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ABSTRACT 

This report summarizes the effort performed in compliance with
 
AM contract AID/ta-C-1278, 
 "Research in Methane Generation. '- The 
purpose of the study was to provide 'iexperimental data necessary for the­
evaluation of methane generation frim combined vegetable and animal 
waste. In the performance of this study, a rather complete literature
 
review of'the subject was undertaken, an experiment was conducted at
 
the Taiwan National Livestock Research Institute to evaluate some of the 
unknown responses on a scale suitable-for immediate application, a design 
approach was initiated, and further necessary analysis and rese.irch was 
identified. It was concluded that it is possible to utilize vegetable wastes 
to increase the methane production of relatively simple animal waste 
anaerobic digesters. T appears that significant reductions in capital cost, 
improved performance, and increased useful product can be obtained by 
utilization of a two-stage (acidogenic/methanogenic) continuous flow ex­
crement anaerobic digester operating in conjunction with batch mode 
biomass (vegetable waste). leaches. Modular construction of the digester 
from elastomeric materials and suitable insulation is suggested. Further 
experimental research and prototype design is recommended prior to an 
extensive field trial program. 
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SECTION I 

INTRODUCTION '.... 

The combustible characteristics of marsh gas have been retognized 
for centuries as docrmented observations from ancient Egypt, Chit1a and 
Rome attest. Count Allesdandro Volta is credited with the discover y in 1776 
that marsh gas was produced by the anaerobic decay of vegetable mutter. In 
1806 William Henry proved that the combustible constituent of marsh gas was 
identical to the major constituent of coal gas. Shortly thereafter, S:.r Hum- X' 
phrey Davy identified the same gas coming from farmyard manure. This
 
constituent was subsequently named methane and shown to be a 
molecule
 
composed of one carbon atom and four hydrogen atoms. In 1868 Pierre
 
Be'champ suggested that methane was formed by microorganisms liviag 
anaerobically on simple carbon compounds. This was confirmed by ap­
painer in 1882-1884. Based on subsequent research, the first plant for 
producing methane from organic waste was built in 1900 at the "Homelrss>\
 

LepersI Asylum," 
 Matmra, India (now the Acworth Leprosy Hospital). At 
about the same time, the dev -Apmentof anaerobic digesters for sewage 
sanitation plants began. This latter technology has continued to develop so 
that an extensive, comprehensive, and contiguous field of knowledge now
 
exists. Issuing from the 
same source, the related activities in biochemistry 
and industrial microbiology a.lso yirovide supporting theory, processes, and 
data useful in the studies on anae -obic digestion of organic waste. 

While both urban sanitation and industrial biochemistry are documen­
ted as a continually evolving technology, the development of small-scale 
anaerobic organic waste digesters for producing biogas and fertilizer has 
been highly fragmented, in time, in. place, and in concept. Spasmodically, 
since the early 1900s, the interest in such technology has existed in Great 
Britain, Germany, France, Algeria, Austria, Russia, Itly, Kenya, Uganda, 
Rhodesia, South Africa, Korea,Japan, India, Taiwan, the Philippines, 
Pakistan, Thailand, Papua New Guinea, China, Canada and the Unite, States. 
The reasons for the activity has varied, but includes fuel scarcity, fertilizer 
need, cost effectivess, sanitation, pollution control, ecological compatibility, 
and improvement in "standard of living." There exists no single docment 
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•swnunarizing this fism1. For more Getaiieu inormaton, reier to 

(1975a, b. c), Sathiaznathan (1975), Fry (11,rand Fry and Merrill (19 1). 

At present, theninost significant activities in biogas technology are 

being pursued by TCPRR, Taiwan; JARI, India,- and the Association of Coun­

tries under ESCAP. iU'NESC. 

The 	purpose of this study was to qualitatively evaluate the feasibility 

of increasing the production of biogas (carb n dioxide and methane) of animal 

waste anaerobic digesters by the use of vegeStable waste augmentation. The 

guidelines for the sately were: 

1. 	 Conduc ,a literature review to determine the current 
state-of,.the-art in digestion -of combined forms of 
waste. 

2. 	 In cooperation with Taiwan National University and Py 
Researcqh Institute, develop an experimental design to 
qualitatively test the operating parameters and charac­
teristics of methane generation utilizing combined 
vegetable and animal wastes. 

3. 	 instrunent existing Taiwanese methane generators and 
carry out the experimental design of Item 2 above. 

4. 	 Analyze the experimental data; develop design recom­
m-ndations and prepare a report on all project activities 
and results. 

Highlights of the literature review are documented-in Section fl. 

Based on this material, an experimental design -philosophy was, developed 

as outlined below. 

It has been experimentally demonstrated that the addition of small 

quantities of certain vegetable wastes to the digester influent can increase 

the biogas production per unit animal waste influent; however, increased 

or inappropriate vegetable waste additions have consistently resulted in 

rendering the digester inoperative. Two possible methods for solving this 

difficulty are: 

1. 	 Suitable preprocessing of the vegetable waste, such as 
mechanical grinding or chemical processing in order 
to disintegrate the constraining ligneous structures. 

2. 	 Leaching of the vegetable waste in a semi-batch mode 
method so as to allow only the introduction of soluble 
vegetable materials into the digester. 
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The second approach was pursued as it offered both flexibilUty and 
,iimplicity. ' Furthermore, there exists a number of pape.s discussing the 

..... unwUccessfu1 attempts-to implement the fist approach. . . 

In addition to biogIs p'oduction, anaerobic digesters also return 
the fertilization value of the iniuent in dissolved form in the liquid effluent 
and in humus form in the remaining spent ligneous solids. With some 
aimal wastes, and depending on the digester design, a scum wiU form 

which must be periodically removed. This scum is readily usable as an 
enriched humus fertilLzer. It is possible that for certain installations the 
liquid effluent cannot be immediately used to fertilize adjacent crops. Z.n 
such instances it may prove advaktageous to- incorporate an additional-ele­
ment to the system that will effectively store the fertilizer in a useful form. 
The use of algae, water hyacinth, or water chestnut (caltrop) to purify the 
effluent is an example of one possible storage method. Nitrification/fMitra­

tion composting of rice stiraw might prove to be effectivean alternate. 

A functional diagram summarizing the foregoing is depicted in
 
Figure 1-1. Examination of the details 
of the system as functionally de­
picted reveals several interesting features, some of which offer potential 
for otijmization, others define operational constraints. 

Anaerobic digestion can be considered on a macroscale as a three­
step biclogical process utilizing heterogeneous groups of bacteria fuc­

tioning in the absence of oxygen to degrade complex organic material into 
elemental molecular forms. The first step involves the hydrolysis of high 
molecular weight biopolymers, carbohydrates, fats, and proteins into 
lower molecular weight saccharides, fatty acids, and amino acids. The 
second step involves the production of volatile fatty acids (acetic, pro­
pionic, etc.), lower alcohols and aldehydes, carbon dioxide, hydrogen, 
ammonia, and hydrogen sulfide. The third step involves the generation
 
of methane and carbon dioxide from the fatty acids, alcohols, and alde­
hydes; and the synthesis of methane 
from carbon dioxide and hydrogen. !Y 

The first two steps are the result of the metabolic processes ofa 
group of bacteria which-can be labeled as. acidogenic. The third step is the 
result of the metabolicprocesses of a group of bacteria which can be labeled 
ai methanogenic. The division of the anaerobic process intoacidogenic and 
methanogenic has been demonstrated in a two-stage digestar with each stage 
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Figure I-1. Functional Diagranm - Methane Geneiatibz Studies 
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being operateid at optimum environmental conditions (PH ad temperature. 
f.. each of the bacterial groups,... 

These facts suggest that it would be advantageous to operate the bie­
mass anaerobic digester as a two-stage unit (acidogenic, methapogenic),
 
and the biomass leacher as an acidogenic digester. In this manner, the
 
effluent from the two 
separate acidogenic segments lould be'used as a com­
bined influent to a simple methanogenic digestion:stige Such an approach 
appears even more desirable when it is noted that the biogas evolved fromthe acidogenic fermentation process is primarily carbon dioxide whereas 
the biogas evolved from the metbanogenic fermentation is rich in methane. 
A scheme"of how this segment of the system could be configurid is shovn
 
in Figure I-2. 
 Note that several '!feedback" paths are included. This flgature 
can be utilized to control carbon/nitrogen ratio, solid/liquid ratio, hydraulic 
retention time, etc. 

The concept of utilizing vegetable wastes implies that there are agricultural
residues that are neither valued as food nor fiber. A list of candidate ma­
terials conceivably identifiable as waste is listed in 
 Table I-1. Of the
 
materials, 
 rice straw iv of particular interest due to its wide availability,

and also due to its competitive value as an important material for rice paper
 
or for mushroom culture compost substrate. For developing countries, the
 
demand for rice straw as raw material for rice paper would tend to be liited.
 
It is the potential use as a substrate for mushroom culture that warrants fur­
ther consideration. 
 Current practice is to mix rice straw with synthetic for­
tilizers, compost, 
and then grow -ushrooms on this substrate combined with
 
sterilized earth. In effect, this process pro 
 des protein assimilable by man
 
from previously unassimilable forms. 
 The anaerobic composting of rice straw 
by leaching with digester effluent might provide an alternate enriched sub­
strate for mushroom culture. If such a concept proves valid, both fuel and
 
food will result. 
 The rice straw compost remaining after the harvest of the 
mushroom crop would be a vegetable waste available for acidogenic fermen­
tation or suitable for use as humus. 

Composting is defined for the purpose of this study as the aerobic de­
composition of organic wastes to produce humus. This process has been 
utilized in agriculture for thousands of years. The first scientific inveiti­
gation and documentation was provided by Howard (1940). Ootaas (1956) 
has prepared an excellent engineering text on the subject. 
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Figure Z-2. 
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Rice Straw
 
Rice Husks
 
Bagamse 

-"Sugar Cane Tops
 

Napier Grass
 
Water .Hyacinth
 

Citronella Grass Waste
 
Banana Wastes
 

Sisal Wastes 
Bamboo 

Jute Wastes 
Casaba/Sweet Potato Wastes 

Sago Palm 

Table I-1. Potential Vegetable Wastes 
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in the CMOtlag Process, bacteria. fngi molds, and othersaprophytc organisms convert organic matter to carbon dioxide a water
In 

of stable carbohydraies, such lignins, together with most of the original
nitrogen and phosphorous 

while produc significant heat. The remaining material consists primarily 

utriols. Such material is anexcellent oranic 

Since the required feedstock and one of thefiv l id nc . .a ( presuO o .. .'.a .r n. p r oda'c t s a r e
effectively identical .or aerobic decomposition and for erobic fermenta­tion, these proce ses should be casidered as compet tive alternatives. Theadvantages oc comStinLgare simple processing and effectively complete

'pathogendestructj' 
 The major disadvantage is the loss of potential energywhen ,,mpared with the methaneproduced by anaerobic fermientation. Whenappropriate provisions are made in the anaerobic processing to assure patho­gen contr61, composting ceases to be the most economic waste recovery
 
method.
 

The experimentW phase of this study requires specially trained skilledpersonnel and suitable test facilities. Fortunately, the National Taiwan Uni­versity and FLRI possess these necessary resources. On this baeis, anexperimental program was. prepared as detailed in Section IlL 
 The results

of the experiment are summarized in Section IV. 

Based on the experimental results and the literature survey, further.efforts are proposed in Section V. Section VI provides conclusions and

recommendations 
incorporating material developed during the course ofthe study. For future reference, a rather complete bibliography has been 
included. Related material and specific details pertinent to this study areincluded in the Appendix. 
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SECTION U
 

LITERATURE REVIEW
 

- To provide a basis for both the specific research conducted as partof this study and to aid in defining the total potential for biomass waste re­covery in developing nations, an extensive literature review was undertaken.
This section suzamarizes information abstracted from a selected set of thescientific literature in this field. The material terds to be limited to ele­
ments applicable to developing nations. A Bibliography, Section Vfl, is
provided for those who wish to delve deeper. The publications of ESCAP
(1975 a, b, c), Fry and Merrill (1973), Fry (1974), Poole (1974), and 
Sathianathan (1975) should be of particular interest. 

Aniaerobic Digestion of Sewage Sludge 

Poland and Bloodgood (1963) reporzea on tie performance of alaboratory scale anaerobic sludge digester operating at 36 0C, 52 0 C, and
600 C under volatile solid loadings of from 0. 5 x 10 "33 3to 5 x 10 k lo/lite,
day. Optimum performance was reported at a temperature of 36 0 C and avolatile solids loading of 4 x 10°­ kilo/liter day, resulting in a gas produc­
tion of 625 liters/kilo volatile solids exhibiting a 75% C.4, 25% C0 2 com­
position. Higher temperatures consistentlyresulted in lower efficiencies
Ls did other loading rates. This data is somewhat at variance with other
Itudies, possibly because the bacterial cultures were not given sufficient
:iMe to acclimate to the other temperatures. It should be noted that no
Lttlempt was made to artificially control pH, so that at the poor operating
:nditions, a lower pH was always evident. 

G/aerobic Digestion of Poultry Manure 
Taganides (1963) discusses the subject of anaerobic digestion ofHiultry manure and presents a number of sizing criteria for a single-stage

ligestiog system. Figure 1il depicts a typical digester considered
uitablelor operation in a machine/energy intensive agricultural environ­
ment. Table 1I-1 summarizes the design criteria recommended by'aaides. No experimental data was provided to confirm the design 
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Figure 11-1. Typical Single-Stage Sewage Digester 
(Taiganides, 1963) 
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_-Poultry Manure Design Criteria 

Manure production - 0. 175 kilo/hen day (confined) 
Total solids content - 25% 
Organic solids - 0. 035 kilo/hen day (confined)
 
Expected gas production - 0.012 MS/hen day (2S-day retention)
 
Composition - 60%to 80% CH4 ; CO 2 remainder
 

Single Staxe Dizester Design Criteria .... -

Operating temperature - 35 0 C 
Detention time - 10 to 30 days ­

p. - 7 to 8 -3 
Digester loading and organic solids -1 to 5 X 10 3 kilo/day liter digester
Total solids - 5% to 15% of influent -

Table If-I. Anaerobic Digestion of Poultry Manure 
(Taiganide s, 1963) 



philosophy. L would appear that a more economic solution would be to 
ise a two-stage system of a simpler smaller configuration. 

Anaerobic Digestion of Pig Manure 

Kang (1975) has reviewed the devilopment of the pig manure digester 
as it evolved in Taiwan. Although the technology had been highly developed 
by the Japanese on Taiwan during the early 1940s, it was effectively com­
pletely reinvented iAthe late 1950s. Today, more than 8000 units of the 
designs shown in,,Figure 11-2 are functioning u Taiwan, and development ­

of a more cost-effective elastometric bag design schematically shown in 
Figure r-3 Is being explored. Chung -Po, et al (1975), has published per­
formance data on a typical small pig manure digester, a summary of which 
is given in Table 11-2. Note that the variation in retention time was obtained 
by varying the amount of wash water, with the digester volume and the pig 
manure mass per day remaining constant... -System response for various 
retention times varying the quantity of waste introduced per day into the 
digester would be required to completely map the operating characteristics. 
Based on other reported digester experiments, it would seem that an increase 
in pereentage of solids could be tolerated-with little or no degradation in 
performance. This would effectively reduce the required digester value 
per unit solid digested. 

Anaerobic Digestion of Cattle Waste 

Meenaghan, et al (1970), reported on the two-stage digestion of cattle 
wastes. Figure 11-4 is a schematic of the system utilized in their experiment. 
.Table 11-3 summarizes the results of their experiment. It is apparent that 
anaerobic digestion did occur, that separation of the acidogenic and metha­
nogenic processes was partially successful, and that this procedure could 
apparently provide a source of biogas while purifying (lowering the BOD) 
the polluted wastewater. It would appear that the experiment could have 
been more successful if the first stage (acidogenic) retention time had been 
lesil,than the 5 days used, and the second-stage (methanogenic) S-day reten­
tion :me had been greater. The substantiation of an anaerobic filter for 
the ,econd stage digester would appear desirable. Methods for utlizing 
he- enriched water resulting from this process were not discussed.. 



Animal Waste Anaerobic Digester Configurations . 

Gas Floatin Cover 
Nat nto Use/ Scum Mixer Sug u 

, "Z 

Figure 33-26 floating Top Masonry Tank Design 
(Kang, 1975) 

ltometric Bag iahts" Gasl" 

Nfunt Effluent 

~p 

Figure 11-3. ]faster-etrc Bag Desin 

(Chung Po, et al, 1975) 
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Digester Volume 5530 liters
Waste Input-


Total solids - 5. 125 kilo/day

Volatile solids 4.250 kilo/day
Effective "BOD" 0.984 Idlo/day

*Effective ,COD , ,** 
 3.080 kilo/day 

Calculated Influent Characteristics vs. Reten
 
Retention time - days 6 
 8 12 16Total solids - g/l 5.57 7.42 11. 13 14.84Volatile solids - g/1 - 4.6.1 - 614 . 9.21. 12.2,COD, -mg/i 3345 4460 6690 . 8920BOD, -mg/l 1070 1487 2140 - 2854 

Measured Efluent Characteristics vs. Retention Time
 
Retention time - days /6 
 8 12 16PH L2i 7.2 7.37.2 -7.4Total solids - g/l - . 3.2187 4.338 4.938Volatile solids ­ g/l 2.032 2. 622 2.638COD - mg/i 1700 1900 2160 2160BOD -mg/l 400 ..- 380 410 380 

Biogas Production vs. Retention Time 
Retention time - days 6 8 12 16 
Total biogas

* . .  produced -l/d* 1800 2200 -2800 3100 

*BOD - Biological (Biochemical) Oxygen Demand 
***COD - Chemical Oxygen Demand 
***Composition not reported; however, by implication the CH4
 

was apparently assumed to constitute 65%.
 

Table 11-2. Anaerobic Digestion of Pig Wastes 
Summary of Experiment/Results 

(Chvug Po, et al, "1975) 
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Figure 11-4. Anaerobic Digestion of Cattle Waste Process Schematic 
(Meenaghan, et al, 1970) 
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- -

ENVIRONMENTAL CHAMB ER 

steers,, 225 kilo initially, 350 kilo after 55 dai s 
29 + 1C air temperature

50 4% RH
 
S nIz. air replacement time
 
Continuously lighted (200 watts)
 
165 liters/day water in/out

Feed: 90.81% Milo - dry rolled
 

7.50%Cottonseed meal 
1. 00% Calcium carbonate 
.69% Vitamins, minerals, salt 

SUMP TANK 

165 liters/day liquid waste in/out
 
6900 mg/l BOD
 
13, 000 mg/1 COD
 
7.3 pH 
16. 2 C:N ratio
 
2100 mg/l alkalinity
 

DIGESTER 1 

22.7 liters/day liquid waste in/out
 
5 clay retention time
36"C
 
6900 mg/1 BOD
 
6.3 pH
 
3750 mg/l alkalinity
 
0.273 m 3 /day CH4 production ­

0.242 m 3 /day CO2 production 

DIGESTER 2 

22. 7 liters/day liquid waste in/out
 
5 day retention time
 
360C
 
2900 mg/l BOD
 
7800 mg/1 COD
 
7.1 pH 
9.4 C:N ratio
 
4700 mgliter alkalinity

0. 243 m-2/day CH4 production
0. 093 m 3 /day CO2 production 

Table 11-3. Anaerobic Digestion of Cattle Wastes 
Summary of Experiment/Results 

(Meenaghan, et al, 1970) 
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Anaerobic Digestion of Cattle Manure and Vegetation 

Laura and Idmani (1971) reported on the batch digestion of cow dung 
plus various other materials, primarily of vegetable origin. The results 
are summarized in Table U-4 in a form comparable to that reported by 

Boshoff (1967). 

Desai and Biswas (1945) reported on studies with a small continuous 
flow digester utilizing primarily cow dung as the input material, although 
experiments with additions of vegetable matter were also performed. 
Tabli II-5 sUmmarizes.their experience. A positive correlation between 
ambient temperature and gas production was noted. Of principal concern 
to the research was the fertilizer value of the digested materials. The con­
clusions were that anaerobic digester fertilizer was superior to aerobically­
fermented (composted) fertilizers, 

Anaerobic Digestion'of Vegetable Matter 

Boshoff (1963, 1967) has described experiments on both batch and 
c-ntinuous digestion of vegetable matter. These experiments show that vir­
tually any type of vegetable matter can be anaerobically digested. For batch 
digestion, both dung and vegetative residues of previous fermentations were 
utilized as starter materials, the former proving to be somewhat more 
effective. Fermentation of 35 0 C indicated both higher -rates and higher total 
gas production per unit mass of matter when compared to fermentation at 
220 C. Batch digestion can be approximately described by the mathermatical 

relationship 

t T Kt 

where 

t a. time, days 

Vt.= accumulative gas 

VT = total gas producible 

K a reaction constants temperature dependent 
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-. 
 80-Day Results 

Material Gasproduct. dK - decom- ,GasComp. 4. 
5 f 1ddI/kilo dry day- psed -SCo2 SM4 4
SOO g fresh dung (IS. S dry nmatter) 208 .023 28108 34.4 60.0 1.1

SOOg fresh dung + 2 g cane sugar 207 .025 28.61 38.4 57.6 2.1 
500 g fresh dung + S g ashes 190 .023 26.79 34.4 60.4 2.9 
500 g fresh dung + 12 g fresh leguminous leaves 200 .024 29. 88 32.0 61.6 4.0 
SO0 g fresh dung + 6 g sarson oilcake 203 .021 28.45 30.4 67.4 
500 g fresh dung + 5 g cellulose 208 .026 30.06 44.0 52.8 
500 g fresh dung + 2 g casein 219 .026 31.12 32.0 64.0 2.4 
SOOg fresh dung + Sg cane sugar + 5 g urea 68.0260 .023 36.92 30.6 
SOOg fresh dung + S g cane sugar + 5 g CaCO3 244 .026 33.01 28.0 70.0 --­
500 g fresh dung + 100 mil urine 245 .023 33.83 :32.0 67.0 ---
SOO k fresh dung + 2 g charcoal 160 .08 22.93 :32.0 65.6 
250g fresh dung + 50 g dry leav.-i (non leguminous) 219 .020 32.52 28.0- 68.0 0.6 

Table 11-4. Anarobic Batch Digestion of Cow Dung/Additive
(Laura and Idmani, 1971) 
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(Desai and Biswas, 1945) 



If an eslpcialy virile "starter" such as partially digested dung is

11tlhzed, the simple exponential form is somewhat.in error 
during the early
portions of the fermentation. Valuaes reported by Boshoff for elephant grass 
fermentation are 

K2 2 0C a 0. 0526 day-1 

K35oC 0.0600 day-

He notes that K values for sewage sludge range frolaa u. &-z Yu u..u aay -. 
For batch digestion, the total gas producible ranged from 585 to 235 liters/
kilo dry vegetation, the higher values being obtained using dung starter at 
35 0 C, the lower values obtained using fermented vegetation residue at 220 C.
Methane content was typically 60%. Total digestion times ranged from 40 to 

concurs60 days, which with other recommended optimum durations. For 
continuous digestion, the gas production was typically 320 liters/kilo dry
vegetation. Some coxzur.ents of Dr. Boshoff are particularly interesting, and 
so are quoted exactly as published. 

"The production of methane gas on farms has become almostuniversally associated with farms where livestock is housedand where a supply of dung, either pure or in a mixture withgrass in the form of bedding is readily available for fermen­tation. Installations inwhich the materials are fermented inbatches have, because of their simplicity, also been generally
adopted... 

"In the continuous fermentation carried out, the digesters wereinitially fed with dung, and as gas production commenced, smallquantities of grass were fed daily to the dung until a steady dailyrated gas production was obtained. Formal trials were carriedout using the material obtained from such a digester, as startermaterial. As the digesters filled up with fibrous exhaust resi­dues, appropriate quantities were periodically removed... 

"The batch method is the most common technique employed onfarms for the production of methane gas by the anaerobic fer­mentation of vegetable matter. It is by no means the mostefficient, the continuous method being considered morebut the relative cheapness, uo,
and simplicity of the plant requiredfor batch fermentation has generally led to being preferred..," 

Boshoff (1967) 

11-12
 

http:somewhat.in


Anaerobic Diiestion of Cellulose' 

Pfeffer and Liebman (1974) reported on the performance of a 350­
liter fermentator operating between 55 0 C and 60 0 C. 
 The feed material was 
predominantly cellulose, being derived from urban refuse. The feed rate 
was approximately 2. S kilo/day at a'loading of approximately 60 gm/liter. 
The gas production was between 600 and 900 liter/day or on a volatile solid 
basis, approximately 375 liters/kilo volatile solids added, or 685 liter/kilo 
volatile solids destroyed. Performance was somewhat erratic due to equip­

ment malfunction. -

Pfeffer (1974) reported on a parametric study of the response of a 
set"f eight 24-liter laboratory digesters receiving 50-grams dry cellulose 
plus 6 grams dry raw sewage sludge. Hydraulic retention times from 4 to 
30 days were examined. The temperature range investigated was from 35 0 C 
to 600C. In order to provide proper nutrient levels-in-relationk to available 
carbon, inorganic nitrogen and phosphorous salts were added. Sufficient 
sodium hydroxide was utilized to stabilize the pH at 6. 7 to 6.8. Table 11-6 
summarizes the gas composition and pi-oduction for the extreme tempera­
tures. Increasing, pH from 6. 5 to 7. 5 showed improved conversion efficiency 
(higher cellulose conversion), with the magnitude of improvement being 
temperature dependent. 

Kispert, et al (1975), report on their. studies leading to a proposal 
for a large-scale proof of concept program to evaluate anaerobic digestion 
of urban refuse. Experimental studies were conducted by the University 
of Massachusetts and MIT in support of the study. These studies, in general, 
supported the previous results reported by Golueke (1971-2, Pfeffer (1974). 
Of significant importance was the development of an on-line Adenosine 
Triphosphate Sensor (ATP) at the University of Massachusetts. ATP con­
centration can be directly correlated with biomass and microbial activity 
(Patterson, et al, 1970). 

Lifmin - Cellulose Digestion 

The vegetable wastes, available for anaerobic digestion tend to 
be materials with low animal food content. These-wastes are composed 
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Retentio 35°C 600C 
SCF Gas SCF Gas 

Time-days %CH4 %CO 2 lbs v.s. %CH 4 %CO 2 Ibxv. a. 

4 69.8 30.2 2.02 58 42 6.17 

6 64.3 35.7 2.91 57 43 6.75 

8 58.6 41.4 3.36 57 43" 6.16 

10 57.2 47.8 3.84 57 43 6.64 

s15 53.8 46.2 4.23 56 44 6.61 

20 53.4 46.6 4.28 55 45 6.90 

30 53.8 46.2 4.39 55 45 7.20 

Table 1-6. Anaerobic .Digestior" of Cellulose 
Laboratory Digester Performed 

(Pfeffer, 1974) 
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primarily of lignin-cellulose fibers, wherein the ligneous structure tends 
to shield the cellulose materials from enzymatic hydrolysis. A number
 
of studies have examined this subject, the papers of Cowling (1963) and
 
Pew and Weyner (1962) typifying the results obtained. Mechanical fine
 
grinding and/or hydroxide treatment to swel the material beyond its
 
water-swollen dimensions are proven techniques for producing a substrate 
that will allow 90% removal of the cellulose by subsequent enzymatic
 
digestien.
 

Comparative Yield Data 

Poole (1974) has prepared an interesting review of thirteen published 
anaerobic digestion experiments. Table II-7 summarizes his comparisons. 

Temperaiore Influence on Anaerobic Digestion 

It has long been known that anaerobic digestion is influenced by the 
operational temperature. Golueke (1958) presented the results of an ex­
perimental evaluation of the effect of temperature on raw sewage sludge
 
which suggested two distinct regions, mesophilic below 450 C, and thermo­
philic above 450 C. 
 The results of this study are represented by Figure 11-5
 
which plots the gas production versus temperature for the equivalent of a
 
30-day retention time. Pfeffer (1974) documented the results of a more
 
extensive study which examined the influence of various parameters on 

-anaerobic digestion of organic wastes, primarily cellulosic. Figure 11-6 
siummarizes the data relating temperature and retention time to gas pro­
duction per unit mass of volatile solids added to the reactor. 

The data of Pfeffer, which was obtained under more stringent 
parameter control (pH, alkalinity) that that of Golueke, does also show 
distinct mesophilic and thermophilic regions. 

In contemplation of this data, note that both acidogenic and metha­
nogenic functions were concurrently represented in the test apparatus. 
Keenan (1974) has shown acidogenic and methanogenic microorganisms 
are influenced differently by temperature, the acidogenic being capable 
of functioning at high conversion efficiencies at moderate temperature of 
(1S-20 0 C). It would seem plausible that the discrepancies between the 
results of Golueke and Pfeffer are related to the substrate-*acidogenic 
microorganism interaction, and that the methanogenic response would tend 

11-1is 



Material dry sugar dry chicken steer
_e./atd sewage sewage leaf cane straw manure manure 

Maly & Maly & Imhoff;
-Reference 'atrus Fadrus Singh Singh Singh Bell Bell 

(1971) (1971) (1971) (1971) (1971) (1973) (1973) 

Technique batch batch batchbatch batch batch batch 

Detention 
-T--ne (davs 100 100 70+ 770+ 70+ 50+ 50+ 

Temperature
(degrees C) 30 501 23-28 23-28 23-28 

Reduction in 
Volatile Solids 49 50 -

Methane per
kg vs Added
(ljkg_ 382 386 200 330 405 185 55 

Methane per

kg vs Destroyed 
 . ..

(1/kg)! ' " 780 770 - * . e ­ -

Ratio of 
CH4to CO 2 
 2.7 2.7 1.0 1.0 1.0 1.5 2.0
 

Net Conversion 
Efficiency 
kcal CH /kcal 
v Adde -.. 60 0.60 0.64 ­

-Table nl-7. General Yield Data for Various Materials
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Material urban simulated fresh fresh fresh freshDRIested refuse refuse grassalgae grass papyrul 

GoluekeReference Pfeffer Altmann & Oswald Boshoff Boshoff Boshofj
(1971) (1973) (1960) (1967) (1963) (1967) 

Digestion
 
Technigue batch continuous 
 batch.. batch continuous batch 

Detention
 
Time (days) 30 10 11-20 70 . 70
 

Temperature 
Idegrees C) 
 35 37 45-50 --- 32 --- 32 32"
 

Reduction in
 
Volatile Solids
 

45-57 66 62 ..... 

Methane per 
kg vs Added' 230 328 322 .375 - 246 250 

Methane per 
kg vs Destroyed
(1/kf) 460 
 500 520 ­-

Ratio of 
CH4 to CO2 1.5 1.5 1.7 - 1. s 

Net Conversion 
Efficiency 
kcal CH /kcal 
vs Addea 0.52 0.56 0.53 - 0.45 

Table f1-7. General Yield Data for Various Materi'j (contd.) 
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Figure Il-S. Effect of Temperature on Gas Production 
(After Goluake, 1958) 
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to be a continuous function for the entire system. Research in this area 
would be useful as it would enhance the design optimization of split- stage 
anaerobic digestion systems. 

Pressure Influence on Anaerobic Digestion 

Based on inference fron other biological research, any pressure­
related anaerobic digestion phenomena would be a function of solubility, 
diffusion rate and partial pressure of the gases involved in the reaction. 
Two references to pressure phenomena were located. Symons and Buswell 
(1933) noted that fermentation under pressures of 680 atmosphere produced 
only volatile acids. Finney and Evans (1975) have reported increased metha­
nogenic organism metabolism at 0. 25 atmosphere, as evidenced by a mini­
mum doubling time of 0.28 days in comparison to 1.8 days at 1.0 atmosphere.
 
This effect could be useful in the design of industrial digesters; however, for 
small-scale agricultural waste digesters atmospheric pressure operation 
would appear desirable. 

_H Influence on Anaerobic Digestion 

The pH of the liquor in which the fermentation occurs has been observed 
to have a great effect on the process. Acidogenic fermentation, the first stage 
of anaerobic digestion, creates an acidic liquor with pH ranging from 5 to 6. 5.
 
Methanogenic fermentation, the second stage, 
 tends to create a neutral or
 
akaline environment, with pH ranging from 7 to 8. 5. 
 In a single-stage digester, 
both processes occur and the resulting pH tends to be somewhere between the 
extreme values. Pfeffer (1974) has reported on the pH influence on the fer­
mentation of ce~lulose in a single-tank digester. His results are shown in 
Figure n-7. Meenaghan, et al (1970) and Keenan (1974) have discussed pH 
influence on two-stage digestion, but neither performed the parametric varia­
tions required to firmly delineate the effect. 

Carbon/Nitrogen (C/N) Ratio Effects 

The effect oi the carbon/nitrogen (C/N) ratio on anaerobic digestion 
is apparently understood by all researchers. Since the C/N ratio of the 
microorganism cells is approximately 30:1, the fermentation environment 
should reflect this ratio. Values of from 15:1 to 45:1 are apparently con­
sidered acceptable. Unfortunately, no literature was located addressing 
this specific item nor documenting experimental evidence defining the 
specific influence. 
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Figure n-7. Effect of pH on Anaerobic Digestiou 
(Pfeffer, 1974). 
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Fuel/Food Production from Waste Digestion 

Boersma, et al (A974), conducted research on a waste management 
system 1ased on the utilization of power plant waste heat, animal waste 
digestion, and algae production from digester liquids. For optimum pro­
duction of biogas, the anaerobic digester must be heated; power plants 
require fuel, some of which can be provided by biogas, and produce waste 
heat; algae can be grown on the enriched liquid effluent from an anaerobic 
digester, producing protein and cleaning the wastewater. The study pro­
poses a system tying these functions together, based on results reported 
in the literature and some individual element experimentation. Actually, 
a system such as conceived by this study has been functioning successfully 
for several years at the Chang Hoa Animal Lreeding Propagation Station 

in Taiwan. 

Fuel/Feed Recovery from Animal Waste 

Coe and Turk (1973) reported on a study for recycling cattle feedlot 
wastes to produce both feed and fuel. The basis of the investigation was the 
fermentation of the feedlot wastes to produce both biogas and a protein-rich 
feed supplement. The majority of the biogas would be required to energize 
the processj thus effectively all of the recycled products would be used by 
the feedlot, thereby eliminating consideration (and problems) of marketing and 
transportation. All water is recycled within the systems. The study con­
cludes that the concept is econcmic (in the US) for feedlots with stock in 
excess of SO00 to 7000 head. 

Feed Recovery from Animal Waste 

Muller (1973) has prepared a general review of the recycling of animal 
waste including bedding or litter to feed supplement. It is his conclusion that 
"lactic fermentation has substu itial advantages over other methods." While 
the experimental results are well documented, the economic selection between 
feed/fuel production has yet to be conclusively deiineated. 
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Aquatic Vegetation: Waste Water Purification- Food/Fuel Source 

Vietmeyer, et al (1976) have prepared a compendiura on aqua'ic vege­
tation, emphasizing their potential use for food, energy, and pollution control 
in developing nations. Species of particular interest include various forms
 
of algae (spiruliner platensis, 
 spiruliner maxima), duck weed (Spirodela,
Woifia, Lemna) and water hyacinth (Erchhornia Crassipes). These forms of
 
aquatic vegetation have been shown to be useful for both wastewater purifi-.....
cation and the production of protein rich vegetation. The g'owth rate of such 
vegetation exceeds terrestrial alternatives. These potential advantages exist
 
either for increased productivity for flooded agricultural land, a utilization
 
of swamplands unsuitable for other crops. 
 Table 1-8 summarizes some
 
properties of selected aquatic vegetation species.
 

Oswald (1961) desribed one potential method for producing animal
 
feed (algae) from sewage wastewater. Golueke and Oswald (1963) 
 suggested 
a modification wherein the algae would be digested to produce biogas.
Oswald (1971) described the advantages of using algae for biological purifi­
cation of sewage. Uziel, Oswald, and Golueke 
 (1974) provided experimental
verification of the fermentability of a number of algae species. Foree and 
McCarty (1969) also provided experimental and theoretical evaluations con­
cerning the digestion of algae in anaerobic wastes, addressing potential
problems. associated with algae utilization in sewage purification lagoons. 

Wolverton, Mcbonald, and Gordon (1975) have provided experimental
verification of the anaerobic fermentation potential of water hyacinth for the 
production of biogas. 
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irowth Rate 
Peak Average


Duck Weed 
 500 Kg (dry) 104 K (dry)
(Woffia Arrhiza) 

­

ha day ha yr 

Algae 
2. K (dry)(Chlorella) 5x yr 

Water Hyacinth 560 Kg (dry) 2.5 x 10(Erchhornia Crassipes) ha day ha yr 

Note - Duck Weed requires wind sheltered ponds 
- Algae extremely difficult to harvest 
- Aquatic vegetation as harvested contains 90-95%water 

Table 11-8. Aquatic Vegetation Properties
(Vietmeyer, et al, 1976) 

(Oswald, 1961) 

Dry Mass Comzposition 
Protein Carbohydrate Fat 

20% 44% 5% 

42% 28% 
7 



SECTION III 

EXPERIMENTAL DESIGN 

This section describes the experimental design as written during the 
period of 12-22 April 1976. Section IV describes the experiment that was, 
actually performed and the results obtained. 

TASK I: Site/Team Selection 

A site selection survey was undertaken on April 12, 1976 by Mr. 
H. H. Huang of JCRR and Dr. A. L. Johnson of The Aerospace Corporation. 
The digester test facility of the Provincial Livestock Research Institute,
 
Hsinhua, has been selected as 
the test site due to its unique characteristics,
 
possessing both necessary physical equipment and skilled personnel required
 
to properly perform the study. 
 Figuro 111-1 depicts the topological arrange­
ment of the test facility.
 

To perform the study, Mr. H. H. Huang will be program manager, 
Dr. A. L.. Johnson will provide tochnical direction, Mr. C. M. Hong, PLRI,. 
assisted by Mr. M. T. Koh, will be in charge of the test facility, and 
Mr. S. L. Chen, PLRI, will provide the necessary analytical closmistry 
laboratory support. Additionally, Associate Professor T. T. Chou, Cheng Kun'g 
University, Tainan, and Professor H.H. Wang, National Taiwan Unive'rsity,
 
will be available to provide consultation when necessary.
 

TASK II: Site Preparation 

Of the four digesters of interest to the experiment, only digester 4 is cur­
rently in operation. To prepare the test site, it will be necessary to com­
pletely clean out the other three digesters and perform some modifications. 
Inorder to provide an experimental control, digester a will continue to operate 
as. presently configured. Digester 0, the other four-chamber digester, will be 
modified as shown in Figure MfI-2. Upon completion of the modification of 
digester J9, it will be put into operation being fed with pig excrement fvom 
approximately the same number and size of swine as are feeding digester a. 
During the starting of digester $, the physical chemistry of both digesters a 
and # will be monitored ar outlined in Task IV. 
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Digesters Y and A, the single chamber digesters, will '--modified to serveas veretable waste biomass leachers as shown in Figure Trr-3. Digester 7 is 
to provide acidogenicany fermented supernatant to modified digester 8 anddigester A is to serve as a test bed for examining the potential for composting
rice straw to a mushroom culture substrate. Digester A will be loaded with
rice straw and operated per Task V as soon as it is ready. The operation of 
digester 7 will commence after digester . becomes stable. 

Digester 7 will be loaded with equal quantities of the vegetable waste
 
sample, well mixed. 
 It will be filled with the effluent from digester 8 as 
soon as digester P is stable. After 10 days, or as soon as significant gas
production is obse'rved, whichever occurs first, the operation will commence 
per Task VL 

TASK II: Vegetable Waste Procurement 

Vegetable matter of the types and quantities listed in Table MII-1 are to
be procured an,1 delivered to PLRI, Hsinhua. Delivery is to be coordinated
with Mr. Hong. At PLRI, the vegetable matter is to be stored in separate

piles under shelter suitable to protect the material from the wind and rain.

The storage site is 
 to be as close to the test site as possible. After delivery,

each of the materials is 
 to be tested under the supervision of Mr. Chen for

the properties listed in 
 Table 1r-2. Their data is to be recorded for use in
 
the final report.
 

TASK IV: Phsical Chemistrv of Digesters a and 8 

Digester a 

Liquid samples shall be obtained from the inlet to Chamber I and the
outlets of Chambers I and IV by utilizing a bilge pump once per day. Sufficient 
excess fluid is 
 to be discharged prior to sampling to assure a representative

sample of the region of interest. Time of sampling is 
 to be just prior to
feeding of digester (cleaning of pig pens) or sufficiently after to allow digester
to stabilize, whichever is more convenient; however, once selected, therelative time is to remain constant. The properties to be measured are listedin Table MI-3. The quantity to bg sampled is to be determined by the laboratory 
testing needs. 
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Test Vegetable Matter 

Table 11-I - Vegetable Selection 

Quantity
Type Dry Weight* Test 

Rice Straw 200 kg 7v A, P 
Napier Grass 200 kg . ,P 
Citronella Pulp 10 kg P 
Sugar Cane Tops 200 kg P 

Rice Husks (contained) 200 kg 7, A, P 
Water Hyacinth 200 kg • , 

Banana Waste Pulp 10 kg P 
Sago Palm 10 kg P 
Casaba/Sweet Potato liquid Residue 30 kg P 

Y for use in Y digester *except Casaba/Sweet Potato. 
A for use in A digester liquid residue 

P for use in bench sample test 

Table ,M-2 - Receiving Tests - Proximate Analysis 

Dry Matter 

Crude Protein 

Crude Fat 

Crude Fiber 

Ash
 

SECI/nsolubles 

Nitrogen Free Metract 

C/N Ratio 
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Table M11-3 

Physical- Chemical Properties
 

Digestera
 

Date Time 

Estimated 24-hr influent - Liters 
Estimated 24-hr Gas Production - Liters 

By 

Measurement 

Liquid Samples 

5 

Location 

Outlet 
1 

Outlet 
IV 

Temperature °C 

PH 

C/N Ratio 

:1 

Gas Samples 

Volume 5 

Volume 5 

CO2 

CH 4 

m°7
 



At approximately the same time, the gas production for the past 24 hours is 

to be recorded, the gas accumulator is to be half-emptieA, a gas sample is 

to be obtained, and the accumulator is to be emptied so that gas production for 

the next 24 hours may be measured. Gas sample properties kre to be measured 

per Table 11-3. Testing is to commence at starting of digester,. 

DifesterB-

Liquid samples will be obtained from level B of Chambers I. n,II and IV 
once per day by utilization of the sampling probes. Sufficient fluid will be 

circulated at each depth to assure a representative sample of the region of 
interest. Time of sampling is to be just prior to feeding of digester (cleaning 

of pig pens) or sufficiently after to allow digester to stabilize, whichever is 

most convenient; however, once selected, the relative time is to remain 

constant. The properties to be measured are listed in Table M11-4. The 

quantity to be sampled is to be determined by the laboratory testing needs. 

At approximately the same time, the gas production for Chambers I, II 

and IV for the past 24 hours are to be recorded, each gas accumulator is to be 

partially emptied, a gas sample is to be obtained, and the accumulators are 
to be emptied so that gas production for the next 24 hours may be measured. 

Gas sample properties are to be measured per Table Mf1-4. Sample quantityis 

to be determined by the laboratory needs. 

TASK V: Rice Straw Anaerobic Composting 

As soon as digester A is ready, it will be loaded with rice straw and filled 

with liquid from the digester pond. As soon as gas production commences, 

or after 10 days, whichever occurs first, effluent from digester a will be 

pumped into digester A at an average rate of 5 liters/hour. The effluent from 

digester 4 will flow into the pond. During such operation, a gas sample, if 

available, and a liquid effluent sample will be taken from digester A once per 
day and will be subjected to the same measurements as linted in Task IV. 

Upon the completion of the test, the duration of which is to be determined, 

the rice straw will be removed from the digester, its properties measured 
per procedures of Task 11, and the results discussed with members of the 
PFA Mushroom Research Laboratory In order to evaluate the potential for 

growing mushrooms on the substrate. 



Table 1il-4 

Date Time 

Physical- Chemical Properties 

Digjester 5 

Air Temperature 

Estimated 24-hr Influent - Liters 

Measurement 
Location 

L caIIi IV 

A 
24-hr Gas Production 

Volume % CO2 

Volume % CU4 

- Liters 

Depth B B B B 

Cr 
Temperature 6C 

]PH 

CIn Ratio 



TASK VI: ' Waste Vegetation Augmented Bioigas Production 

After digester J has been stable for at least 10 days, supernatant from the 

top of Chamber I, and the effluent from Chamber IV, will be used as influent 

to digester y. The effluent from digester y wiU be returned as influent to 

Chambers I and 11, the ratio tobe heuristically determined. The operation 

of the system will continue until the effect of waste vegetation augmentation 

can be evaluated. The basis of evaluation will be the physical chemical 

measurements of Task IV. 

TASK VII: Small Scale Vegetable Waste Digestion 

Two sets of containers for each of the vegetable waste materials will be 

prepared per Figure 111-4. Each container will be loathed with an appropriate 

amount of vegetation. One set will be filled with liquid from the outlet of 

Chamber I,digester a, the second set with liquid from the outlet of Chamber IV, 

digester a. At the end of the tenth day, or as soon as significant gas production 

commences, whichever occurs first, each container will receive one-fifth of 

its original liquid quantity from its original source. The effluent and gas, if 

any, will be tested per procedures of Task IV. Excess effluent will be returned 

to the influent source. 
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SECTION IV 

EXPERIMENTAL RESULTS 

Task I- Site/Team Selection 

Task I was completed during the visit to Taiwan, from 8 April to
 
22 April, 1976. as discussed in Section IlL
 

Task 11: Site Preparation 

The experimental test site was modified as outlined in Section III, 
the major work being completed by late May. Figures IV-la, b show the 
site before preparation. Figures IV- a, b show the site after preparation. 
Table IV-I is. the initial test schedule prepared during this same period. 

The directions given in Task I!, Section III require that the vegetab] 
waste leacher, digester 1y, be prepared after digester P was stable. 
This caused an unforseen problem. Digester jS stability vwas judged by 
comparison to the performance of digester a. Based on the schedule 
(Table IV-1) and past experience, digester P should have reached stable 
operation by mid-June; however, upon review of the progress in mid-July, 
digester 0 had not been judged stable, so digester V had not been 
prepared. Careful examination of digester J showed that it was indeed. 
stable, and that the difficulty was due to a gas leak in the cover of 
Chamber IX, thus causing an extremely low measurement of gas productioz 
for this chaniber. The leak was repaired. All other covers were careful4 
examined and found to be gas tight. The remaining problem of obtaining 
stable operation of digester y in time to complete the experiment during 
the 14-31 July visit was resolved by utilizing i mixture of "fresh" vegetable 
waste and partially digested vegetable waste, the latter being obtained 
from the smal scale vegetable waste digesters described in Task VIL 
Digester Y was thus functioning in five days rather than the fifteen that 
would normally be required. Figure IV-3a shows digester y with vegetation 
loaded ; Figure IV-3b shows digester Chamber P II during cover repair. 
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Site Prior to ExpMeriment 
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Site Durint Exeriment 
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volume gas meters, 
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left. 

.4 
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Work 

1. 	 Pig waste be fed to Digester 8 

2. 	 Taking liquid samples from inlet 
of Chamber I, the outlets of 
Chamber I and Chamber IV of 
Digester a 

3. 	 Taking gas samples and measuring 
gap production for the past 24 hours 
of Chambers 1. U, III and IV of 
Digester a 

4. 	 Taking liquid samples from LevelsA. B and C of Chambers I, U, I 
and IV of Digester P 

5. 	 Taking gas samples and measuring 
gas production for the past 24 hours 
of Chambers I, U, I and IV of 
Digester 

6. 	 Loading rice straw into Digester A 
and filling liquid from the pond 

7. 	 The effluent from Digester a will 
be fed into Digester A. 

S. 	 Digester A , after the test is 
finished rice straw shall be re­
moved trom tb%digester and the 
r!zuutraw sample shall be taken 

Date 

May 	25 

From June 9 
to the end of 
test 

From June 9 
to the end of 
test
 

From June 9
to the end of 
test 

From June 9 
to the end of 
test 

May 	25 

From June 4 
to the end of 
test 

Time 

8:30 a.m.. 

9:00 a.m. 

8:40 a.m. 

9:15 a.m. 

Remarks 

Task 11 

Task IV by use of 
bilge pumps 

Task IV 

Task IV by use ofsampling probes 

Task IV 

Task V 

Task V at an average 
rate of 4 liters/hours 
or by nature 

Task V 

Table IV-1. Biogas Test Schedule - TLRI (1976) 



Work Date 	 Time Remarks 

9. 	 Loading equal quantities of rice June 9 Task 11 and VI 
straw. Napier grass. sugarcane 
top, rice husks and water hyacinth
 
into Digester Y, then be filled with
 
the effluent from Digester /
 

10. 	 Two sets of containers for each of June 4 Task VI 
the vegetable waste material, one 
set be filled with liquid from the 
outlet of Chamber I of Digester a, 
the second set with liquid from the 
outlet of Chamber IV of Digester a 

11. 	 Taking liquids and gas samples From June 14 10:00 a.m. Task VI 
from small-scale vegetable to the end of
 
waste digestion test
 

Table IV-1 (Continued) Biogas Test Schedule - TLRI (1976) 



,Vegetable Waste Digesteri 

Digester V loaded 
with mixed vegetable 
waste prior to liquid 
fill/cave r installation. 

riguze IV-3&" 

Digescer BIU while, 
cover leak being 
repaired. Scum 
and flammable Sas 
bubbles confirm 
digestion 
progressing. 

rilure IV 3b 



Task M: Vegetable Waste Procurement 

Vegetable waste listed in Table il_01 were procurcd and tested
 

as outlined in Table Mr-2. The results of the proximate analysis are
 

summarized in Table IV-Z.
 

--'TaskIV: Physical Chemistry oftDiaesters a and 

At the mid-3uly review, it was disclosed that the quantitative 

evaluation of performance was not progressing as anticipated, primarily 

due to the lack of sidled personnel to operate some of the more sophis­

ticated laboratory equipment. Between the time of the first (8-22 April) 

and second (14-31 July) visits, the technician trained to operate the gas 

chromatograph had taken another job; a replacement was not available. 

The laboratory had, therefore, reverted to the use of "wet" chemistry 

tochniques for determining gas composition. This process proved to be 

very labor intensive, resulting in the accumulation of a large backlog of 

uncompleted chemical analysis. In order to resolve this dilemma, the 

snumbor of test specimens required was reduced from that outlined Wu 

Section Mf so that the experiment could be completed. 

While the resultant experiment is less extensive than outlined in 

Section MrI, the scope still remains broader than defined by the statement 

of work. All the qualitative aspects of the experiment were completed as 

were some quantitative measurements. 

This experience demonstrated that simpler measurement pro­

cedures should be used for a complete quantitative evaluation. Difficulties 

in communication and scheduling between the laboratory analysis group 

and the experimental group also show that the separation of these functions 

is undesirable. These latter points are reflected in the suggested 
"follow-mon" program outlined in Section VL 

Figure IV-4a &b show the process used to obtain liquid samples 

at various locations in various digestion chambers. The device utilized 

is referred to as a "thief . It is composed of a tube and a small diameter 

concentric rod. At the lower end of the rod is attached a rubber plug 

which can be pulled into place blocking the lower end of the tube. The 



I-
4 I 

U 

Material Wt wuN 4 4 WU9 

Rice Straw 9.08 4.87 4.10 29.85 12.22 9.72 30.16 160 

Rice Husks 8.82 2.21 2.12 42.35 13.22 12.68 18.60 160 

Banana Waste Pulp 91.72 0.33 0.26 1.43 0.81 0.04 5.41 is 

Sugar Cane Tops 72.21 2.07 1.32 9.12 1.99 0.32 12.97 1z 

Napter.Grass 84.85 1.77 0.72 4.25 1.72 0.01 6.68 20 

Citronella Pulp 40.27 5.82 3.41 16.84 S.13 3.13 25.40 18 

CoconutPalm 80.49 0.80 0.89 5.56 0.72 0.02 11.52 40 

Sweet Potato 31.13 0.33 0.42 2.18 0.33 0.04 15.57 15 

Water Hyacinth 92.20 1.20 0.45 1.29 1.0S 0.40 Z.81 20 

Table IV -2 
Proximate Analysis 

Waste Vegetation Receiving Tests 



Liquid Samplint 

Mr. Hong using
liquid sample 
"thief,. 

Figure IV-4a 

.
 ,
Dumping sample X'L 

from "thief' into 
bucket. 

Figure IV -4b
 



tube is inserted through the test port to the desired depth, the rod handle 
is depressed, a sample flows into the tube, the rod handle is pulled, 
thereby reseating the plug, and the tube conta-*ing the liquid is withdrawn 
from the port. 

.While the chemical analysis of the digester liquid was greatly
 
curtailed so that the effort could be completed, some data was obtained
 
and is summarized in Table IV- 3.
 

The gts production and composition results are reported under
 
Task VL
 

Task V: Rice Straw Anaerobic Compostina 

This task was not completed during the research period. No
 
reportable quantitative measurements were made. Anaerobic digestion
 
was evident on the 
 twelfth day, the gas produced being primarily carbon 
dioxide. By the sixth week, the produ,.tion rate was between 20 and 50 
liters/day, the composition being about equal parte carbon dioxide and
 
methane. The mixture was flammable. PLRI will complete the task
 
and summarize the results at a later date.
 

Task VI: Waste Vefetation Augmented Biofas Production 

This task represented one of the major elements of the 
experiment. The experiment was performed by eb'iablishing a pair 
of stable multichamber anaerobic animal excrement digesters (a' and ' # 
perturbating the stable operation by introducing leachate from vege­
table lechers into one of the digesters ( ) until a new stable condition 
was obtained, and then repeat this perturbation by switching the leachate 
into the other digester (a) and again observe the comparative response. 
The parameters monitored were gas production, gas composition, and 
digester biochemical state. The last item is reported as part of Test IV. 
Gas production was measured by using manually dumped floating aome 
volume meters. Appendix fl describes the operation of these meters. 
Gas compositice was primarily determined by wet chemistry techniques 
(Orsat analysis), although index of refraction Instrumentation (Riker Mine 
Gas Monitor) and gas chromatograph determinationswere also employed 
for comparison and verification. 



---- ---- ----

~Chamber/
 

location I In IV out BIA BIB 
 BIC BIB BIUB BIVa 7 A 

.Quantity 

pH 5.42 7.23 5.64 6.12 6.65 6.15 6.72 6.98 ---- 6. 32BOD mglliter 5900 430 ----. ..... ... .. 450Volatile Solids mg/cc 23.0 0.80 3.10 1.80 2.40 1.70CN Ratio 1.20 0.80 ---- "2.30
37. 3 

CH41CO2 S 23/69 56/35 38/54 42/46 48/44 53/42 .... 
pH. 5.16 6.92 5.85 6.32 6.45 6.62 6.83 6.96 6.15BCD-mg/liter 6750 415 ---- --.-- -- ---- - - ---- 750Volatile Solids mg/cc 28. 30 5609. 50 0. 60 Z. 40 3.20 2. 10 0.60 2.80 3. 80C/IN Ratio ---- 11.40 ---- I--- ---- --- 20.20 38.60f1- /CO2% 18173 64/22 -- 43/51 , 46 52 54/41. 62/35pH 4.9 6.9Z 6.36 6.15 S.68 6.55 6.S7 6.S7 

--. 

6. 27 6.5TBOD mg/lIter 5500 380 ---- ---- 1200Volatile Solids mg/cc 22.70 0. 80 8.30 2.70 3. 50 0.60 0.60 2.20 2.40 2. 80C/N Ratio IS. 10 6.30 18.20 25.30 21.30 15.50 12.20 14.30 26.40 35.30CH4 1CO % 14/78 58/35 42/5C 45/48 61/32 59/34
DOD mg/liter ' 6850 480 

.. 
pH 53 T w4T~~-___ 

401400 ....--S. Z .73 5.8 60- 5 76 6.5 623 6.75 6.50- 6. 62Volatle Solids mg/cc 24.9 0.60 4.00 1.60 2.40 1.50 0. 70" 0.50 3.80C/N Ratio 14.4 7.80 12.50 10.70 17.90 20.30 12.85 7.60 23.20CH 4tC02 % Z0/7S 67/23 ---- 41/4 44/48 58/40 55/40 . 

T a e IV - 3 . i s ITable IV- 3. Typical Digester Biochemical Analysis 



The experimental conditions are sumzarized in Table IV-4. 

The experimental results are summarized in Table IV- 3 and Figure IV- 5 
It is evident from this data that vegetable waste leachate can be used to 

significantly augment the biogas productian. 

In the design of future experimentb of this type, the use of 

continuously recording displacement meters is suggested. It was noted 

in this experiment that gas production appeared to go down during the 

early morning hours and on the week-ends. This phenomena proved 

to be a human factor rather than a biological factor. For gas composition, 

field instrumentation is recommended based on relative thermal 

conductivity or index of refraction. Occasional samples checked by the 

use of a gas chromatograph should suffice to keep the field recorded data 

in calibration. 

Task VII: Small Scale Veetable Waste Digestion 

Nine pairs of batch mode vegetable waste digestion experiments
 

were prepared per the procedure outlined in Task VII, Section III. The
 

digesters were approximately 100 cm high, 36 cm deep and 15 cm wide.
 

The experimental apparatus is shown in Figures IV-6a and 6b. Approxi­

mately 2 kilogram (wet) of vegetable waste was placed in each digester, the 

remaining volume was filled with water from the aeration ditch, the cover 

was sealed, and the digesters were left to ferment until gas production 

was noted. At this time, approximately 15 days after initiation, 4 Lters/day 

of effluent from Chamber I of digester i was introduced into one set of 

digesters, and a similar quantity from a IV was introduced into the 

second set of digesters. After the gas production rate and effluent pH 

*appeared to stabilize, a set of measurements were taken, the results of 
which are summarized in Tables v-5 and 6. Gas production rate data
 

was not tken.
 

From the data it is apparent that some form of digestion of all the 

vegetable wastes was occurring. The gas production rate of the rice straw 

and rice husks appeared to be considerably less than that of any of the other 

matter - other than the sweet potato waste, which was so low that he gas 
sampling/composition of this material is highly questionable. It would
 
appear that the acidogenic digestion of the rice materials was so slow
 

that the methanogenic organisms were capable of maintaining equilibrium.
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Digester Parameters 

Disester a 

4 Sequential Chambers (I, fI, InI, IV)
Volume/Chamber o 5500 liters 
Separate Fixed Covers 
Primary Influent (a I in)
 

Excrement from 52 pigs

Wt/pig a 80 kilos
 
Solid waste/pig - 2.4 kilo/day

Liquid ft 2000 liters/day H2 0
 

Secondary Influent (all in) 
None or 
aXV effluent - 500 liters/day or 
7 + A effluent 

Digester B
 
4 Sequential Chambers 
 (I, IL, I, IV)
Volume/Chamber = 5500 liters 
Separate Fixed Covers
 
Primary Influent (0 I in)


Excrement from 52 pigs
Wt/pig = 80 kilos 
Solid waste/pig . 2.4 kilolday 
Liquid zr2000 liters/day H20Secondary Influent (,# II in) 
None or 
6IV effluent - 500 liters/day or7+A effluent 

Digester y 

Single 6000 liter chamber 
Floating Top-Water Seal 
Influent - 250 liters/day - aIV or #IV effluent
Initial Biomass loading - 250 kilo (wet) mixed vegetation 

DisresterA 
Single 6000 liter chamber 
Floating Top-Water Seal
Influent - 250 liters/day - aIV or jIV effluent
Initial Biomass loading - 250 kilo (wet) rice str-aw 

Influent Scheduling 

Digester Period Period Period Period
Element In

T F Primarya PruilrFya 
IV 

ail PrimaryaallI a I al + av r ya!l a.lV 2 Ir. +3A+a +@!+*IVyl I 
amn an an -tan 'f IaV am am am am
481 PrlimaryPO Primary# Primary$ Primaryp 

pm pPOn on1 UnoPziv Om M ;mO? PV Iv axv pxvA aiv IV oIV aIv 

Table IV-4 



Figure IV-S 
Biogas Production Re sponse 

Period I Period Ii Period II I Period IV 

3 

USo 
0 V 

2 

aIII 

aIr 

01 

Date: July 1976 Valve leak 

3 Period I Period IPeriod III Period IV 

Date: JTuly 1976 . 
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Site Durinz Experiment 

General view-... 

~. of experiment 

Figure IV -6& 

Small scale 
vegetable waste 
digesters. 
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it0 d 4j 
1-' 

bW 

040 

0 
0A 
. 

UU U44 

4 

pH 6.86 6.71 6.52 6.64 6.73 6.74 -6.74 6.63 4.63 6.52 

N 

DDOD 
Volatile Solids 

CH 4 COz% Gas 

1817 

2.60 

1750 

1.80 

3750 

1.20 

35/62 

2625 

1.20 1.10 

25/72 

1.40 

43/46 

1.20 

42/52 

----

1.10 

15/80 

3812 

5.30 

5/93 

5850 

20.00 

XXX 

on 

lo 
pi 

pH 
DOD 
Volatile Solids 

CH4 /COZ %___ 
pH 
BOD 

, Volatile Solids 

CH 4/CO 2 % 
pH 
DOD 
Volatile Solids 

6.80 
----

6.88 
1000 
1.99 

32/64 

7.14 
200 
1.50 

6.72 
-

36/58 

6.71 
133 

1.10 

39/58 

7.05 
437 
1.10 

6.55 
129'% 

37/60 

6.65 
----
14 10 

33/63 

6.58 
100 

----

6.7Z 
250 

38/59 

6.83 
1033 
1.10 

43/44 

6.79 
---­

1.30 

6.77 
750 

----

7.00 
1600 
1.0O0 

35/61 

6.80 

----

6.90 
1000 

44/46 

6.70 
266 

1.60 

7.03 
214 

1.20 

6.81 
250 

44/50 

6.84 
5044 
1.10 

44/48 

6.98 
214 

----

6.75 
2333 

29/66 

6.84 
800 

0.90 

37/55 

6.79 
625 

1.30 

4.52 
6175 

-/87 

4.44 
1300 
0.90 

-/94 

4.62 
2600 
6.20 

6.45 
5500 

21.9 

XXX 

6.50 
5020 
22.6 

XXX 

6.54 
5200 

23.00 

N 

i 
• 

C1 4 /CO 2 

pH 
BOD 
Volatile Solids 
CH4/CO2, 

48/46 

7.22 
250 
1.40 
49/46 

40/58 

6.76 
200 

0.40 
37/59 

6!65 
320 

0.80 
39/58 

41/47 

6.77 
357 

0.80 
43/46 

33/61 

6.74 
187 

1.20 
----

45/52 

6.83 
350 
1.20 
46/46 

52/46 

6.81 
250 

0.40 
44/49 

59/58 

6.78 
131 

1.00 

-/91 

4.62 
3700 
5.20 
-186 

XXX 

6.48 
5400 

22.9 
XXX 

Table IV-5. Small Scale Vegetable Waste Digester Performance:al Effluent - Digester Influent 



&4'0 0. 0 d. 

Q Measuirement 14 	 ( ____ OtX 

pH 	 6.52 5.89 5.57 6.63 6.71 6.71 
g, 

6.71 5.66 3.46- 6.73 

BOD 	 1505 2333 1500 1733 1015 1200 ---- 1650 ---- 430 
Volatile Solids 2.10 1.30 1.70 1.50 1.00 1.10 1.30 1.80 6.40 0.80 
CH4 /CO 2 5 23/59 8/89 5/89 18/75 '- -- 33/59 6/89 -/92 XXX 

pH 	 6.62 6.02 5,65 6.67 6.67 6.97 6.73 5.75 3.44 6.75SOD 	 100 466 1300 155 340 ---- 200 1100 ---- 460,, Volatile Solids -- - --;. 	 - .-­
-,,r .9 0 10 


- CH4 /COz 5 36/53 120/73 4/.92 -38/58 12/81 xxx 
pH 6.56 6.17 5.74 6.63 6.64 6.64 673 5..85 3.45 6.71 
SOD 400 470 1816 416 330 195 312 1440 3260 380
Volatile Solid 	 1.30 2.00 ---- 1.80 ---- 0.50 0.90 1.20 ---- 1.70 

" CH 4 /C0z 5 40/57 --- 8/87 38/55 38/59 42/51 10/88 -/95 XXX 
pH 6.84 6.22 5.82 6.59 6.78 6.70 6.76 6.02 3.60 6.74SOD 	 125 790 1275 1915 58 91 266 1050 2650 450 
Volatile SoUds 1.10 1.30 1.60 1.10 0.60 ---- 0.90 1.00 7.70 0.80 

I C1 4 /C02 % * 21/73 ---- 39/73 44/49 34/61 40/53 14/81 -/92 XX 
pH 	 6.6Z 6.34 5.91 6.60 6.75 6.85 6.76 6.18 3.34 6.72
SOD 133 622 766 187 75 50 183 5.61 1375 425
Volatile'Solids 0.60 1.10 1.40 0.40 0.30 0.30 0.80 1.20 8.20 0.80iI CH4 /co 2 5 	 43/48 30.62 ---- 46/44 42/52 46/48 42/55 1 - 94 XXX 

Table VI -6. Small Scale Vegetable Waste Digester Performance: aVI Effluent - Digester Influent 



With regard to the sweet potato wastes, the opposite conclusion is 

possible, that the acidogenic organisms could so readily attack ,,thewaste 

that a low pH resulted, thereby inhibiting further fermentation. 

With regard to the influent variation, the leachate obtained from 

would appear to be the better choice since acidogenica IV efluent 
A reduced retention time would seem advantageousdigestion was d !sired. 

in order to maintain a more acidogenically biased process. 

A more thorough experiment would appear desirable, limiting the 

wastes to rice straw, napier grass, water hyacinth, and sweet potato waste. 

The effect of varying temperature and leachate retention time 

should be examined. 

Waste Water Puri!ication/Biomass Production
Task VIII: Aquatic Vegetation, 

This task was not included in the set described in Section III, but is 

performed as an element oi the total experiment. As
included as it was 

the animal excrement anaerobic digesters discharge
normally operated, 

waste water with a BOD of about 400 mg/liter. As this is too high to 

are normally
dump in the local drainage ditch, an aeration ditch and pond 

used to lower the BOD to about 250 mg/liters. This waste i,¢ater is still an 

excellent nutrient supply since the nitrogen and phosphom', compounds have 

not been removed. As it is not practical to use ,he waste water from the 

the idea of using aquatic vegetationsite as liquid fertilizer,experimental 

placed in the aeration
A few water hyacinth plants were was attempted. 


the entire surface of the 20 meter
 
pond in early June. Within three weeks, 


The BOD of the waste water

diameter pond was covered with plants. 


A number of the plants

leaving the pond was approxdmately 100 mg/liter. 


The animals consumed the vegetation
 
were harvested and used as pig feed. 


More plants were harvested, without any visible

without an- coercion. 


and used as feed stock for digester Y.
 
effect on the pond leaf cover, 


Figure VI-7a shows the aeration pond prior to introduction of water
 

the pond 6 weeks after water hyacinths

hyacinths, Figure IV-7b shows 

introduction. 
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Aouatic VeEetation 

Aeration Jitc 'h 
.. and pond prior 

to introduction 
of water hyacinth. 

Figure IV-7& 

Aeration ditch 
and pond 6 weeks
 
after introduction of ALI'
 
water hyacinths.
 

Jr1 " 



The researchers at PLRI plan to explore the economics of this 
process for application to large scale pig farms. Presently the liquid 
wastes from these farms are piped to the sea. It may prove more 
economical to anaerobically digest the waste water, purify with vegetation 
such as duck weed or water hyacinth, and recycle the purified water for 
use on the pig farm. The vegetation would provide supplemental feed. 
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SECTION V 

DISCUSSION 

The study has shown that it is possible to increase the biogas produc­
- ico acotinuo-us Jimw anaerobic digester by use of a biomass leacher. 

To pursue this development, it would be useful to provide a theory that could 
be tsed to establish a set of design coasiderations. 

Microbologic.! Aspects of Anaerobic Dinestion 

A comprehensive theory on microbiological phenomena has been
 
developed, 
 miuch of which is adaptable to the subject of anaerobic digestion 
-of organic waste. The major limitation is that the theory tends to be based 
on the behavior of pure culture microorganisms whereas biological waste 
treatment involves consecutive exposure to synergistic bacterial hetero­
culture*. 

Observations of monoculture bacterial batch mode growth after 
inrcduction into fresh culture medium show that the microbiological 
population passes through the following phases (Aiba, at al, 19651: 

1. 	 Average cell mass increase without division. 
2. 	 Cell population increase at constant growth rate(average cell mass remains constant). 
3. Average cell mass decrease while maintainin 

population growth rate. 
4. 	 Cell population growth rate decreases to zero. 
5. Cell population decreases.
 

Step one 
occurs as the ceils mature in the fresh culture medium.
 
Step two represents the division of mitcre cells in a medium with adequate
 
nutrients. 
 Step three occurs as the culture medium becomes depleted In
 
one 
or more necessary nutrients, or as Inhibitory metabolic products are 
produced by the organisms. Step four occurs when the culture medium 
has become so depleted in a vital nutrient,, or when so Inhibited by a toxic 
metabolic product that the cell production rate equals the cell distribution 
,rate Stop five will eventually occur as the effietively dormant ceflin age 
and die more rapidly than new ce)ls are produced. The phenomena de­
sc, bod above are graphically depicted In Figure-V1. Also identified
 
are four alternate phase delinitions.
 

V-I 
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Figure V-1. Schematic Representation of(Bacterial 
Response in Batch Culture -

(Aiba, et alt 1965) 
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Mathematically, it is possible to express the relationship governing 
microorganism growth rate by the following empirical differential expression,,,­
(McCarty, 1966, 1970). 

di =a - bm. 

m .	 microorganism Mass/unit volume - (M/L 3J 

Cell Mass Produceda ggrowhh rate yield coefficient Nutrient Mass Consumed 

dd nutrient ronaion - CWTOrte/unit time volume 

co at
 

b a microorgafism decay coefficient - [1/T]

(reciprocal of average cell life).
 

t time- IT]-


The nutrient consumption rate/unit volume der conditions of limiting
 
nutrient supply can be mathematically expressed as
 

d kms(2)
 

wher6 

k a 	 maximun rate of nutrient consumption/unit mass ­
volume [I/TL3 


"
 

c a 	 nutrient concentration at which -. 	 -z/L
 

a = eidsting nutrient concentration - [M/L 3 ] 

Combining equations (1) and (2), the result can be expressed as 

1 dm aks 
Mm 1- -Tb 	 (3)
 

Equation (3)'can be utilized to mathematically define the microorganism 
mass curve shown in Figure V%1; however, it is apparent that for a batch 
mode culture growth, the existing nutrient supply, e, is a function of the 
original nutrient supply and total nutrient consumed f cm initiation of 
experiment to the time of observation. 
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Rather than use batch mode, a continuous flow system can be con­

sidered. Insuch a system, liquid flows into and out of the culture chamber 

at a fixed rate, carrying nutrient in and washing some microorganisms and 

remaining nutrient out. For such a system the governing equation analogous.... 

to equation (3) is 	 . 

1dm aks bb fq 	 44) 

where 

.	 ratio of suspended microorganism/unit volume to total 
mi:roorganism/unit volume 

q liquid flow rate per unit volume - [1/Ti . 

Such a system will continue at equilibrium when the net rate of ceU produc­
tion wittAn the culture chamber eq-uals the rate of cell removal n the effluent. 

Note that f has two limiting values, 0 when the microorganisu~s are growing 

exclusively on a substrate, and Iwhen the microorganisms are growing ex­

clusively in a liquid suspension. 

In order to apply the foregoing, it will be useful to examine the be­

havior of anaerobic digesters. Anaerobic digestion can be considered on a 

macroscale to be a three-step biological process utilizing heterogeneous 

groups of bacteria functioning In the absence of oxygen to degrade complex' 

organic material into simpler molecular forms. The first step, sometimes 

identified as acid fermentation, involves the hydrolysis of high molecular 

weight biopolymers, carbohydrates, fats, and proteins into lower molecular 

weight saccharides, glycerol, fatty acids, peptides, and amino acids. In 

essence, this step involves the use of extracellular enzymes to convert solid 

material into soluble form. The second step, sometimes referred to as acid 

regression, is the formation of volatile fatty acids (acetic, propionic, etc.), 

lower alcohols and aldehydes, carbon dioxide, hfdrogen, ammonia, and hy­

drogen sulfide. This step is intercellular; however, it also produces the 

enzymes required for the first step. The third step, occasionally identified 

as alkaline fermentation, is the generation of methane and carbod dioxide 

from the fatty acids, alcohols and aldehydes; and the synthesis of methane 

from carbon dioide and hydrogen. 
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The first two steps are the result of the metabolic processes of a
 
group of microorganisms which have been labeled "acidogenic" or "non­
methanogenic." The third step is the manifestation of the metabolic pro­
ceases 
of a group of microorganisms which have been labeled "methanogenic. 11 
These steps can be graphically depicted as shown in-Figure V-2. Toerien 
and Hattingh (1969) have reviewed the microbiology of this total process. A 
conclusion which can be derived from such a review is that processes function 

with various heterogenetic mixtures of microorganisms, each mixture 
apparently adapting to the material to be digested and the environment in 
which it is to be digested. I would not appear to be advantageous to attempt 
to develop monocultures for such processes, given the variables in substrate. 
to be digested, the varying environment, and the limited optimum response 
of each particular monoculture. 

The concept of this total process can be aided by considering a
 
response graph such aa 
shown in Figure V-S depicting the batch fermentation 
of organic waste. A similar response graph for the semi-continuous flow 
fermentation of organic waste is shown in Figure V-4. For semi-continuous 
flow a portion of the liquid was withdrawn daily and an equivalent volume of 
waste was added and mixed with the material remaining in the digester. The
 
results depicted in 
Figures V-3 and V-4 imply that while two distinct bacterial 
processes are involved, they can coexist. Conversely, the division of the 
continuous flow processes into distinct acidogenic and methanogenic stages 
has been demonstrated in a two-vessel digester, with each step being opera­
ted under appropriate environmental conditions (pH and temperature) for each 
of the groups of microorganisms (Keenan 1974). 

The emperical equations used to describe monoculture microorganism 
activity have been applied to the study of anaerobic digesters (McCarty, 1966, 
1967; Lawrence and McCarty, 1967, 1970). When these equations are applied 
to describe continuous flow, single stage, mixed culture digesters, the results 
are useful in evaluating alternate recycle configurations; however, little can 
be concluded regarding the influence of the microbiological colcazio as they 
are completely inter:.ixed. The application of these quasi theoretical pro­
cedures to the two-stage digester (separate acidogenic and methanogenic 
chambers) does provide further insight. In this case, the equations ,are 
applied individually to each of the stages. Coupling between the stages occurs 
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Figure V-2. Anaerobic Digestion Process 
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.since the effluent from the first stage is the influent for the second stage. 

For practical oporation, it can-be assumed that the system will function in 

a steady state mode. Thus the microorganism mass within each vessel will 

be efectively constant, which is equivalent to the mathematical statement 

•dm 0 

The resulting matheiatical expression for steady state operation of a contlnuo% 

flow digester can be derived from equation (4) as 

fq. Iks- b (S)
c+s 

The reciprocal of fq is equal to the averag" inicroo"rganism retention tinmb 

(MRT) in the stage being considered. For most configurations, MRT is 

numerically equal to the solids retention time (SRT) that is commonly used 

in anaerobic digester engineering. Equation (2) is the other inathematical 

relationship of interest for this discussion. 

The microorganism mass in each chamber is composed of a hetero­

geneous mixture, thus the rate "c.onstant5" are based on an ill-defined mix­

.ture and therefore must be considered as only arder of magnitude valses due 

to the variability of the culture. For consistency of the analogy, the nutrient 

concentration, s, will now be considered to be "waste' concentration, which 

is again an approximate quantity. A typical measurement of waste concen­

tration is biological oxygen demand (BOD). The waste concentration, s, is 

the average concentration in the vessel and therefore is also the waste con­

centration of the effluent. For consistency, this definition of s will change 

If to a measure of the waste consumption/unit volume. With these revised 

definitions, it is possible to evaluate the influence of each of the terms and 

thereby indicate the trends desirable for a two-stage anaerobic digester'. 

As cost is directly related to size, it is important to utilize as small 
a digester volume per unit waste processed as is practical. This can be 

accomplished by designing for a high liquid flow rate per wnit volume (q). 

Rewriting equation .(5. to.explicitly show the dependence of q on the other 
parameters of the system, the expression becomes . 
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The liquid flow rate per unit volume is.large if f is .mall, which can be 
accomplished by using an immobile microorganism substrate such as pro-. 
vided by the anaerobic filter (Young and McCarty, 1969). It is not possible 
to manipulate a, the growth rate yield coefficient. The parameters k and c 
are Interrelated, being functions of the microorganism metabolic process. 

The ratio of k/c can be maximized by controlling temperature, pH, carbon/ 
nitrogen ratio and removing inhibiting constituents. F iner and Evans (1975) 

suggest that the methanogenic process can be aided by lowering the biogas 
partial pressure.- The waste concentration, s, should be large ifthe only 
requirement is to increase q; however, s should be small if-an efficient 
conversion system is desired, The microorganism decay coefficient, b, 
is also a function of the same parameters as governing k and c, thus 
somewhat constraining the selection of temperature, pH, and pressure. 

Just as a large q is desired, a large volume of nutrient consumption
 
per volume (nit
de) is also desirable to assure a high efficiency of conversion 
per unit volume. From the previous discuassion plus consideration of equa­
tion (Z), it is apparent that a large value of microorganism mass/unit volume, 
m, is thus desirable. The value of m can be increased by increasing the 
average microorganism retention time by simply increasing digester volume; 
however, such a solution results in higher digester costs. A more cori 
effective solution would again seem to be the adoption of the anaerobic filter. 

Design Considerations 

The acidogenitr tage involves the extracellular enzym.tic degrada­
tion of solid materiail, thui; the existence of nondigestible (refractory) solids 
in the first stage. of a c__t.tnuous flow two-stage digester would be expected. 
Two distinct solid phases do, in fact, occur; sludge solids which accumulate 
on the bottom of the digester, And "mat" solids which form in the scum layer 
at the top of the digester. The sludge solids are readily removed by draining 
some fluid from the bottom. The mat which builds up on the top requiies 

mechanical agitati,. to minimize adverse effects with eventual physical 
-removal usually.proving necessary. This problem is minimal if the waste 

is human, poultry, or swine excrement; serious if the waste is ruminant 
excrement; and impossible if the waste is unprocessed vegetable matter 
containing lignin, cellulose or simllar fibrous materials which are difficult 
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* to degrade. X. Wolff reviewed the general problem of,anaerobic digestion. 
of cellulosic materials which he documented in an internal Aerospace Cor­
poration memo in August 1974. A copy of the pertinent text is included as 
Appendix L The conclusion of this previous in-house study was that lignocel. 
lulosic materials could be digested given appropriate pre-treatment and proper 
anaerobic environment. An approach not discussed was the use of batch mode 
procedures to anaerobically digest lignicellulosic materials. This method, 
was examined as a part of this study and found to be successful. 

* To stabilize the acidogenic stage of the digester, it is helpful to design 
for a hydraulic retention timf of 24h64s or less (Keenan, 1974) and to re­
cycle 50% to 80%6 of the sludge solids (Pfeffer and Liebman, 1975). There 
does not appear to be any advantage to operate the acidogenic stage at elevated 
temperatures. It is important, however, to maintain a relatively steady tem­
perature, thus some form of insulation is desirable. Since the removal of 
the scum-formed mat will be eventually required, access to the acidogenic
 
digestion stage vessel will be-required.
 

The effluent from the acidogenic btage will be influent to the methano­
genic stage. As the metabolic processes of the methanogenic microorganisms 
are entirely intercellular thus involving only matter in solution, there is no 
reasonfor solid material to be introduced into this stage of the process. Thus 
it would be possible to utilize an anaerobic flltr consisting of a vessel packed 

with an inert material to provide an extensive surface area and restricted
 
fluid passage within-the chamber. Further, since the methanogenic pro­
ceses are enhanced by operation at elevated temperatures (up to 60 0 C),
 
both heating and insulation should be utilized. As there is to have
no reason 

access to tWis stage, it would be advisable to bury this stage below the local
 
frost line 
so as to aid in thermal insulation and temperature stabilization.
 
Hyd.rauLc retention time for the methanogenic anaerobic filter will depend
 
on the surface area/unit volume of the core, the allowable waste concentra­
tiun of the effluent, and the specific composition of the inafluent, together
 
with the environmental conditions maintained within the unit. 
 Hydraulic
 
retention times oi less than 24 hours should be achievable.
 

The effluent from the methanogenic stage will be enriched in nutrients
 
but should have a low BOD. 
 Part of the effluent can be used as a leachant 
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for batch mode waste vegetation digesters (biomass liaches) with the re. 
sulting enriched (increased BOD) liquid being used as influent for the metha­
nogenic stage. The vegetation digesters will be operated in a manner intended 
to maintain acidogenic conditions. Low hydrau]ic retention times, moderate 
temperature (15°C) and frequent introduction of fresh vegetable matter (30­
60 days) should suffice to maintain these conditions. 

The remaining methanogenic Staie efluent can be used to nurture 
aquatic vegetation (duckweed, water hyacinth, etc. ), thereby producing either 
animal or digester feedstock while purifying the discharged water. Alter­
nately, the enriched effluent can be used directly as a fertilizer for a more
 
conventional food crop.
 

The mat periodically removed from the acidogenic digester, together
 
with the decayed matter removed from the batch mode vegetatiou digesters,
 
can be used as a hunus, 
 thereby returning nutrients to the soil. The design
 
of this segment of the system depends on the particular climatic'and agri­
cultural characteristics of the intended region of use, 
 the type of excrement 
available for the continuous flow segment, the type of waste vegetation 
available, and the relative value of the possible product. 

Gas produced by the methanogenic stage will be rich in CH4 . Storage 
of this gas in separate bladders is suggested. The 98% CO2 gas from the 
acidogenic stages can be vented to the atmosphere or utilized to enhance crop 
growth if hydroponic -r greenhouse agricultural techniques are practiced. It 
may prove desirable to operate the biomass leacher in a mixed mode (acido­
genic and methanogenic), thereby producing a combustible biogas. If so, such 
gas should be either stored or utilized to maintain the temperature of the pro­
cess, particularly the methanogenic tank. 

The use of elastomeric bladders for every chamber of the System 
appears to be cost effective in comparison to alternate construction methods 

To evaluate the theory and the design evolved therefrom, further studies 
are proposed in the next section. From the results of these proposed studies, 
It would be possible to complete the design outlined above so that Its true cost 
effectiveness could be evaluated; 

V-12
 



SECTION VI 

CONCLUSIONS 

This study resulted in the following observations: 

1. Pig excrement plus pigsty cleaning water served as the primary 
Influent for a multistage anaerobic digester. Acidogenic and methanogenic
 
separation was observed.
 

2. Gas production from the first stage tended to be high in CO2
 
whereas latter stages tended to be high in CH4 .
 

3. The effluent from the digester could be "polished" by use of a
 
water hyacinth pond.
 

4. A batch mode vegetation leacher was operated utilizing digester 
effluent as influent and discharging enriched (higher BOD) leachate into the 
methanogenic stage. The biomass leacher tended to operate as an acidogenic 
digester if the hydraulic retention time was kept short. 

S. The leachate introduction into the methanogenic stages results in 
increased methane production of from 20-40% over that produced by the 
digesters without leachate or effluent recycle. Eifluent recycle alone shows 
a 5-10%a increase in methane production, the cause apparently attributable to 
mixing. These values are applicable oply to the conditions under which this 
particular experiment was run. In evaluating the improvement due considera­
tion should be given to the fact that the operating conditions were dictated by 
the experimental facility and were not, therefore, necessarily optimum. 

6. Small-scale biomass leacher experiments showed that any vege­
table matter could be utilized to produce a high BOD leachate from vegetation 
and enriched ihigh N, P) digester effluent. 
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SECTION VII 

RE COMMENDATIONS 

The expelriment has shown that Snc:eased methane production can be 
obtained by utilization of a vegetable leacher. The experiment was primarily 
directed towards obtaining qualitative results although some quantitative data 
were obtained. To determine the actual improvement that could be obtained 
by the technique utilized in this experiment it will be necessary to perform a 
more detailed experiment directed towards quantitative results. The proposed 
follow-on experiment would be composed of the folowing. elements: 

1. "Two pig herds, aach containing approzdmately 50 adolescent pigs,
 
to be used as the excrement source (same as original experiment).
 

2. Two d':al-stage continuous flow digesters would be used. The 
first stage would be sized so that the solids retention time was between 12 
and 24 hours (acidogenic), the second stage so that the microorganism reten­
tion time was at least 100 hours (methanogenic). Instrumentation would be 

installed for obtaining 24-hour integrated average liquid flow rates; inlet, 
interstage, and outlet oxygen demand (BOD, COD, TOC, or alternate); 
temperature and pH in each chamber; and gas productioicomposition (C0 2 , 
C-4) per stage. Provisions for both liquid and gas sampling to obtain more 
detailed chemical analysis would be included. Such detailed analysis would 

be made weekly. 

3. Two biomass leachers, ducted to be operated either aingularly 
or in parallel.would be utilized. One unit would be filled with rice straw, 
the other w.4h water hyacinth. Leachate would be-pumped from a sump 
located between the digester discharge and the aquatic vegetation (water 
hy€-acnth) purification pond. Leacher effluent would be introduced into the 

t.ethanogenic stage of one of the digesters. The liquid flow rate would be 
establimhed so as to maintain acidogenic conditiona within the leacher. The 
methaziogenic stage of the control digester would receive an equal amount 
of liquid from the sump so that retention time effects would be equal between 
the control and the test digester. Instrumentation and meamurements would 
be effectively the same as described for the digesters (2). 
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4. An aquatic vegetation purification pond utilizing water hyacinth 
would be used to polish the digester effluent. Inlet and discharge water 
q lity would be determined as well as biomass growth rats so as to establish 
the offectiveness of the pond as an element of the total energy recovery 
system. 

The initial phase of the experiment would 'be devoted- to establishing 
a stable system. The digesters would be operated utilizing pig excrement 
only until stability -was obtained. During this period, the purification pond 
would be periodically harvested in order to obtain a supply of water hyacinth 
for one of the biomass leachers as well as to determine the appropriate har­
vesting rate required for the pond. Rice straw would be placed in the other 

biamass leacher. 

After stability was obtained, the biomass leachers would be closed 
and then slowly flled with digester effluent over a period of 7 to 10 days. 
When full, the leaches would be allowed to discharge into the test digester 
as described above. This mode would continue until a new stable condition 

had been observed fcr 7 days. The control and test digester w*uld then be 
switched and the above process repeated. 

Having demonstrated base-line transient operation, pertubztions 
about this condition would be explored by varying the digester retention 
time and the relative leachate fe . e!¢ quantity through the biomass 

digesters. 

Quantitative sjyateln response would be documented and compared 
with theory and comparable experimental data obtained from the literature 

review. 

A Anal report plus a set of papers wo.uld b pziepared for publication. 

Lon Range Goals 

Based on the certainty of increasing prices for animal feed--primarily 
as a result of the increasing cost of fuel--together with the ne6essity for pol.­
lution control of agricultural waStes, the concept of utlilzing such wastes for 
feed/fuel substitutes appears very attractive. While urban and industrial 
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waste treatment facilities have been well developed throughout the world, 
analogous pstems for agricultural wastes are relatively unaknown. This is

partially t'ae result of the environmental acceptability of low density waste
 
recycLinfV which is conunoly practiced with the less intensive agricultural
crops/&imal husbandry techniques. When intensive cultivation is practiced
for increased crop and/or dense populations of animals are grown in a con­
fined q'ace, the energy utilization per unit of food value produced must 
nec.es Iarily increase, as will the pollution potential from the animal wastes. 
Cqnsil'erat!on of this problem suggests that conservation, _recycling, and
 
energy production should be practiced to alevate these problems. 
 It appears,
in fact, that such practices are"not only desirable, they are also necessary
if the world standard bf living and quality of life are to progress. _ 

A review of the literature, and a survey of'existing experimental

facilities shows that a number of alternative recycling paths are possible,

the two predominant ones being animal waste recycling for feed supplement

and anaerobic waste digestion for methane production with fertilizer produc­
tion and water purificatio'n/feed production. Figure Vfl. Ipresents a schematic 
of the total concept. Segments of the total system have been researched in
 
great detail. It is 
 proposed that integrated experimental test effort/demon­
stration facility development be undertaken in various developing nations to 

provide the information and physical example for the introduction of these 
practices into their agricultural sector. A suggested formation plan 
follows: 

DigesterDevelopment 

Several aspects of digester development, should be explored: 

Separation of acdoenic/mthanoenic processes:a. 
As a rule 

of thumb, the retention time for the acidogenL: unit should be between 12 and 
24 hours, whereas that of the methtnogenic unit should be between 100 and 
200 hours.
 

b. Anaerobic Mthnosenic Filters It appears that the retention,time of an anaerobic methanogenic filter will approach that of the acidogenic 
container. The cocepte of a msthsnogesic filter (using rocks in the chamber 
to add surface area) should-be examined. 
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G. Solids Concentration: The retention time can be increased if 

the solid concentration is increased, for a given size digester. Data indicates 

that up to 10% solids can be introduced into a 24-hour acidogenic chamber 

with little effect on the chemistry of the output, This effect should be explored. 

d. Retention Time: The literature indications that retention time 

(in laboratory size units) has a strong influence on the efficiency of conversion. 

This area should be explored further with field-sized units. 

IL Efficient Purification/Feed Produc4vit -

The use of 'ponds using Water-Hyacinth, Duck Weed, Algae and Water 

Chestnut should be evaluated for efficient purification/feed production. The 

vegetable growth could be used as either animal feed or vegetationiput. 

I1. Vegetation Leacher 

The con'ept has been proven but some parametric performanuce data 

is required, including batch operation time, fluid retention time, etc. 

IV. Fertilizer Dryin. 

The biogas from the digesters can be utilized toi1dry fertilizer, for 

either storage or as a sterilization process, prior to using as a feed sup­

plement. . . . . 

V.. Grain DryinI 

The biogas from the digesters can be utilized for grain drying. Such 

use should ba explored. 

VL Animal Waste as a Feed Sup~lement 

sup-The literature shows that animal waste can be utilized as a feed 

plement if it is either fermented (silaged) or heat sterilized. Since this use 

is in partial conflict with its use as a source for biogas, a combined researcl 

is suggested. 

V'L Various Waste Eialuation . 

Most digester *workto date in Taiwan has concentrated em pig dung. 

Zrami.atlon of poultry and cattle waste as's source of energyfeed supple­

ment should be cOncurrently undertaken. Sequential patterns should Ue 

explored. 



VfIL 	 Digester Bag Development 

The development ofdigester bags should be continued. The concept 

of a four bag system appears sufficiently attractive to pursue as an initia 

concept (acidogenic, methanogenic, vegetable waste leacher, gas accumu­

latioa). Sizing of these units, preferably of equal size, should be explored. 

IX. 	 Review of Other Research 

The efforts of other researchers in these fields should be continuously" 

reviewed. 

X. 	 Integrated Operation 

The integrated operation of grain drying, fertilizor drying, E-imal 

waste feed supplement, digester operation for biogas /fertiJ zer production, 

water poUution control/feed production from aquatic plants, and waste 

vegetation anaerobic digester should be demonstrated. 

' VII.'
 



SECTION VIII 

BIBLIOGrAPHY 

Acharya. -C. N., "Studies on the Anaerobic Deczmposition of Plants
Materfals," Bio-Chem J., Vol. 29, 1935 

Acharya, C. N., "Organic Manures, Indian Council Agriculture*
Research, Research RevisiOn Series, Bulletin 2, New Delhi, 1952 

Ac arya, C. N.0 "Prospect of Compost Manure from Town Wastes,"
Calcutta Indian Council of Agriculture Resem%rch, Ministry of Agriculture 
Bulletin No. 60, 1954. 

Achirya, C. N., "Preparation of Fuel Gas and Manure," Indian Council
of Agriculture Research, Ministry of Agriculture, 1955 

Acharya, C. N., "Preparation of Fuel Gas and Manure by Anaerobic 
Fermentation of Organic Materials," Indian Council of Agriculture
Research, ICAR Research Series No. 15, New Delhi, 1958, 

Aguirre, Francisco, "The MicroNal Decomposition of Coffee Hulls",
Master's Thesis, University of Texas, Austin, Texas, 1949 

Aiba, S. Humphrey, A. E. ; Millis, N. F., "Biochemical Engimering;'
Academic Press, N. Y., 1965 

American Public Health Assn., "Standard Methods for the Examination 
of Water and Waste Water", 13th ed. , 1971 

Ananishvilli, A., "Utilization of Agricultural Wastes for the
Production of Electric Power, Power Enzineer," Vol. 10, No. 2, 1960 

Anderson, Larry L., "Energy Potential from Organic Wastes: A
Review of the Quantities Pd Sources", Bureau ofMines Information 
Circular, IC 8549 W23. U710 No. 8549, 622. 06173, 1972 

Anderson, M. S., "Sewage Sludge for Soil Improvement," USDA
Circular No. 972, Sup. D.c. Wahington, D. C., 1955 

Anderson, S., "Farm Manure," U. S. Dept. Agriculture, Year Book 
of Agriculture, 1957 

Andrew@,. :. o; Cole, R. D.; Pearmon, .A., "Kinetics &Characteristics 
of Multi4tage Methane Fermentations", SEL Report No. 64-U, Unive rity
of California, Berkeley, 1964 



Ayyar, K. S. V., "Symposium on the Utilization of Wase Products: 
......UtUifiation of Farm Wastes", Madras Agric .,,Vol 21, 1933. 

BaUu, T., "L. gas do Fumfer"i, Machinis, Agric., Ju~Llet, 1946 

Barker, H. A., "Biological Fermentation of Methane, LAA.En. 
Chem. Vol. 48, 1956 

Barker, H.A., "Bacterial Fermentation", John Wiley & Sons, Inc., 
New York, 196 

Beccari, .0., "Apparatus for Fermenting Garbage", US Pat No. 
1,329, 105, 'Z7 Jan 1920, Reissue No. 15,417, 25,3'uly 1922 

Black, C. C. Jr., "Photosynthetic Carbon Fixation in Relation to Net 
CO2 Uptake," Annual Review Plant Physiolo,,, Vol. 24, 1973 

Boersma, L; Barlow, E.W.R.; Miner, J.R. ;Phinney. H. K.,
 
"Animal Waste Conversion Systems Based on Thermal Discharge",
 
Water Roources Research Institute, Ore&n Stte University,
 
Corvallis, Sept 1974
 

Bolton, R. L.g "Sewage Treatment' Basic Principles and Trends", 
Butterworths, London, 1961 

Boruff, C. S. ; Bushwefl, A. M., "Fermentation Products from 
Corn-Stalks," Id. Ent. Chem., VoL 22,. 1930 

Boruff, C.. S.; Bushwell, A. M,, "Anaerobic Fermentation of Lignin,"
J3. Amer. Chem. 3oc., Vol. 56, 1934 

Boshoft, W. H. ; "Methane Gas Production by Batch and Continuous
 
Fermentation Methods", Tropical Science Vol 5, 1963
 

Boshoff, W. H., "Reaction Velocity Constants to Batch Methane
 
Fermentation on Farms, Notably in -the Tropics", Journal of
 
Asricultural Science, Vol 68, 1967
 

DSatsler, K. C.,' md T.'A. Long. "Digejstfon of Hydrolysed end Cooled 
Palnsy Wasto by ininmu". ,Jour. of Amimal IL, Vol. 27, 1968 

VZ.I
 



British Oil & Coke Mills Ltd., "Poultry Manure and its Disposal,"
Poultry Advisory Board, Albion Wharf, Eritb, Kent, Xnglan4,. 1964 

Brunt, L. P., Municioal Compostin.4Albert Howard Foundation of 
Organic Husbandry, Publication No. 2a, London, 1949 

surlew, J. S. (ed.). "Algal Culture: From Laboratory to Pilot Plant". 
Publ. No. 600. Camegie Inst., WshinStn, D. C. 1953
 

Buawoell, A. M.: Neave, S. L., "Laboratory Studies of Sludge Digestion",
Bull. 30, nlinois State Water Survey, 1930 

Buswell, A.M.; Hatfield, W.D.; "Anaerobic Fermentati6ns", -Bull. M. 
Wat. Surv., VoL 32, No. 109, 1936 

Bulwell, A.., "Mticrobiology and Theory of Anaerobic Digestion," 
Sewage Weeks Journal Vol. 19, 1947 

Suswell, A.M.; Muller, H. P., "Mechanism of Methane Fermentation,' 
Id.-Ens. Chem., Vol. 54, 1952 

Buswell, A. M.,*. "Industrial Fermentations", Chem. Pub. Co., Inc.,
New York, 1954 -

Carlson, C. W.; Mensiss, 3. D., "Utilization of Urban Wastes in Crop 
Production", Bioscience June 15, 1971 

Cartwright, M. L ; Noldom, K. S., "Ejnzymic Llgnin, Its 1elesse 
and Use by Bacteria," Microbios, Vol. 8, 1973 

Chawla, 0. P.; Laura, L D.; Idnani, M. A., "Note on Stimulation 
ouf Anaerobic Fermentation of Dung in the Cow Dung Gas Plants," 
LId. 3. AEr. Sci., Vol. 11, 1969 

Chawla, 0. P., "Gobar Gas Plants Its Efficiency and Manurial 
Returns," KHADIGR.AMODYOG, July 1972 

Chawla, 0. P., "Winter and the Cow Dung Gas Plant," Indian Farming 
November 1973 . -

Chicago University Institute of Meat Packing, "Readiags on By-
Products of the Meat Packing Industry, Chicago, Univessity el 
Chicago Press, 1941 

VIH-1
 

yin­



Christopher, O. L. M. ,"Biological Production of Methane fro . . 
Organic Materials", United Aircraft Research Laboratories, 
East Hartford, Conn., UAP.L Rpt No. XC910906-13,- 1971. 

Chung, Po, 'The animal -methane -chlorella Cycle,"JCRR Brochure,
 
Taiwanni, 1952
 

Chung, Po. "Swine Wastes and Methane", JCRR Brochure, Taiwamn, 1974 

Chung Po; Wang, H. H.; Chan, S.K.; H g, C. M. ; Chang, C.I.;• 
"Small Methane Generator for Waste Disposal", Proceedings of 
the 3rd Internation, !ymposium on LivestockWastes, American 
Society of Agricultu .al.Enginoors, St. Jo'soph, Mo., 1975 

Clark, N. N.; Orr, D. V.; "Digestion Concentration on Loading-Time

Limits", Journal of Sanitary Engineering Division ASCE, Vol 98,

1972
 

Coe, W.G. ; Turk, M., "Economic Evaluation of Asset Recovery
From Animal Waste by Anaerobic Fermentation," .Proceedings
American Society for Microbiogy, May 1973 

Cokir, E., "The Value of Liquid Digested Sludge," Journal of 
Azricultural Science, Cambridge, Vol. 67, 1966 

Commission International Des Industries Agricoles, Documentation
 
Bibliographique sur la fabrication du gaz de methane par fermentation
 
du munier et des residus agricoles on vue de son utilisation a la ferms
 
Paris (B/2941), 1951
 

Cowling, E. B., "Structural Features of Cellulose that InL uence 
its Susceptibility to Enzymatic Hydrolysis", Advances in Enzymatic
Hydrolysis of Cellulose and Related Materials, Pergamon Press,
London, 1963 

Cram, E. B., "The Effect of Various Treatmient Processes an the 
Survival of Helminth Ova and Protozoan Cysts in Sewage", Sewage
Wks J, Vol. 15, 1943 

Dague, R. It., "Application of Digestion Theory to Digester Control", 
Journal of Water P,*llution Control Federation, Vol. 40, 1968 

Dalal, . 3, "Economics of Gobar Gas Plants," Khadi Gram Udyo, 

July 1963 

*VMII-4 



Dams R., L. Lees* P. C. Fry, and H. Fox. "UtilizatLon of Algae s aProtein Source for Ifnans". Jour. Nutrition. Vol. 86. 1965 

Dar,,., Gobar Gas and Its Utilization, The Allahabad Farmer,Vol. XXXVI,No. 1, 1962
 

Das Gupta, S. C., "Gobar Gas," Calcutta, Khadi Pratishtban-

Sodhapur, Research Paper, 1955
 

Davis, E. G.; Field, 
I. L.; Brown, 3. H., "Combustion Disposal ofManure Waste & Utilization of the Residue', Bureau of Mines Tech­nical Progress Report - 46, 1972... -

Demortier, G., "La forma. centre de production d'um carburnt 
gazeux, ".Ann. Cembl., Vol. 58, 1952 

DesaLi, B. P., "Combustible Gas from Caftle Dung," Poona Ar.
 
College Magazine, Vol. 47, 1951
 

Desai, S.V. ; Biswas, S.C., 
 ":Manure and Gas Production by.Anaerobic Fermentation of Organic Wastes", Indian Farming,

Vol VI, No. 2, February 1945
 

Desai, S. V.; Biswas, S. C., "Manure and Gas Production by
Anaerobic Fermentation of Organic Wastes, " Indian Farming.
 
Vol. 6, 1954
 

De Turk, E., "Adaptability of Sewage Sludge as a Fertilizer,"
Sewage Works3ournal Vol. 7, No. 4, 1,935 

Dotson, 0. K., "Some, Constraits of Spreading Sewage Sludge on

Cropland", .CompostScence 
 November-jDeceml~r 1973 

Ducellier, 1, "Les Enseignernents des Anies de Travaux our laproduction du gas de furnieo', Elevage et Culture. No 20,
Septembre, 1950 

DuthLe, R, W. 'StudLes in Tropical Soilai' lV rgauic TransforwationsLn Soils, Composts and Peat" ,3.Acric. Science, Vol.27, 1937 

Eby, H. # "Design Criteria for Manure Lagoons," American Societyof Agricultural Engineers. Papfer 61-235. 1961 

Eckenfelder, W. W. Jr.; 0' Connor, D. J., "Biological Waste
Treatment", Pergamcm Press, Oiford, 1961 

vWn-5 



Eckbolm, E. P., "Losing Ground", W. W. Norton L Co., N.Y. 1976 

Egerton, A. G. I Pearce, 14. 'The Significance of Liquidothane as a 
Fuel", J. Inst. Fuel, Vol. 20, 1945 

Eggeragluss, W., "Erfahrungen beizn Betrieb und Bitrachtugen uber die 
Wirtschaftlichkeit der Bihuga sanlage Allerhop", Defu- Mitteillungen, 
Heft 9, P. 19, Jan. 1951 • 

Eier, D.D.; Wallace, A.T.; Williams, R.E., "Irrig-tion and
 
Fertilization with Wastewater", Compost Science May-June 1971
 

ESCAP (Econcmic and Social Commission for Aiia and the Pacific) 
"Pr iparatory Mission on Bio-Gas Technology," IFT/BG/3, .8 May 
1975, United Nations Economic and Social Council, 1975. (a) 

ESCAP (conoiric nd Social Commission for Asia and the Pacific),
"Rlepor 'of the Workshop on Bio-Gas Technology and Utilization," 
E/CN. Il/HT/L. 18, 28 July - 2 August 1975, New Delhi, United 
Nations Economic and Social Co,.ncil, 1975. (b) 

ESCAP (Economic and Social Commission for AAa nd the Pacific), 
"Report of the Manili Workshop on Bio-Gas Technology and Utilization," 
E/CN. l/L. 421/INF, 13-18 October 1975. Manila, United Nations 
Economic and Social Council, 1975. (c) _ 

Etzel, 3. E.; Pohland, F. G., "Volatile Acid Formation During Sludge 
Digestion",- Pub. Works, Vol. 7, 1960 

Evans, 3. 0., "Soils and Sludge Assimilators", Compost Science 
November -December, 1973 

Fair, 0. M.; Geyer, 3. C.; Okun, D.A., "Water and Wastewter 
Engineering," Vol. 2 #*Wiley, N. Y., 1968 

Fair, 0. M.; Moore, E. W., "Temperature Effects on Time and 
Rate of Digestion", Sewage Works Journal, Vol. 3., :1937 

Feldman, H. F.; Kiang, K.D.9; Wen, C.Y.; Tavorsky, P.M.; 
"Cattle Manure, A Process Study", Mechanical -Enineering,'' 
Oct 1973 

FLney, C.D.; Evans, R.5., U1, "Anaerobic Digestion: The Rate-
Limiting Process sad the Nature of Inhibition", Science, Vol 190, 
Dec 1975 

V'M-6 



Fisher, A. W., Jr.,; "Economic Aspects of Algae as a PotentialFuel", Proceedings of World Symposium on Applied Solar Energy,
Phoenix, 1955 

Fogg, G.E., "The Metabolism of Algae", John Wiley & Son, N. Y. 

Fores, E.G. e, McCarty, P. L., "The Rate and Extent of Algae Decom­position in Anaerobic Waters", Proceedings 24th Annual PurdueIndustrial Waste Conference, Purdue Univ., 8 May 1969
 

Fouler, 
 G. J. and Joshi, G.W. "Studies on the Fermentation of CellusoseJ. Ind., Inst. Sci; Bangalore, Vol. 3, 1973 

Fry, 3 ,. "Power and Electric Light from Pig Manure," Farm andCountry, London, April 1960
 

Fry, John L., 
 "Farmer Turns Pig Manure Into Horse-Power,"Farmer's Weekly, Bloenfoutem, South Africa, Feb.- 22, -1961 

Fry, 3. L.; Merrill, R., "Methane. Digesters for Fuel Gas and
Fertilizer", Nw Acheny Institute-West, Santa Barbara, Calif.,

1973
 

Fry, John L., "Practical Building of Methane 'liower Plants forRural Energy Independence", Standard Printing, Santa Barbara,

Cali. 1974
 

Garber, W. F., "Plant Scale Studies of Thermophilic Digestion atLos Angeles", Sewaire and Industrial Wastes,. Vol 26, 1954 

Garg, M. K., "Pilot Project on Gobar Gas," Planning Research an4Action Institution Paper, 1962 

Ghosh, T. K. "Utillisation of Wates", Calcutta Science and Culture,
Vol. 25, No. 3. 1958
 

Gilluly, R.H., "New Directions in Water Pollution Abatement",
Science' News, VoL 99, 1971
 

Golueke, C. 0. , "'Tsmieture Effects 
on Anaerobic Digestionof RawSewage Sludge" Sew& eandIndustrialWastes. Vol 30, No.-10..
Oct. 195SColueke, C. 0. ; Oswald, W. J., "Biological Conversion of LightEnergy to the Chemical Energy of Methanse Anplled Mlcrobioloey,
Vol. 7. 1959 

Vfl.7, 



.Heck, A, "The Availability of the Nitrogen InFarm Manure under 
Field Conditicdas," Soil Sci., Vol. 31, 1931 

Hills, L., "The Clivrus Toilet -- Sanitation Without Pollution," 
Compost Sciencee May/June 1972 _. . 

Hindin, E. ;. Dunstan, 0.H.; "Effect of Detention Time ca Anaerobic 
Digestion", :ournal WPCF Vol 32, No. 9, Sept. 1960 " 

Wnesly, T. D.; Ziegler, E. L.; Jones, R.L. , "Effects on Corn by
Applications of Heated Anaerobically Digested Sludge" , Conpost" 
Science. VI. 13, 1972 

Hintz, H. F., H. Heitmann, W. C. .ier, D. T. Torh, -and J. H. Meyer.
"Nutritive Value of Algae Grown on Sewage". 'Jour. Animal Sci., 
Vol. 25, 1966
 

Hintz, H. F., and H. Heitmann. "Sewage-grown Algae.as a Protein 
Supplement for Swine". Animal Prod. Vol. 91 1967
 

Hollander, A.; Montz, K. J.; Pearlstein, P.. M.; Schmidt-Bleek, 
F.;Snyder, W. T. ;. Volkin, E. ; "An Inquiry into Eiological Energy
Conversion", NSF Workshop, Univ. of Tennesses, Knoxville, 
Dec. 1972 

Howard, Sir Albert, "An Agricultural Testament", Oxford 
University Press, London, 1940" 

Hsu, Y.Y., "Clean Fuel from.Biomass", NASA Technical Memo, 
NASA TMX-715,. April 1974 

Hungate, R. E., "The Rumen and its Microbes", Acadamec 
Press, S.F., 1966 

Hutchinson; T. H., "Methane Farming in Kenya", Compost Science, 
November-December'1972, VoL 13, No. 6 

Hyde, C. 0., "TbeThermophilic Digestion of.Municipal Gauirage ind 
Sewage Sludge, With Anologies", Sewaee Wks J, Vol 4, 1932 

Ib/, H., "Evaluating Adaptability of Pasture Grasses to Hydroponic 
Culture and Their Ability to Act as Chemical Filters," Farm Aninal 
Wastes Symposium, Beltsville, Maryland, May.5-7., 1966 

Idnani, M. A.; Chawla, d. P., Developmsnts in the Uses of Gobar 
Gas," Ne 'Delhi, Indian Agriculture Research Institute, 1962 

Idnani, N. Ai-md Outta, 1. P. "Gobar Gas Plants". adi Gn Udyog,
Jmuay, 1963 

VIII-9 At1 



Idnani, 14. A. Laura, R. D. and Chawlu, 0. P. "Utilising the Spent Slurry
from Cow Dung Gas Plant". Indian FamknX. April 1969 

Idnani, 1. A. and Chawla, 0. P. "Improve the Performance of your Bio­
gas Plant in Winter". Indian Farminj. September, 1969
 

imhoff, K., "Digester -Gas for Automobiles", Sevage Worki'ournal 
Vol. 18, 1946 

Imhoff, K.; Keefer, C., "Sludge Gas as Fuel for-Motor Vehicles,"
Wat. Sewaze Wks., Vol. 99, 1952 
Imhoff, K.; Fair, G., "Treatment of Sewage Wastes," 3ohn Wley 
& Sons*, Inc. ,.New York, 1956 

Imhoff, K.; Miler, W.;'Thistlethway1e, "Disposal of Sewage and
Other Watet-Borne Wastei, "Ann Arbor Science Publishers, Inc.,
 
Ann Arbor, Michigan, 1971
 

Inman, R.E.,; Henry, J.P.; Alich, J.A., Jr. ; "Effective Utilization 
ofSolar Energy to Produce Clean Fuel", Stanford Research Inst. Rt.
NSF/RANN/SE/Gl/-38723/PR/13/Z. - -

Isman, M., "Une 4tude sur les modes d'utilisation pratique des
appareils a 'gaz de fumier"'. Elevage et culture, Nc 21, Oct.1950 

Jackso:a, D. F., (ed), "Algae, Men, and the Enviro . nt". Syracuse
thLiversity Press, Syracuse, N. Y. 1968 - -

Jackson, F. .; Wad, Y. D., "'Tb. Sanitary Disposal and Agr-.1tural
Utilization of Habitation Wastes by the Indore Frocess", Indian Med. 
Gaz, Vol 69, No 93, 1934 

Janzen, D.H., "Tropical Agroecosystema", Science, VoL 182, 1973 

Jeffrey, E. A., W. C. Blackman, Jr.. and R. L. Ricketts. "Aerobic 
and Anaerobic Digestion Caracteristics of Livestock Wastes".
 
Eng. Ser. Bull. No. 57, Univ. of Mi4ssouri, Columbia. 1963.
 

Jewell, W. J., "Rural Environmental Engineering Educat~on",
Cornpost Science, Vol. 15, No. 1, 1974." 

Johnson, C. E., "Production of Methane by Bacterial Action on a
Mixture of Coal and Sewage Solids", U.S. Patent 3,640; 846, 1972 
Joppitch Wolf Gang. "Cowdumi Gas Plant in Ge any." F 
Feb. 1953 

Joppitch Wolf. "German parms,"Injo Use Puel .Gas Plants". India Fag.
Vol~.~6No. 11, 1957 

yin-la 



i 

Vunk. W. , "ZvNestigaton of the Ecology and Production Biology of 
, foatingM .adows on the Middle Azhaxh", Amaaonian 1970 

ang. U. '!The Development of Mwis1 Gas Production FromVK, Y. 
ilog6Wa in. Taiwan, Republic of China", 1th Intersoclety Energy 

nwZtiversion Engineering Conference, Univer sity of Deleware, 
,?.ZZ August 1975 • 

Katto KM Reese E. T.; "Productiain of ucose by Enzymetic 
Hydrolyils of Cellulose", Applied Microbioley., Vol 16, 1968 

Keean, r.D. Production from Solid Wastes",a 'T wo-Stage Methane 
A.SME-74-WA/ver-11, Nov 1974 

Kers w, John S. C.,. "Th Recovery and Use of Industrial and Other 
Wastei ,Benn. London, .1928 ,. 

King, F.' H-.*"Farmers of Forty Centuries: Permanent Agriculture 
in Clna, Korea and Japan," Jonathan Cape, Lcndon, 1911 

King$ P., "aM. T. Hutchinson's Methane Plan., E. Afr. Fmr. 'lanter, 
Vol 2. Nos. 5 and 6, 1958 

Kirk, T.. K., "Effects of Microorganiv-ns on Lignin," 
of Phytopathology, Vol. 9# 1971 

An. Rev. 

Kirk, T. K.; Highly, T. L., "Quantitati'e Changes in Structural 
Ccmponents of Conifer Woods During Decay by White and Brown-rot 
Fungi," Phytopathology, Vol. 63, 1973 

Kispert, R.G. ;, Sadek, S.E.; Anderson, L. C.; Wise, D. L.; 
"Fuel Gas Produc.ion From Solid Waste" NSF Study-Final Report, 
D$-iatech RID Co., Canbridge. Mass.,, Jan 1975 

KIeta\, "Anaerobic Dia.Stiov oi Solid Wastes," Compost Science 
Taur Feb. 1972 

Klein, S. '. "Methane from-Anaerobic Digestion", Compost Science 
:uly-Ai'just 1972. 

ok, B. , and J. L. P. Van 0orSchft. "Improved Yields in Algal Mass 
Caltures". Acta Bct. Nerlandica. Vol. 3, 1954 

Korbitz, W., "Experience -with the Sludge Program in the Denver* 

Area", Compost Sciencer Vol. 12, No. 5, 1971 

Kuan, S. S.; Chou, J. C., "Methane Gas Produce,' Taiwan Sugar,
Vol. 10, No. 4 

;&k, R.* ."Cattle Srine andChicken-Manure Challenges Waste Disposal 
Methods". Water & SewUke WorksApri1 1970 

,' ; I; ; ...
 

Vil­



"Sewage Sludge Produces Hay". Compost Sciencse ,Lamb, C., 

January- February 1973
 

Lambert, E. B., "Synthetic Composts for Growing Mushrooms
 
Devised by B.P.L". U.S.D.A.. 3. Aric. Re, Val 48..1931 'i
 

. Lappl- . M; Schulte, D . ; Buchana, L. C., "Methane Gas Production­
from Animal Wastes", Canada Department of Agriculture, Ottawa,
 
1974
 

Laura. Ra: Idnai, M., "Increased Production of BiogasfromCow
 
Dung by.Adding Other Agricultural Waste Materials,' Journal of
 
the Science of Food and Asriculture. Vol. 22, 1971
 

Law, 3. P., "Agricultural Utilization of Sewage Effluent and
 
Sludge- An Annotated Bibligraphy", Federal Water Pollution
 
Control Administration, U. S. Dept. of Int'rior, January 1968
 

Law, James P., "Nutrii'4t Removal from Enriched Waste Effluent
 
Federal Waterby the I-Jdroponic Culture of Cool Season Grasses, " 

Quality AdminIstre.tion, Department of Interior,. 1969 

P. L. ; "Kinetics of Methane FermentationLawrence, A. W.; McCarty, 
in Anaerobic Treaament", Journal of the Water Pollution Control Fed. 

Vol 41, 1969 

Lawrence, A. W- McCarty, P. L, "Unified Basis for Biological 
Treatment Design and Operation", Journal of the Sanitary 
Engineering Division, ASCE, June 1970 

P. L., Fermen-Lawrence, A. W.; McCarty, "Kinetics of Methane 
tation in Anaerobic Treatment", Proceedings 38th Annual Conference 

Oct 1975of the Water Pollution.Control Federation, Atlantic City, 

Lawrie, James, "Methane its Production and Uses," Chapman k 
Hall, London, 1940 

Lawrie, James, "Chemicals from Methane," Science, Services Ltd., 
London, 1941 

Linnman, - L..A.A.; Nilsson, K.O0.; Lind, B.,' Kjellstrom, T.o 
Friberg, L., "Cadmium Uptake by Wheat From Sewage Sludge 
Used as a Plant Nutrient Source", Arch. Environmental Health 
Vol. 27, 1973 

Loehr, R. C., "Alternatives for the Treatment and Disposal of 
Animal Wastes", Journal Water Pollution Control Federation. Vol.
 
43,g'No. 4 .
 

yiI-12
 



Loehr. R.. "Pollution Implicatios 0iAnimal Wastes," Federal 
Water Pollution Control Administration., Kerr Water Research 
Center, Ad&# Oklahoma. July 1968 

Loehr, R. Co. "Pollution ,tplications of Animal Wastes -- A 
Fromrd Oriented Review". Washington D. C.: Office of Research 

and Monitorins. U.S. Environmental Pratection Agency, 13040-­

07/68, 1973 .
 
in Less
Mm, I. ,,Soue Problems of Animal By-product Mnufacture 

Developed Countries". Tropical Sciences.. Vol. 3. No. 2. 1961 

"ProcesiIng and Utilization of Animal By-Products,"Mann, .L, 
75, FAO Rome, 1962PAO Agricultural Development Paper No. 

Farm Wastes,"Martine-Leake, H.; Howard, L- E., "Methane-Gas frori 
Albert Howard Foundation of Organic Husbandry (England), Publication 

No. 9. 195Z 

U.- "Fuel PFrom Wastes: A Minor Energy Source",Maugh. Thomas M., 
Sciwnce. Vol. 178, 1972 

McBride, B.C. - Wolfe, R. S., "Biochemistry of Methane Formation" 

Anaerobic Biological Treatment Processes, ACS, 1971 

"Anaerobic Waste Treatment Fundamentals",McCarty, P. L. , 
Public Works, Sept 1964 -

McCarty, P. L., "Kinetics of Waste Assimilation in-Anaero'bic 

Treatment", Developments in Industrial Microbiology, AIBS, 

Waslington, D. C., 1966 

McCarty, P. L.., "Energetics and Kinetics of Anaerobic Treatment", 
Anaerobic Biological Treatment Processes, ACS, 1971 

3. J.; "The Action Spectrum, Absorptance & Quantum Yield
McCret, 

Agricultural eteorolozy, Vol 9,
of Photosynthesis in Czop Plants", 
1972 

MeGauhey, P. H,'; Gotaas, 1.-B.,. "Stabilization of Municipal Wastes 
by.Composting", Trans. Amer. Soc. Civ. Enars, Vol 120, 1955 

Nchanro, G. J "Scientific Aspect of Cow Dung Digestion". 
Khadi Grs Udyog. April, 1974 

McLarney, W., "An Introduction to Aquaculture on the Organic Farm 
amd Homestead," Organic Gardening and Farming Maazine Aug. 1971 

" McLarney, W.. "Aquacultv re: Toward an Ecological Approach," 
In: Radical Agriculture, Richard Merrill, ed. -Harper & Row, New 
York 1973
 

Vin-i$ 



McLarney, W., "The Backyard Fish 'armz," Organic Gardening and 
Farming Magazine , Readers Research Project 1, New Alchemy 
Institute, Rodela Press, Emmaus. Penn., 1973 

Meenaghan G.F.; WellS. D.M.; Albin, R.C.; Grub, W, ,!'Gas 
Production From Beef Cattle Wastes", American Society of 
Agricultural Engineers, Paper No. 70-907, ASA . 1970 Winter 
Meeting, Sherman House, Chicago, Ml1. 8-11 Dec 1970 

Meier, R. L., "Biological Cycles in the Transformation of Solar 
Energy into Useful Fuels", Proceedings of the World Symposium 
on Applied Solar Eneigy, Phoenix, 1955 

Mignotte, F. "Gaz deFurrier a Ia Ferme' La Macson Rustique, 
26 Rue Jacob, Paris VI, Paris 19 52 ,Agricole Horticole 

Mihier, Ronald 3. ed., "Farm Animal Waste Management", Ames, 
Iowa: Agriculture And Home Economics Experiment Station, North 
Central Regional Publication Z06, 1971 

"Miniaturized Sewage Treatment Plant Begins Operations in Housinj 
Comnnrnimy", Building Systems Design, December 1972 

.Mishihara, S., "Digestion of Humra Fecal Matter," Sewage Works 
Journal, Vol. 7, No. 5, 1935 

Mitsuda, H. "Utilization of Chlorella as Food". Food Sci. Techol.* 
Proc. 1st Intern. Congr. Food-Sci. adTechnol. I. 196S 

Mueller, L. E.; Ilindin, E.; Lunsford, 3. V.; Dunstan, G.., "Some 
Characteristics of Anaerobic Sludge Digestion. L Effect of 
Loading", Sewage and Industrial Wastes, Vol. 31, No. 6, June 
1959 -

Muller, Z., "Nutritive Value of Lactic Fermented Animal Waste," 
Research Institute for Biofactors in Animal Nutrition, Prague, 1973. 

National Sugar Research Institute. "Production of Bio-Fertilisir and 
tio-gas from Agricultures Wastes". Khadi Gram Udyogs April, 1974 

Nelson. C. H. and Max Levine. "Decomposition and Gas Production of 
Cd~n Stalks Under Anaerobic Condition". Iowa State Coll. J. Sci. 
Vol. 13, 1939 

G.H. ; Straka, R.P.; Leine, M. "Effects of Temperature of1Nelson, 
Digestion Chemical Composition, and Size of Particles on Production 
of Fuel Gas from Farm Wastes", 3. Alric. Res. Vol 58, No. 4, 1939 

VI-14
 



O'CAflagha, 3. R. ; Pollock, N.A.; Dodd, V.A, "Land Spreading of 
'Manure from Animal Production Units"& Journal of Agricultural
Resarch, Vol 16. No. 3, 1971 
O'Callaghan, 3.R. : Dodd, V. A.: Palock, K.A.; "The Long Term
 
Management of Animal Manures", Journal of Agricultural .
 
En oineering Research Vol. 18, 197T
 

Offord, R.S., Rofe, B.H.', "Centralization of Sewage Treatment and,
Sludge Disposal in Rural Areas", Water & Engineering, May 1973 

Oswald, W. 3.; Goueke, C. ,1 "Biological Transformation of Solar 
Energy," Applied Microbiology Vol. 2, 1960 

Oswald, W.J., "Production of Low Cost Animal Feed from Waste
 
Through Use of Solar Energy", NATA Seminar Proceedings, Solar
 
And Aeolan Energy, Pleniurn Press, N.Y., 1964
 

Oswald, W. 3.; Goolueke,''C. 0., "Solar Power Via A Botanical
 
Process," Mechanical Engineering, Feb. 1964
 

Oswald, W 3., "Productivity of Algae in Sewage Disposal",
 
Solar Energy, Vol. 15, No. 1, 1973
 

Pai, K. K. "Role of Comercial Banks in Promoting Gobar Gas Plants".
 
Khadi Grin Udyoj, April 1974
 

Papn'oi, S.; Brown, B. A. ;, 'Poultry Manure",Buletin 272, Agricultural Eixperimental Station, Storrs,
 
Connecticui 1950 ... .
 

Parikh, K. S., "Benefit-Cost Analysis of Bio-Gas Plants in India,"
M. Sc. Thesis, Massachusetts Institute of Technology, January 1963 

Patel, J. J. "Gobar Gas Plants". Khadi Gram Udyog. May 1963-. 

Patel, J.L,. "On Constructing a Gobar Gas Plant". Khadi Gram Udyog.
 
August, 1963
 

Patel, J. J. "Gobar Gas Plant Its Various Uses and-Impact on Society".
Khadi Grmodyo. Volume , No. 11. 1964 

Patel, J., ;"Digestion of Waste Organic Matter and Organic FertiLizer 
ind a New-Economic Apparatus for Small Scale Digestion," Poona 
Agricultural College Magazine (India), Vol. 47, No,, 3,- 1951 

-Patel, Jawahar, D.; "Indian Utilizes Novel Manure Disposal System", 
Poultry Direst, Feb 1967 

VIII- F5 



Patel, Tawahar, D.; Patel,MnurPe Reduces Rasik B.; "Biological TreatmentPoLlution", Compost Science , Vol. No. 12, No. oultry, 5, 1971 

Pathak, B. N. Rajagopal, G. Kulkami, D. N. and Dave J. M. "Anaerobic
 
Digestion of Night Soil: Seasonal VAriation in the Volatile Matter.

Reduction and Gas Production".. Env. Health.. Vol. -7,1963-


Patterson, 3. W.; Brezonick, P.L. ; Putnam, H. D.; "Measurement and
Significance of Adenosive T riphosphate in Activated Sludge", Environ­
mental Science and Technology, Vol.-4, No.-7, July 1970 -_
 

Paul, T. H. Utilization of Dung Production in Bombay Suburbs.

Khadi Grain Uyog. April, 1974 --


Peprard, P. "La Production de Methane Biologique "Conduite" ed Toute
 
Saison". Agriculture Paxis. Vol. 19, 1956
 

Perelman, M., "Efficiency inAgriculture: The Economics of Energy,"
InRadical Agriculture, R. Merrill (ed.),.Harper.& Row,. 1.973 

Pew, 3. C.; Weyna, P.,"Fine Grinding, Enzyme Digestion and the -
Cellulose Bond inWood", TAPPI, 
Vol 45, No 3, March 1962
 

Pfeffer, 3.T.. "'Anerobic Processing of Organic Refuse"*, Bio-Energy
Conversion Symposium, Amherst, Mass., June 197-3 
. 

Pfefer-, 3.T.; Liebman, 3.C-.; "Biological Conversion of.Organic

Refuse to Methane", NSF Study Annual Report, Dept. of Civil
 
Engineering, University of Illinois, Urbana, 1974
 

Pfeffer, 3.T., "Reclamation of Energy from Organic Waste",

EPA Study-Final Report, Dept. of Civil Engineering, University

of Illinois, Urbana, 1974
 

Pohland, F.0.; Gosh, S., "Developments in Anaerobic 
Stabilization of Organic Wastes - The Two Phase Concept".

Environmental Letters, Vol 1,No. 4 

Pohand, F.0. , "Laboratory Investigations on the Thermological
Aspects and Volatile Acids-Alkalinity Behavior During Anaerobi-
Sludge Digestion" Thesis, Purdue University, Lafayette, Ind.,
1961 . 

Pohland, F. .; Bloodgood, D.E., "Laboratory Studies on Meso­
philic and Thermophilic Anaerobic Sludge Digestion", Journal 
Water Pollution Control Federation, Vol. 35, 1963 

VfX-16 



Poincelot, R. a "The Biochemistry and Methodology of CornpostLng,"'
 
Connecticut Agricultural Experiment Station, Bulletin 727, March
 
1972 

Pool*, Alan Douglas; "Biological Energy Sources", Self Publisheds, 

Cambridge, England. January 1974 

L C., H Me Novels, and 1. L McDowell. "Alga Feeding in 
p"well, 
Humans". Jour. Nutrition, Vol. 75. 1961 

Ind "Studies'on Bio-K. C. Idnani, M. A; Dewan,Prasad,o C. Lf. Gulati, Fe,=.-tation of ISome Cabohydrates". Proc. 
gas Prouction .I -Methane 

1968
Nat. Ac a. Sci India. Vol 3b(a) I 4 II. 

Prasad, Hamuman. "Gobar Gaz Plant. An Empirial Study".. Gra. 

U . July, 1967 "-... --.........
 

J. L. Parsons, andE. Harkness, R. J. Butler,Pratte G. L., L Water for Possible Reuse". 
M. L. Buchanan. "Treaiment of Beef Cattle Waste 


Eng. Vol. 12, 1969
Trans. Amer. Soc. Agr. 

Pratt, G.L. ; Jobnson, D. W.; Buchanan, M. L.; "Handling Livestock
 

Farm Research, March-April 1971.
,Waste", 

Pratt, F. F., Broadbent, F. E.; Martin, 3. P., "Using Organic 
June 1973Wastes as Nitrogen Fertilizers, California Agri:ulture, 

New Delhi Indian Agriculture
Rio, H. G. K., "Advantages of Bio-Gas," 

1959 ;A
Research Institute, India. Farmin. Vol. IX, No. 4. 

Paddy, A. K. N. Prazad, C. R., 6 Krishna"Prasad, K. ",io-gas Plants 

4 Tasks Ind-an In, itute of Science, Bangalore.
Prospectus". Problems 
1973 

Mate 14als".Reynolds, G. F. ; "The Generation of Methane fromWagte 
Appropriate Technology, Vol 2, No 2, 1975 

Farm BuildingRobertson, A. M. "The Treatment of Animal Wastes", 
.....,Progress. Vol, 32, 1973 

Rogers, C. I.; Coleman, E.; Spino, D.F.; Purce1l, T. C.; 
Sca rpino, P. V., "Production of Fungal Protien from rellulose 

and Technoloy,and Waste Cellulosias", Environmental Science 

Vol. 6, No. 8, .ug 1973
 

VZI-17* 



Rogers, H.H.; Davis, D.E.;"'Nutrient Removal by Water Hyacinths" 
Weed Sc., Val. 20, 1972 

Rohaman, C.A., "Energy and Fixed Nitrogen frcnAgricultural--
Residues", Battelle Northwest Laboratories Report SW-5070, 1974: 

Roller, W.L.; Keener,:H.M.; Kline, R.D.; IMederski, H. J.; 
Curry, L.B., "Grown Organic Matter as a Fuel Raw Material 
Resource", NASA Study-Final Report, Ohio Agriculturi l'Research 
and Development Center, Wooster, Oct 1975 

Romesh Kevich, I. F. and Kerelina, C. N. "Obtaining of Methane and 
Organic Ftrtilizers by Fermentation of Wood Waste and Manure". 
Kikrobiologiya. Vol. 30. 1961 . _.-

Rosenberg, G., "Methane Production from Farm Wastes a. a. Source 
of Tractor Fuel," J. Min. Agric. (England), Vol. 5, 1952 

Rubins, E., and Bear, F., "Carbon-nitrogen Ratios in Organic 
Dertilizer Materials in Relation to the Availabilit- of their Nitiogen," 
Soil Sci, Vol. 54, 1.942 . 

Salter, R. M. and Schollenberger, C. 3., "Farm Manure," Ohio 
Agricultural Experiment Station Bulletin 605, 1939 

SI&derz. F. A. and Bloodgood, D.,"The Effect of Nitrogen to Carbon 
Ratio on Anaerobic Decomposition," Journal Water Pollution Control 
Federation. Vol. 37, 1965 .. 

Sathianathan, M.A., "Bio-Gas; Achievements and Challenges, 
Sagar Printers and Publisheri, New Delhi: June 1975 " -

Savery, W. C.; Cruzan; 'D. C., "Methane Recovery from Chicken Manure 
Digestion", 3o.nal Water Pollution Control Federation. Vol. 44, No. 12 

Sawyer, C N.; Howard, F. S. ; Persche, E. R., aScienificBsis for 
-Liming of-Digesters",- Sewage Industr. 'Wastes,.-Vol 28, No. 8, 1954 

Schenellen, C. G. T. P., "OOderzoekingen Over de lthanegisting", 
Dissertation,., Tech. University, De Maasstad, Rotterdam.- Publisher) 
De Ift. 1947 

Schmidt, F.; Eggersgluess, W., "Gas from Agricultural Waste,"
 
Gas Journal, Vol. 279, 1954
 

'JIl-18 



Schneider, T. R.; Keenan, J.D., "Solid Wastes, Solar Energy and the 
Production of Methane Gas: AnApproach to a Problem in Energy", 
National Center for Energy Management & Power, University of--
Pennsylvania, Phila., 1973 

Schulze, K.L., "Studies on Sludge Digestion and Methane Fermentation 
L Sludge Digestion at Increased S,1ids Concentrations",: Sewaxe Ind. 
Wastes, Vol 30, No. 1..1958 

Schulze, K. L.; Raju, B. N., "Studies on Sludge Digestion and 
Methane Fermentation. 11. Methane Fermentation of Organic Aicds", 
Sewage and Industrial Wastes, Vol. 30, No. 2, Feb. 1958 

Scott. 3., "Health and Agricultare in China," Faber & Faber, 
London, 1952 -" . ... 

Sebastian, F. P., "Waste Treatnent in China: Ancient Traditions 
and High Technology", Ambio Vol. 5, Nc. 6, 1972 . ." 

Shukla, 3. P., "Bio-Gas Plant," Kanpur, National Sugar Inititute, 
Research Paper, 1965 . 

Sigurdson, 3., "The Suitability of Technology In Contemporary China", 
Impact of Science on Society, Vol. 24, No. 4,-1973 

Sinden, 3. W., "Synt.hetic Composting for Mushroom Growing", 
Bull, Pa. Agric. ;-Exp. Sta., No. 365, 1938 

Singh, Ram Bux, "Bio-Gas Plant," Gobar Gas.Research Station, 
Ajitmal, Etawah (UP) India, 1971 

Singh, Ram Bux, "Some Experiments with Bio-Gas," Gobor Gas 
Research Station, Ajitmal, Etawah (U. P. ) India, 1971 

Singh, R. B., "Generating Methane From Organic Wastesl l 

Compost Science Vol. 13, No.. 1, 1972 

Singl, Ramn Bux, "Building a Bio- Gas Plant", -ComPost Science, Vol. 
13, No. 2, 1972 -

Sobel, A. T. Ludington, D. C., ."An Anay.is of a COmposting 
Operation for 100, 000 laying hens",_ Agricultural Engineering Dept.. 

-Cornell Univ., Ithaca, N.Y. -1963 - - -

Spoehr, R; A.," and H. V. MHiner. 'G1f,Cheoical Caposition of Chlorells: 
Effect of Evironmental Conditions". Plant Physiol., Vol. 24. 

* VM-19
 



--

Steel, R. , "Biochemical Engineering", Heywood and Co., Ltd. '
 
London, 1958 


Taiganides, E. P.; Baumann, E.; Johnson, H.., Hazen, T., "Anaerobic 
Digestion of Hog Wastes," 3ournal Agr!cultural Ensineering Research, 
Vol. 8, No. 4 7 

Taiganides, Eliseos P., "Anaeirobic Digestion of Poultry Manure,"
 
World's Poultry Science 3ournal, Vol.. 19, No. 4, 1963
 

Taiganides, Eliseos P., "Characteristics and Treatment of Wastes 
from a Confinement Hog Production Unit," PhD Dissertation, Iowa -
State University Science and Technology, Agricultural Engineering, 

- 1963 

Taiganides, E.; Hazen, T., "Properties of Farm Animal Excretia,"
 
Trans. Amer. So(.. Agrid. Engin., Vol. 9, No. 3, 1966
 

Tamiya, H. "Mass Culture of Algae". Aim. Rev. Plant Physiol., Vol. . 
19S7 

Teletzke, G. H., "Acid Formation in Sewage Sludge Digestion",

Thesis Univ. Wisconsin, Madison, Wisc., 1956
 

Tester, H. E. "Thermodynmic Properties of Methane". Brit. Poeiroleum
 
Company. London. 1960
 

Toorien, D. F. , Hattinglo, W. H. J., "Anaerobic Digestion, 1.
 
The Microbiology of Anaerobic Digestion", Water Research, Vol 3
 
Pergamon Press,' 1969
 

Towanend, C. B. "Utilization of Sewage Sludge". The- Pigineer.

November, 19S4 


Travin, D. and Bushwell, A. M. "rhs Methane Fermentation of Organic
 
Acids and Carbohydrates". J. Amer: Che. Soc. Vol. 56. 1934
 

Underkoler and Hickey, "Industrial Fermentation,, Chemical
 
Publishing Co., New York, 1954 .
 

United States Department of Health, Education and Welfare, Public 
Health Service, "Laboratory Stu(dies on High-Rate Composting Processet 
Summary of Investigations", Technology Branch, Report No. 6, 1954 

VMZo
 



University of California, Sanitary Engineering Laboratory, "Composthig 
for Disposal of Organic Refuse," Berkeley, Calif, Technical Bulletin 
No 1, 1950 

University of California,I Snitary EnglneerIng Laboratory, "Bibli.
 
ography on the Disposal of Organic Wastes by Cmposting,-:...
 
Berkeley, Calif., .Technical Bulletin No. Z,.!930
 

University of California, Samtary Engineering Laboratory, . !'An
 
Analysis of Refuse Collection and Sanitary Land Fill Disposal,"
 
Berkeley, Calif., Technical Bulletin No. 8, 1952 - -- - -


University *ofCalifornia, Sanitary Engineering Laboratory,
 
"Reclamation of Municipal Refuse.by Composting!", Berkeley, ....
 
Calif., Technical Bulletin No. 9, 1953
 

Uziel, M.; Oswald ; W. 3.; Golueke, C.-G,"Solar Energy Fixation
 
and Conversion with Algael Bacterial Systems", Report
 
NSF/RAMM/SE/GI-39216/-PR/73/3, U. C. Berkeley, 1974
 

Van Slyke, L..L:, "Fertilizers and Crop Production", New York, N.Y., 
Orange Judd Publishing Co ,Inc. 1937 

Vietmeyer, N. D. ;. Campbell, H. W.; Ennis, W. B.; Nolan, W. J.;
 
Leach, J. X.;; McDonald, R. C. ; Robey, C. A. ; Shirley, R. L. ;
 
Wilson, H. R. ; "Utilizing Aquatic Needs," National Academy of
 

. Science, Washington, D. C., 1976. 

VITA, New Letter on Bio-Gas, Vita Mt. Rainei U-S. A., 1974 

Waksman, S., "Humus: Origin, Chemical Composting and Importance 
in Nature, Williams & Wilking Co., New York, 1938 

Waksman, S.A. & Cordon, T. C., "Thermophilic Decomposition of
 
Plant Residues in Compostes by Pure and Mixed Cultures of Micro-

Organisms", Soil Science, Vol 47, 1939
 

Waksman, S.A.; Cordon, T. C.; Hulpoi, N.," Influence of Temper­
ature Upon the Microbiological Population and Decomposition
 
Processes in Composts of Stable Mazures", Soil Science -Vol47,
 

-lVebb, F. C., "Biochemical Engineering", Van Nostrand Co., Ltd., 
'' .ondon, 1964 

AI! 

1939 

http:Refuse.by


White, 3. w.; Holden, F. X. ;Richer, A. C., "Production 
Composition, and Value of Poultry Manurm", Peausylvenia Agri­

1944, Bulletin 469' 
cultural Experimental Station, 

Willemon, E. P., Jr.; Andrews, 3. F. -, "iMulti-uLUge Biological 
Processes for Waste Treatment", Purdue University,. Engineering , 
Ext. Series 132, 1961 

Williams, Robert H., "When the Well Runs Dry", Enrvironment 
Vol. 14, No. 5, 1972 -

Wollaeger, E.E.; Comfort, M.W., Weir, Z.F., "The Total 
Solids, Fat and Nitrogen in the Feces (Human)" Gastroenterology, 
Vol 6, No. 2, Feb. 1946 

Wolverton, B.C. McDonald, R. G.; Gordon, J. -"Bio-Conversion 
of Water Hyacinths. into. Methane", NASA TM-X-727Z., 3uly 1975 

Wolverton, B. C.;. Harrison, D.D., "Aquatic Plants for Removal of 
Mevinphos from the Aquatic Environment", Journal of Mississippi 
Academy of Sde nce, 1975 

Wolverton, B.C., McKown, M. M., "Water Hyacinths for Removal 
of Phenol from Polluted Wate.rs", Aguatic Botany Journal, Amsterdvm, 
The Netherlands, 1975 

Wolverton, B. C., '.Water Hyacinths for Removal of Cadmi-n and 
Nickel from Polluted Waters", NASA Tech. Memo TM-X-72721, 1975 

Wolverton, B. C. & McDonald, R. C., "Water Hyacinths and Alligator 
Weeds for Removal of Lead and Mercury from Polluted Wate:rs", 
NASA Tech. Memo TM-X-72723, 1975 

Yeck, Robert G.; Schleusener, P. E., "Recycling. of Animal Wastes", 
Animal Waste Management, Lib. of Congress Card No. 70-188504 

Young, J.C. , McCarty, P. L. ,"The Anaerobic Filter for Waste 
Treatmert", ournal Water Pollution Control Federation, Vol 41, 
No 5, May 1969 

Yushok, W. ; Bear, E. E., ",Poultry Manure", Bulletin 707, New 

Jersey Agricultural Experimental Station, 1943 

1-22
 



APPENDIX I 

'HE 	USE.OFCELLULOSIC MATERIALS IN ANEROBIC 

DIGESTORS FOR METHANE PRODUCTION 

This is a review of literature and a discussion of the use of farm 
wastes such as grain stalks and cattle maaure to produce methane gas. 

nitrogen fertilizer, and as I by-product. humus for the soil. 

'PROBLEMS 	 ", 
Attempts tofoed anerObic digestors directly with cellulosic waste 

are generally frustrating. Chung Po (Taiwan) reported, "It just clogged 

the digestor". Grass did the same at the University of Pennsylvania. 

Wood chips and sawdust at the University of California, Berkeley, were 

hardly affected. Nevertheless, pure -cellulo-e samples digest readily, 

so in principle, it is possible. 

Recent research has been mainly concerned withurban waste dis­

posal, ecological problems, and the world protein shortage, so that little 

. attention has been paid to cellulose, except newsprint and cattle manure. 

VARIED OPINIONS FOUND. -

The professional opinion concerning pradticality of digesting the 
*manure of ruminants is "varied". An eminent authority, C. 0. Golueke, 

has stated (Bioconversion Conference, Amhe, .t, 1973),it is obvious that 

the remains of an anerobic digestion in the stomach of a ruminant will 

not efficiently undergo a second digestion. On the other hand. United 
Aircraft Research Labs report a methane-'Yield of 3800 Btu/lb or 4 cubic 

feet/lb from cattle manure. Fuirther, the reported existence of 20, 000 

methane digestors using cattle dung in India is an impressive endorsement. 

Meenaghan, et al. (1970) obtained 58% digestion of cattle manure in IC cays 
at 97°C. 

DIGESTIO1 OF CELLULOSE WASTE 
Obviously, Lellulose is available in many forms: manure, wood, 

grai-, stalks, leaves, paper, etc. All of these have been successfully 

digested in a laboratory somewhere. The differences of technique and 
results obtained depended on the physical structure. 



Klein and Ch :at tho University of California (erkele.. 1962)
 

in the laboratory perfornmed digestion of kraft paper, green garbage, and
 

pine wood with. these results: 

MATERIAL CELULO RETENTION DIGESTION CH YIELD 
/ b
 

___ _,__ ! )(DAYS) ... . , __ _ _ __ _ _, 

Brown paper 99. j 12 80 65 13 

Wood powder n 15. S _70 ?
 
(with sludge)
 

Green garbage " . 1Z 50 65 14 

Temper ,1ture was projably Z5-27°C. Minor nutrients were generally not 

added but when they were (to increase N:C ratio to 1:30 from 1:70), gas pro­

duction increased about'30%. The coarse wood. powder from a 1/8 inch 

screening did not digest well.
 

"Desai and Biswas (1945) in lIdia digested cow dung in field tanks and
 
obtained year-round gaei yi .lds of 1. 35.ft /lb,-but summer yield was 4.0
 

33
 
ft 3 /lb. •Doubling the retention time increased yield to 5. 25 in sumnmer. In
 

the lab they reported 85% digestion of powdered rice straw and leaves when
 

NH4 504 was added. ­

.VARIETY OF SUBSTRATES ARE DIGESTIBLE . 

* Apparently bacteria are al)le to metabolize a great variety of organic 

materials.. Symons and Buswel (1933) tested 45 pure substances, including
 

oxalic acid, Zornh,,ic acid, starch, xylose, acetone, sugars, and trimethylene
 

.glycol, andrecovered 80-100%0 of the carbon as gas, except for 46%6 using 

the last substan:e. They feel that careful avoidance of oxygen and atten­

tion to nitrogen feeding were important to complete fermentation.
 

.EFFECT OF STRUCTURE ON DIGESTION O7 CELLULOSICS 

* Onn of the most illuminating results showing how indigestible raw 

-plant material can be, was obtained by Mandels, et a111974), who used 

isolated cellulose enzymi to convert cellulose to'glucose at 50 C. Some 

samples were ball-milled and some not. Results are below: 

MATERIAL % SACCHARIFICATION (48 hours)
 
Cotton -- unmilled milled
 

Cotton 10 55 

Bagasse 6 48 

Boston Globe newspaper 27 70 

,Rice hulls low high 
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lalUmilling gave much superior rewilts compared to mulching. hammer­

milling. s.hedding. granuliting. boiling. NaOH soaking. and other means. 

The eonsyme was derived from the fungus Trichoderma Viride and can be 

recycled after filtering. 

Pew and Weyna (1962) concluded that difficulties with digestion of 

spruce wood was due to three-dimensional chains of lignin surrounding ­

the carbohydrate chains. They found that even the lignin became soluble 

in NOH after 5 ho qs of "vibratory milling", but that 10 minutes was 

enough to permit two-thirds of the-ceulose to be removed With enzymes. 

Cotton and aspen wood were sinlilar*" The evidence suggested that Lignin 

protects c&rboydrans by a cage-like network around th'*m so that the 

large enzyme molecules cannot enter. 

-

THE IMPORTANCE OF NUTRITION IN BACTERIAL DIGESTION 

TO PRODUCE METHANE 
Most procedures, methods, and apparatus used for methane pro­

duction In the U. S. have assumed the role of sewage disposal. In view­

'of the pot-pourri of substances entering sewage digestors, little attention 

has een given to control or suppleimentary feeding of minor nutrients to 

the 1l4cterial population. Illogically. this attitude has affected research 

on conversion of sciar energy using fernientation of single species of 

plants such as chlorella and water hyacinth; nutrient.needs were ignored, 

even though they could have been det-ermined. 

Whenever a known, constant'diet of organic matter is to be fed to 

a digestor. it &'Sobvious that the nutrient needs of the bacteria can be 

attended to at 'very little expense of time or money. When the fermenta­

tion is to be associated with an -gricultural enterprise, common fertilizers 

such as am-monia, phosphorus. nd potassium, can be routinely supplied 

at costs of pennies per pound. 

B.,Secause of the nutrition factor, much of the research on methane 

production for energy purposes must be redone and conclusions reached 

in the past must be used cautiously. For example. in work done at the 

Univezsity of Pennsylvania (1973)o digestors were operated on manure, 
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dog food. waste. 100% grass. and seaweed. No nutrients were added; 

rather than NH 4 OH. The stabilityalkalinity was adjusted using CaCO 3 

of digestions was erratic and it was apparent that stability depended on 

The digestor operated on grass gavifeed containing nitrogen (do& food). 

an excellent methane yield for a month, but slowly died. 

S "On the other hand, Pfeffer (1970) at the University of Illinois 

He added nitrogen and phos­successfully digested newspaper waste. 


phorus nutrients after analysis of,the feed. Real municipal waste _
 

digested satisfactorily.
 

Dubos (1928) decomposed cellulose both with and without the addi­

tiu" of N 4 SO4 and found 55%1 and 96%16 digestion, respectively. 

In short, there is solid evidence that yield improvements do result 

from proper nutrition and there is hope for further improvement when 

more is understood about the nutritional needs of bacteria. 

'DIGESTION OF LIGNIN
 
The utilization of lignin by bacteria must be chemically much
 

different than cellulose in view of its composition shown below:
 

00 C"OW CS"O 

NO 

3 II 
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To decompose lignin. bacteria must break-up a variety of linkagas which 

are quite different than the repeating linkages of poly sacharrides. 
Apparently (Kirk. 1971) decomposition requires using at least three 

different euisymes. 
Cowling (1961) showed that white-rot fungi polyporus versicolor 

can destroy over 97% of lignin in sweetgum wood. 

Acbarya (1935) observed loss of 35% of the lignin in rice straw. 

Cartwright and Holdom (1973) found an Arthrobacter species of 
bacteria which apparently adapted itself to the use of lignin as a sole 

carbon source after 10 months. In 14 days at Z5°C, 10% of lignin was 

consumed." They.report:- - ­

_ "Only one organism, a coryneform bacterium, was obtained which 
survived repeated sub-culture on the same medium. When first isolated. 

the organism grew-sparsely but, after maintenance on lignin medium in 

screw-cap bottles for 10 months with infrequent subculture, transfer to 
plates gave much greater growth-than when the orgaaism was first 

isolated. The desnity and rapidity of such growth was sufficient to 

indicate the utilization of lignin as sole carbon source and a requirement 

for a long adaptation period to the substrate." 
Plant pathologists (Kirk and Highly, 1973) at the U.S. Forest 

Products lab found that lignin was decomposed by white-rot fungi poly­
porus versicolor and Ganoderma applanatum, in amounts of 52 to 86% 
after 90 days at 27 0 C. Brown-rot fungi was not able to decompose 

lignin. 
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Taylor. et al (1970). found and 	isolated a bacterium which 

as sole carbon sources. The.utilized aromatic benzene compounds 


'bacterium, named pseuddmonasf grew rapidly provided nitrate was
 

present. The benzene ring is not inviolate:. - -- - -


Many experiments have been done with chemically isolated lignin-


B r for_an' of bacteria to attack it.that seemingly indicate the inability
 

Div9'veil (1934) found that isolated corncob lignin ba*iciteriobstaf ic to
 

On the other hand, using natural choppedinoculum grown on glucose. 


cornstalks and detailed quantitative analysis, before and after, they
 

fotind that 57% of the cellulose and 42% of the-iigniin was gasified
 

:after 136 days at 25-30C..... - : ... " . -. "
 

.. -- "- I
" •TA9LsX 


,aOMComntfALx FtaugnwrAT1O14 AT W-10T"',
TOTAL Wuilsm op MATBRIALs Aon To Ault RRamorr 

C-fou. TOtal Afts IX3days AltaoW UPa .- --
0 

111411111 W -1. can.. Car". It 134 #Jy, 18 O dare 

adidd. g.6 I stem To"aib"sibs oe Total S Total %l~S 

Total solids 40,0 09.0 20.11 Z.0 21.4 30.3 30.0 44 38.3 40 
G233.4' 18.7 23.7 29.8 47 39.5* Total volatile matter 57.6 	 X1.2 25.67 

3 1.0 07.2.40 8.8 0.44 S.6 2.7 6.8 0.2Ash 	
12.6 .74 9.7 1.8 10.9 2.9 23 1.7 14Water soluld." 	 3.65 

0.2Ether soluble 1.39 1.4 .7 

Ethyl alcohul-lWnWne soll11 3.02 . 3.0 1.74 .0
 

54 7112.60 12.7 5.03 5.9 3.7 3.7 4.8 9.0
Pestsans. total 

3.4 3.4 127 57 18.9 8522.3- 9.0* Celluloe C&. 	 22.32 0.G1 
8.0 841.06 15.1 8.75 8.8 7.1 7.1 •6.3 42

,ip!a 
lh~ela . 1.43 3.9 1.22 2.7 

uh liqwws. "Not cocrected 
Incledes materials in isoculuima liqur. I farhudes matrials in filterrd nother and w 


).

for ash. 'Analysis made according to Bray. Fafper Trade J.. 87. 59 (ti 

The results above can hardly be disputed in view of the quantitative 

accounting (+ J%) for the carbon content which the authors maintained. 

They concluded that chemical isolation of lignin creates bacteriostatic 

compounds not found in nature. 

'EFFECT OF PRESSURE
 
only one reference to pressure was
In all literature examined, 

caused
noted. Symons and Buswell (1933) reported that 10, 000 lb/in2 

,the fermentation to produce volatile acids only, with almost no gas. 
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CONCLUSIONS 

The preponderance of experimental evidence supports a view that all 

cellulosic materials ar'e suscIsptible to anerobic digestion by bacteria. 

Even the Ugnin component of organics is probably digestible. in order. 

to promote rapid and efficient digestion. -At isinecessary to: 

.	 I. Provide means, such as ball-milling, .to partially break­

up the crystalline structure of-cellulose, as in cotton,. and to.=:ish 

- -the complex ligno-cellulose structure as in -wood.- -. 7 

". .Provide proper nutrients for bacteria including-litrogen; 

phosphorus, and other substances which are necessary for their 

growth and the manufacture of enzymes-. - -- .-

Theie also exist-s evidence that bacteria r--'bacterial societies" 

can adapt or mutate in a period of a few: months,; enabling them to make 

.... unutilizable substrates. then culturesuse of previousl, --If this-is true, 

must be grown and maintained for specific purposes rather than simply 

'assuming they exist in every gutter and swamp as in the past. This -may 

'be quite important at high'temperatures O-60 0 C. A promising direction 

ofprogress lies in correlating and understanding the life-processes of 

bacteria-in relation to the .engineering processes we:desire.-to obtain., 

Some ligno-cellulosics- appear more digestible than-others. The easier 

ones are pithy and soft like grain:.stalks, -leaves#;.and corncobs: whereas 

the more difficult are hard woods. 

Milo Wolff
 
August 12, 1974
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APPEN IX nl 

GAS METER EQUATIONS 

The gas meter utilied in these experiments is based on an 

inverted floating container constrained .within a water filled open drum 

as depicted in Figu~re AII- 1. Wifh valve 1 open and valve 2 closed, the 
-gas from the dige'Ister flows into the floating dome causing a vertical 

displacement. Periodically, the inlet valv, is closed, the measure­

ment Ho is recorded, and the outlet valve opened,. thereby exhausting 

the gas in the dome. When the dome has settled to its lowest point, 

valve 2 is closed, valve 1 is opened, and the measurement continued. 

Due to the mass of the containment dome, the variable displacement 

of the cylindrical skirt in the water seal, and the non-linear operation 

resulting from the cyclic operational mode, the corrected gas producti4n 

is not a simple linear function of the height Ho. 

It is apparent that the gas measurement must equal the gas container 

uider the dome at time of dump less the "dead volume" at end of dump. The 

gas contained under the dome at the height Ho can be determined from 

equilibrium equations as:. 

Z Vertical Forces 

W +lrDo Po O 12Pi + Dt[ (L-Ho)+Po] (1) 
4 4 

where: W = weight of dme 

Do a outside diameter of dome 

Di a inside diameter of dome D = D-D 

* Po a external pressure 

Pi = internal pressure. 

t X wall thickne s 

p.. n density of water : 

L skirtheight of dome 

Ho a external dome height above water 

Hi a internal-dome height above water 
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"!.;as Meter 

........ ....I D..-,1" 
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I...... 
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Eaulbr.iu., of Pressures 

Pi + (L Hi)p- Po + (L-H-. 

For thin walls, using a nominal diamet 

rewritten as: 

Pi 4W + Po- 4tp ( - Ho)C 

e .A'fti0 .ks -

(2 

(3) 

Equation 2 can be rewritten as: 

Hi a HO + (Pi - Po) (4) 

By combiing equations 3 and 4: 

I4Wa 4_tfitDp D 4tLD 

The volume of gas under the dome is: 

-i4 Hi (6a] 

Hence by use of equation (5): 

Vi= -7rDtL+ iTD Ho(I +i) (6b] 

The value should be corrected to the equivalent volume of 

pressure Po as: 

VozVI Pi 
PO 

But the pressure ratio from equation 3 is: 

Hence: 
o 

VoIr 
ff D2 

L + HD I 
4t 
- 7P 

+ 4W 
o IF1 

4 (L - Ho) 



The volume pe: cycle is Vo mims the quantity of gas remaining between 

-the surface of the water and the roof of the dome when the skirt has contacted 

the bottom and the Internal pre sue equals the external pressure. The dame 

was constructed so that the top would be flush with the rim of the water tank 

with the dome unpressurized. To be assured that no water would enter the 

gas system, holes were drilled in the water tank a distance 6 below the rim. 

Thus-a dead volume X-4- exists at each cycle and must therefore be 

subtracted from Vo to determine the volume produced per cycle. Further, 

the height read is not Ho, but for convenience, rather Hr *rHo - 6 

Substituting there effects together with the following physical dimensions of 

the system 

W = 7 kilogram 

p Z 1 gm/cc 

d = 54 cm 

t = 0. OS cm 

L C 80 cm 

S =*- 10 cm 
2

Po. = .34 kilo/cm
 

the following numerical result is obtained:
 

Vc Z [29308.42 + 2998. 7OHr] [1. 0027 + 0. 00000358Hr] - 22902.21 cma 

Neglecting the second Hr term, converting to cubic meters, and generalizing 

for n cycles, the total gas production becomes: 

Vtota1 = 0. 0064235n + 0.0023049 r Hr 
i=I1 

Afl -4 
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APPENDIX M 

WASTEWATER/SEWAGE POLLUTMON MEASUREMENT 

plocnenical (Biologeical) Oxygen Demand BOD 

DOD determination is used to quantify the organic content of polluted 

water. The procedure is based on the determination of the amount of dis­

solved oxygen consumed by a "seeded" mixed bacterial culture in a sample 

of the polluted water. A number of laboratory methods have been developed, 

the most common being the S-day, 200 C test, the Warburg respirometer 

teut, and the electrolysis cell ts. The use of a 5-day incubation period at 

•20 0 C is quite arbitrary, being apparently originally developed in Great Britain 

where 5 days represent the. maximum time required for tributary water to 

reach the sea. Other functions and temperatures can be used and correlated 

to the S-day. 200 C test. in these tests, the sample is diluted with a known 

quantity of a specially prepared water solution which contains adequate 

nutrients and oxygen for the incubation period. After incubation at a fixed 

temperature, the results are difined by 

BOD = [(DO1 -DO 2 ) -h] - (DO1 -DO 3 ), (mg/lter) 

where 

DO1 = 	 Dissolved oxygen in dilution water only sample at the 
end of the incubation period (mg/liter) 

DO2 a 	 Dissolved oxygen in diluted sample at the end of the 
incubation period (mg/liter) 

DO3 = 	 Dissolved oxygen originally present in undiluted 
sample (mg/liter) 

a Volume of the test flask (dilution waste and sample) 

V a 	 Voluma of sample - awdiluted 

The kinetics of the BOD process can be represented by 

d(BOD) 
dt 

r TBOD) 
T 

where 

t a time from start of test 

T a temperature of process 
-.. . . e 

DOD Biochemical Oxygen Demand at time t 
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KT 	 U reaction "constant"l 

XX(T 0 oc)• 200CZ 0o
 

where 

Ko - l.0S6(Z0°C :T530°C) 

The Warburg respirometer procedure is based on measuring the volume 

of oxygen consumed from the space over a measured quantity of a bacterial 

cultured seeded sample by use of a manometer. The carbon dioxide produced 

is removed by a separate container of KOH located within the flask containing 

the sample and the gaseous oxygen. 

The electrolysis cell process is similar to the Warburg; however, the 

oxygen pressure over the sample is maintained by an electrolysis cell, measure 

ment 	of the oxygen consumed being determined from the ampere hours of opera­

tion of the electrolysis cell required to maintain the oxygen pressure. The 

carbon dioxide produced is removed by KOH. 

The limitations of the BOD measurement include the following: 

1. 	 The necessity of using a concentrated, active, acclimated 
bacterial culture seed. 

2. 	 The necessity of the pretreatment to eliminate toxic materials. 

3. 	 The arbitrary time/temperature constraints. 

are used toBecause of these limitations, several alternate processes 

quantify the content of organic matter in wastewater and sewage. These alter­

can generally be correlatednate procedures are all less time consuming, 


with BOD, but have not as yet been accepted by governmental regulatory
 

agencies charged with monitoring water purity.
 

Chemical Oxygen Demand (COD)
 

The chemical oxygen demand is a measurement of the equivalent 

oxygen demand of the organic matter that can be oxidized by a strong 

Potassium dichromate ischemical oxicdizig agent In an acidic medium. 


the oxidizing agent generally used. The principle reaction can be expressed
 

in an unbalanced form as
 
Heat 

H 0) + Cr O_ +H + Cr +tOrganic Matter (C 


X y z 27 atalystO
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For a given type of waste, excellent correlation can be obtained be ­

eau be determined in a faw hours whereastween COD and BOD. Since COD 

BOD requires a few days, COD measurements have pro' en useful for catrol-­

and operation of wastewater/sewage treatment plants., 

Total Organic Carbon (TOC) 

The total organic carbon test has been developed as an extremely 

In this test, the sample is acbJified,rapid, simple alternate to BOD/COD. 
injected into a high temperatureaerated, and then a measured quantity is 

Thefurnace. The organic material is oxidized to carbon dioxide and water. 

quantity of carbon dioxide produced is measured by use of a gas chrometo­

graph. 

Total Oxygen Demand (TOD) 

The total oxygen demand test is an alternative to the TOC, the measure­

ment being the consumption of oxygen from the air in a platinum-catalyzed 

combustion chamber into which a measured quantity of the sample has been 

introduced. 

Theoretical Methane Production 

A prediction of the quantity of methane that can be produced by a 

given anaerobic digestion installation is important in determining the cost 

Bushwell and Mueller (1952) suggested theeffectiveness of the system. 

following formula: 

~~~+k coZ +(+)C 

Toerien and Hattingh (1969) in reviewing extensive research on anaerobic 

digestion show that the total process involving the combined acidogenic and 

complex than implied by ,thepredictionmethanogenic processes is much more 

has proposed an alternate procedure based on the
equation. McCarty (1964) 


directly related to

fact that waste stabilization by anaerobic fermentation is 

methane production. Consider the following equation 

C1 4 + 2o - COZ+ ZH2 o 

AifL-3 . 



Mass balance will show that for every kilo of oxygen consumed, 0. 350 cubic 

meters of methane at standard tempcirature (20°C) and pressure (1 atmos­

phere) are required. Considering this fact in an inverted manner, if the 

average biological oxygen demand (BOD) and flow rate of the influent is 

can be determined.known, the maximum possible methane (CH4 ) production 

Further, given the BOD of the effluent, it is pcssible t' predict the total 

mass balance equation can be interpreted as 0. 350CH4 produced since the 

(STP) produced per kilo of BOD stabilized.. This fact
cubic meters of CH4 

useful both for predicting systems performance and for evaluating experi­
is 

mental results. 
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