the hy
draulic motor that drove the sludge auger. 
Electric power used for operating the sys
tem, measured by meters, averaged 25 
kWh/day. 

Supplies 

The prinCipal expendable supplies for 
operating the system were lubricating oil for 

TABLE 7. Approximate cost, based on 1975-1976 prices, for the principal components of an anaerobic 
digester for a milking herd of 100 cows (about 3,500 ft3 or 100 m3 capacity). 

Foundation (including sludge-auger housing) 
Digester (including insulation) 
Digester roof (including insulation) 
Effluent disposal facilitya 
Manure slurry handling system (Hydra-ram pump, sludge auger) 
Heating system (boiler, Circulator, heat panels) 

$ 2,500 
4,700 
1,500 

2,000 
6,000 
1,000 
1,000 
1,300 

Gas recirculating system (gas pump, manifold, diffusers) 
Supplies and labor 

Total initial cost 20,000 

aEffluent from the Penn State digester was stored in a small steel tank suitable for the experimental 
installation. 

the gas pump and LP gas for the pilot light in 
the boiler. Consumption of these items were, 
respectively: 
Oil ~ 1 gaVmontb 
LP gas ~ 30 Ib/month 

Maintenance and depreciation 
During the useful life of the equipment, it is 
expected that certain mechanical compo
nents, especially wearing surfaces and vi
brating members, will need periodic repairs. 

Some components will have a relatively 
short useful life. Substantial corrosion may 
occur on some components, especially those 
in contact with the biogas. The structural 
components, if built of durable materials, 
can be expected to require minimum repair 
and have a relatively long useful life. 

Estimated annual costs for the Penn State 
digester system, based on established values 
for standard types of manure-handling 
equipment, are presented in Tables 8 and 9. 

TABLE 8. Estimated annual maintenance and depreCiation costs for an anaerobic digester. 

Component Cost Life Annual costs 

Maintenancea ($) (years) ($) 

Siurry~handling system 6,000 8 450 
Heating system 1,000 8 75 
Gas recirculating system 1,000 8 75 
Digester roof 1,500 20 45 

Total annual maintenance costs:a 645 

Depreciation 

Equipment 8,000 8 1,000 

Digester and roof 8,700 20 435 

Total depreciation costs: 1,435 

aASAE Data: ASAE D230.2, based on the assumption that repair costs over the life of the equipment will be 
equivalent to 60 percent of initial cost. 

TABLE 9. Summary of annual costs for an anaerobic digester. 

Item 

Interest (based on capital costs) 
Depreciation 
Electricity (25 kWh/day; $0.04/kWh) 
Supplies (vacuum pump oil, LP gas for boiler 

start-up and pilot light) 
Maintenance 

Total 

Cost 

($) 
1,200 
1,435 

365 

125 
645 

3,770a 

aDoes not include the cost of labor, estimated to be about 1.5 man hour per day, for slurry preparation and 
checking the operation of the system. 
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EFFECTS OF LARGER HERD 

Some of the tests with the Penn State di
gester indicated that it could handle up to 
0.65 lb/ft' (10.3 kg/m3 ) of volatile solids 
daily, This loading rate corresponds to the 
manure production of about 130 cows, as 
indicated by Midwest Plan Service's Struc
tures and Environment Handbook and the 
1978-79 Agricultural Engin'eer's Yearbook. 
Thus, attainable net gas production for the 
digester designed for 100 cows could be 
much higher with this higher loading rate, 
but operating costs would increase very 
little. 

\I ALUE OF DIGESTER OUTPUT PRODUCTS 

Biogas 
If the net output ofbiogas from the digester is 
used for heating purposes in a furnace, space 

heater, water heater, etc., its value should be 
compared to the heating value of natural gas, 
LP gas, or fuel oil. In a 100-cow manure di
gester operating under winter conditions of 
25°F HOC), net biogas output (60% methane) 
content has equivalent fuel values for uses 
other than heating the digester as shown in 
Table 10. For a digester operating on a year
round basis, the average daily net output 
will be increased SUbstantially (approxi
mately 30%) because the digester heating 
load will be greatly reduced, due to the much 
higher temperature of input slurry in warm 
weather. 

If the biogas is used for generating electric
ity and the waste heat from the engine is 
used to heat the digester, the .calculated out
put of electric energy is 150 kWh/day. or 
55,000 kWhl12-month season. In such a sys
tem, there would be some excess heat from 
the engine. 

TABLE 10. Approximate equivalent fuel values for net biogas production from a 100-cow anaerobic 
digester. 

Type of fuel Daily (Winter) AnnuaJa 

Biogas (60% methane) 3.700 ft' 1.35 x 106 ft3 

(105 m') (3.8 x 10' m') 
Natural gas 1,980 ft' 72.3 x 104 ft3 

(56 m') (2.04 x 10' m') 
LP gas 1021b 3.72 x 10' Ib 

(46 kg) (1.68 x 10' kg) 
Fuel oil 14.7 gal 5,365 gal 

(55 liter) (2.03 x 10' liters) 
aBased on the assumption that, on a year-round basis, about 70 percent of the digester energy output is in 
excess of the amount needed to maintain slurry temperature. 

Figure 63. Anaerobic digestion of swine manure was practiced on this farm near Mt. Pleasant, Iowa, in 
order to overcome malodor problems in this densely populated area. 
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Processed manure as fertilizer 
No substantial reduction in nitrogen occurs 
during the anaerobic-digestion process. 
Effluent analysis showed a nitrogen content 
of 1.6 percent. This amounts to a daily out
put of 55 lb (25 kg) of nitrogen from a 100-
cow dairy herd. 

ADDITIONAL BENEFITS 
OF ANAEROBIC DIGESTER 

In special cases, farmers may have to take 
costly steps for manure management in 
order to satisfy environmental requirements 
with regard to odor and/or other pollution 
problems. In such cases, an anaerobic di
gester could be used to overcome these prob
lems satisfactorily (Fig 63). The economic 
value of this benefit is difficult to assess. 
However, it may be of substantial economic 
importance in some cases (Capener and 
Braitbwaite 1978). 
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