
C H A P T E R  1 2  

Microbial Conversion: 
Gasification 

I. I N T R O D U C T I O N  

Certain fermentative microorganisms are capable of converting biomass to 
methane (CH4), the dominant fuel component in natural gas, or to molecular 
hydrogen, which has been proposed as a gaseous fuel for large-scale use. Other 
microorganisms have the capability of producing hydrogen by performing the 
chemical equivalent of degrading water into its chemical constituents. The 
process that yields methane is called methane fermentation, or anaerobic diges- 
tion. It takes place in the absence of oxygen, and the microorganisms that 
perform the process are mixed populations of anaerobic bacteria. Methane 
fermentation occurs naturally in many ecosystems such as river muds, lake 
sediments, sewage, marshes, and swamps. It is most conspicuous where plants 
die and decompose underwater. The water layer acts as a blanket to exclude 
oxygen and promote the growth of many different anaerobes. Methane fermen- 
tation also occurs in the digestive tracts of ruminants. The rumen is supplied 
with ample quantities of food, is well buffered, has a nearly neutral pH, and 
is almost free of oxygen. Methane-producing (methanogenic) bacteria develop 
rapidly and commonly form 100 to 500 L of methane daily per cow. 
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Three basic methods of generating hydrogen using microorganisms are 
known. One is fermentation with certain species of heterotrophic anaerobes. 
Intermediate pyruvic acid is converted to hydrogen and other products. An- 
other method uses photosynthetic organisms to split water (biophotolysis). 
During normal photosynthesis, including the growth of photosynthetic unicel- 
lular biomass, the reducing power generated is always used for reduction of 
carbon dioxide to carbohydrates and other cellular compounds. But the path- 
way in some photosynthetic bacteria and microalgae that contain or can synthe- 
size the enzyme hydrogenase can be directed to produce molecular hydrogen. 
Some of these organisms use fermentation intermediates from biomass as 
hydrogen donors. The third microbial method uses cell-free chloroplast, ferre- 
doxin, and hydrogenase components extracted from biomass in catalyst formu- 
lations for biophotolysis. Dry hydrogen, which has a higher heating value of 
about 12.7 MJ/m3(n) (324 Btu/SCF), would seem to be an ideal fuel in many 
applications because water is the only combustion product. With the exception 
of small amounts of nitrogen oxides formed when hydrogen is combusted in air, 
pollutants and partial oxidation products are not formed. However, practical 
applications of these microbial methods for producing hydrogen have not yet 
been developed. 

In contrast, methane fermentation is used worldwide, either alone or in 
combination with other processes, for the stabilization and disposal of waste 
biomass such as domestic, municipal, agricultural, and industrial wastes and 
wastewaters. During digestion, the amount of organic material, its biological 
oxygen demand (BOD), and the pathogenic organisms present in the waste 
are reduced. Many virgin biomass species can also be gasified in the same 
manner. The gas produced by anaerobic digestion of biomass (biogas) is basi- 
cally a two-component gas composed of methane and carbon dioxide, although 
minor amounts of other gases such as hydrogen sulfide and hydrogen may be 
present. An anaerobic digester (fermenter) operating in a stable mode yields 
biogas that has a methane content on a dry basis ranging from about 40 to 
75 tool %, depending on the operating conditions, and a higher heating value 
of 15.7 to 29.5 MJ/m3(n). Dry natural gas and pure methane have higher 
heating values of about 39.3 MJ/m3(n) (1000 Btu/SCF). Thus, biogas is a 
medium-energy gas. Because of these characteristics, biogas obtained by anaer- 
obic digestion of animal manures and human wastes has been used as a fuel 
for cooking, heating, and lighting for decades in many developing countries. 
In urban communities, the anaerobic digestion process is often used, frequently 
in combination with the activated sludge process, to treat municipal sewage 
(biosolids). Anaerobic digestion is also used for the stabilization and volume 
reduction of municipal solid waste (MSW) and in industry for the treatment 
of wastes from meat packing plants, breweries, canneries, and other food 
processing plants. One of the oldest applications of anaerobic digestion is the 
stabilization of human wastes in septic tanks. 
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Wastewater treatment plants in urban communities where municipal biosol- 
ids are treated by anaerobic digestion frequently use biogas on-site. Biogas 
combustion for heat, steam, and electric power generation at municipal waste- 
water treatment plants is almost universal in many countries. Sanitary landfills 
are the equivalent of large-scale, batch digesters for MSW and emit biogas 
(landfill gas or LFG). Sanitary landfills are used worldwide to dispose of solid 
wastes. LFG is sometimes collected from shallow wells drilled into completed 
landfills for conversion to electric power or for other applications such as 
blending with natural gas after removal of carbon dioxide for normal distribu- 
tion. The recovery of LFG from landfills decreases undesirable methane emis- 
sions, eliminates safety hazards that can be caused by migration of LFG in the 
soil into nearby buildings, and can be a profitable use of what would otherwise 
be a lost resource. Anaerobic digestion has been used for over 100 years for 
waste biomass treatment and disposal and as a source of fuel gas. The effort 
to apply the process to virgin biomass grown specifically for microbial conver- 
sion to pipeline-quality gas (substitute natural gas, SNG) is a relatively recent 
development that started in the early 1970s (Klass, 1974). 

Methane fermentation is a multistage process. The complex polymers and 
compounds in biomass are degraded to lower molecular weight intermediates 
which are converted to methane and carbon dioxide. Although this representa- 
tion is an oversimplification of complicated microbiological transformations, 
it is useful in explaining some of the characteristics of anaerobic digestion 
such as the effect of pH and acid buildup. The process can be maintained on 
a large scale for an indefinite period as long as the important fermentation 
parameters are kept within an acceptable range and fermentable material is 
available. Almost any kind of biomass feedstock mixture is suitable, with the 
possible exception of the lignins and keratins, which have low biodegradabili- 
ties. But even these materials will undergo microbial gasification over long 
periods of time. Gasification of a large portion of the biomass can be achieved 
in the majority of cases. 

In this chapter, the early work on methane fermentation, the basic biochem- 
istry and microbiology of the organisms involved, how the process is performed, 
some of the advancements that have improved the process, and the status of 
efforts to expand commercial use are discussed. The microbial generation of 
hydrogen and the factors that have limited its use are also discussed. 

II. M E T H A N E  F E R M E N T A T I O N  

A. EARLY W O R K  ON MICROBIAL METHANE 

The chemistry of methane, the simplest organic compound known, was first 
studied by Berthollet in 1786 (cf. Roscoe and Schorlemmer, 1878). He analyzed 
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the gas quantitatively, but could not distinguish it from ethylene. This was 
literally the beginning of thousands of independent investigations of methane 
conducted over the next 200 years. The biological origin of methane, 
however, was recognized by Van Helmont, Volta, and Davy long before 
Berthollet's studies (cf. McCarty, 1982). In 1630, Van Helmont found that 
flammable gases can be emitted from decaying organic matter. Volta observed 
in 1776 that there is a direct correlation between the amount of flammable 
gas emitted and the amount of decaying matter. In 1808, Davy found that 
during the anaerobic digestion of cattle manure, methane is present in the 
gas. Direct experimental evidence of the origin of biogas was reported in 1875 
(Popoff, 1875). Popoff was able to account for the microbial decomposition of 
cellulose by the formation of methane. In 1886 and 1887, Hoppe-Seyler 
found that microorganisms in river muds cause the formation of methane 
from cellulose and the salts of fatty acids (Hoppe-Seyler, 1886 and 1889). 
About 20 years later, Omelianski reported that the decomposition of cellulose 
and the simultaneous formation of methane are caused by bacteria (Omelian- 
ski, 1904). 

The early work of these investigators established that methane can have a 
biological origin. S6hngen later substantiated HoppeoSeyler's observations that 
fatty acids can yield methane and showed that under certain conditions, hydro- 
gen and carbon dioxide combine in molar ratios of 4:1 to form methane 
and water (S6hngen, 1906, 1910). After these observations, many researchers 
studied the microbial formation of methane in relation to such applications 
as biosolids treatment and the utilization of animal wastes. The position of 
methane in the carbon cycle was largely determined by observation and analysis 
of material from river muds and soils. Bacteria that produce methane in an 
anaerobic environment, from a microbial standpoint, are analogous to those 
that produce carbon dioxide from methane in an aerobic environment. Anaero- 
bic and aerobic bacteria capable of promoting these reactions were found to 
exist in many locations throughout the world. Which microbial reactions occur 
in a given location depend on the organisms and substrates that are present 
and whether or not a supply of oxygen is available. 

Biogas was recognized as a useful fuel gas from this early work. In 1896, 
biosolids digestion supplied fuel for street lamps in England. In 1897, a waste- 
disposal tank serving a leper colony in Bombay, India, was equipped with gas 
collectors and the biogas was used to drive gas engines. In 1925, biogas was 
found to be satisfactory for general municipal use and was distributed through 
city mains in Essen, Germany. Millions of low-cost digesters have been operated 
for many years in China and India on farms and in cooperative village systems 
to generate biogas from animal manures and human wastes for local use. The 
idea of microbial gasification of biomass under controlled conditions to produce 
high-methane fuel gas for useful applications is as old as the early work done 
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to establish the biological origin of biogas. The early work on biogas also 
suggests that at least some natural gas deposits may possibly have been gener- 
ated naturally by anaerobic digestion of biomass residues. 

To keep biogas and the microbial gasification of biomass in the proper 
perspective, however, note just a few of the fossil-based methane develop- 
ments that predate much of the early work done on biogas. Natural gas 
wells were known in Asia as early as 615. The Chinese reported the 
transport of natural gas through bamboo tubes for lighting in 900. In 1691, 
the English researcher Robert Boyle reported that a combustible gas is 
produced when coal is heated. In 1775, General George Washington described 
a gas well in West Virginia adjacent to a tract of land granted to him and 
General Andrew Lewis as a "burning spring." In 1806, the first gas mains 
laid in a public street were constructed in London. In 1819, the first gas 
company was formed in France to light the city of Paris. The coal gasification 
industry was established in the 1800s and was then displaced in many 
countries by the natural gas industry after World War II as a major part 
of the international energy economy. The point that will become evident 
shortly is that anaerobic digestion is a valuable tool for waste biomass 
treatment and disposal, and biogas is a valuable, renewable fuel that can 
be recovered and used. But the technology will not begin to assume a 
large-scale role as an energy resource worldwide until natural gas depletion 
starts to occur. Instead, small-to-moderate scale applications of methane 
fermentation for waste treatment and disposal will be the norm. 

B. MICROBIOLOGY OF METHANOGENIC BACTERIA 

Methanogenic bacteria are unicellular, Gram-variable, strict anaerobes that 
do not form endospores. Their morphology, structure, and biochemical 
makeup are quite diverse. More than ten different genera have been described 
(cf. Zeikus, Kerby, and Krzycki, 1985). All genera have been assigned to 
the kingdom Archaebacteria, which comprises a group of bacteria typically 
found in unusual environments, and is distinguished from the rest of the 
prokaryotes by several criteria, including the number of ribosomal proteins, 
the lack of muramic acid in the cell walls, membrane lipids that contain 
isoprenoid side chains bound by ether linkages instead of ester-linked 
hydrocarbons, and the absence of ribothymine in transfer ribonucleic acid 
(tRNA). The methanogens have been divided into three groups based on 
the fingerprinting of their 16S ribosomal RNA (rRNA) and the substrates 
used for growth and methanogenesis (Woese and Fox, 1977; Balch et al., 
1979). The methanogens were found to be unexpectedly divergent from 
other bacteria. A revised taxonomic order was developed based on this 
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work. Group I contains the genera Methanobacterium and Methanobrevibacter; 
Group II contains the genus Methanococcus; and Group III contains several 
genera, including Methanomicrobium, Methanogenium, Methanospirillum, and 
Methanosarcina. Species classified as Methanobacterium are generally rod- 
shaped organisms that are sometimes curved and that vary in size and 
arrangement of the cells; the cells may or may not be motile. Species 
classified in the genus Methanococcus are small spherical organisms whose 
cells occur singly or in irregular masses; some are motile. Methanogens in 
Group III having large spherical cells that occur in packets and are nonmotile 
have been classified in the genus Methanosarcina. The long, helical, rod- 
shaped methanogens with polar flagella have been classified in the genus 
Methanospirillum and are also in Group III. The analysis of the 16S rRNA 
allowed recognition of the archaebacteria as a distinctive group of bacteria 
that includes the methanogens as well as the halophiles and thermoacidoJ 
philes. 

Methanogenic bacteria have not been studied as extensively as most 
other groups of bacteria. Until 1936, all attempts to isolate pure cultures 
or even to grow colonies on solid media were unsuccessful (Barker, 1936). 
Taxonomic classification was difficult because mixed cultures were employed 
in much of the early work. Essentially all of the early work and many 
recent studies have been carried out with enrichment cultures in which 
substrates and environmental conditions are chosen to selectively promote 
the growth of certain microbial species (cf. Klass, 1984). By enrichment 
culture techniques, it is possible to obtain considerable information and 
data about the morphology of methanogens that have been identified, the 
conditions that favor their development, and the types of substrates utilized. 
Other methanogens have been isolated, but remain to be described in more 
detail before their taxonomic assignment is established. All species that 
have been studied in pure culture are strictly anaerobic and grow only in 
the absence of oxygen and in the presence of a suitable reducing agent. 
Methanogens are much more sensitive to oxygen than most other anaerobes. 
For this reason, it is much easier to grow methanogenic bacteria in liquid 
or semisolid media than on the surface of an agar plate. Even in liquid 
media not fully protected from air, sufficient oxygen may leak into the 
system to inhibit growth. A roll~ method (Hungate technique) has been 
shown to be the most successful method for isolating pure cultures of 
methanogens (cf. Zeikus, 1977). 

Several species have been isolated, studied in pure culture, and taxonomi- 
cally identified and classified. Some of the notable species are Methanobacterium 
formicicum, M. bryantii, M. thermoautotrophicum; Methanobrevibacter ruminant- 
ium, M. arboriphilus, M. smithii; Methanococcus vannielii, M. voltae; Methanomi- 
crobium mobile; Methanogenium cariaci, M. marisnigri; Methanospirillum hunga- 
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tei; and Methanosarcina barkeri (cf. Zeikus, 1977; Balch et al., 1979; Macario 
and de Macario, 1982; Zeikus, Kerby, and Krzycki, 1985). Most, if not all, 
methanogens can use hydrogen and carbon dioxide for methanogenesis and 
growth. Hydrogen is the electron donor and carbon dioxide is the electron 
acceptor that is reduced to methane. Thus, most, if not all, methanogens are 
facultative autotrophs. In addition, some species can use formate for growth 
and methane production (e.g., M. vannielii); others can use methanol, methyl 
amines, or acetate (e.g., M. barkeri). Pure cultures generally grow well in media 
containing the usual mineral nutrients needed for growth of microorganisms, 
a reducing agent, and ammonium ion as the nitrogen source. The addition of 
extracts containing amino acids, growth factors, and other nutritional supple- 
ments to synthetic media may not have a beneficial effect, although some 
species of methanogenic bacteria require complex media for growth (M. mobile, 
M. voltae, M. ruminantium, and M. smithii). Several species need large amounts 
of carbon dioxide because it is used as the primary carbon source. Generally, 
growth is best in the pH range 6.4 to 7.4. Inhibition may occur at higher pH. 
But there are exceptions; M. vannielli grows best between pH 7 and 9. Despite 
their diverse morphology, which consists of many different cell shapes and 
structures, all methanogenic bacteria are unique in that all use simple substrates 
for energy and growth and all are specialized in their ability to produce methane 
as a major end product. A few microorganisms that are not classified as 
methanogens can be induced to produce methane under certain conditions. 
Clostridium perfringens, which normally does not produce methane, can be 
induced to do so in a peptone-formate medium by addition of a small amount 
of iodine (Laigret, 1945). 

Even though only a few species of methanogenic bacteria are believed to 
be capable of utilizing acetate as a substrate (McInerney and Bryant, 1981), 
about 70% of the methane formed in anaerobic biosolids digesters and from 
lake sediments is derived from the methyl group of acetate (Stadtrnan and 
Barker, 1951; Jerris and McCarty, 1965; Smith and Mah, 1965; Cappenburg 
and Prins, 1974). The carboxyl group yields carbon dioxide. Because of the 
large number of anaerobes in these systems as well as in other methane 
fermentation systems, it is probable that there are many yetJtoobe identified 
methanogens that utilize acetate. The relatively simple compounds that serve 
as carbon and energy sources for methanogenic bacteria are clearly limited, 
and each methanogenic species is characteristically limited to the use of a 
few compounds. These compounds are generally supplied as intermediate 
fermentation products by other anaerobes present in methane fermentation 
systems. Indeed, it is apparent that several species of fermentative, acetogenic, 
and methanogenic bacteria are necessary to anaerobically digest the complex 
substrates in waste and virgin biomass. Mixed cultures are required for com- 
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plete fermentation. Methane fermentation under sterile conditions is not possi- 
ble or even desirable in many systems. 

C. CHEMISTRY OF MICROBIAL 

METHANE FORMATION 

Some of the early studies of the chemical mechanisms of methane formation 
by methanogens were carried out with mixed cultures and a single substrate. 
It was observed that some of the pure substrates can sometimes be converted 
almost quantitatively to methane and carbon dioxide. The yields of new cellular 
biomass during methanogenesis are small. The stoichiometries of several of 
the observed reactions are as follows: 

CH3CO2H---* CH4 4- CO2 
4CH3CH2CO2H 4- 2H20--> 7CH4 4- 5CO2 
2CH3CH2CH2CO2H 4- 2H20---> 5CH4 4- 3CO2 
2CH3CH2OH--> 3CH4 4- CO2 
CH3COCH3 4- H20--> 2CH4 4- CO2. 

These equations indicate that the fermentation of acetic acid, propionic acid, 
butyric acid, ethanol, and acetone all yield the same products, but the ratio 
of methane to carbon dioxide changes with the oxidation state of the substrate. 
It is remarkable that the products are independent of substrate structure. 

Indirect evidence of the mechanism of methane formation was reported in 
the early part of the twentieth century (SOhngen, 1910), and in the 1930s 
(Stephenson and Strickland, 1931, 1933; Fischer, Lieske, and Winzer, 1931, 
1932). SOhngen found that enrichment cultures can couple the oxidation of 
hydrogen with the reduction of carbon dioxide according to: 

4H2 4- CO2 --~ CH4 4- 2H20 

These observations were later confirmed with pure cultures. It was found that 
methane is formed by the reduction of carbon dioxide by hydrogen supplied by 
the various substrates utilized by the bacteria or, in the case of "Methanobacillus 
omelianskii," by uncombined hydrogen itself (Barker, 1936, 1940, 1941, 1943). 
M. omelianskii turned out to be a mixed culture and will be discussed later. 

Much of the early work done on the biochemistry of methane formation 
supported the position that methane is formed almost exclusively by reduction 
of carbon dioxide. However, it was shown with methanol and a species of 
Methanosarcina that less than 1% of the methane is derived from carbon dioxide 
(Schnellen, 1947; Stadtman and Barker, 1949). According to the mechanism 
proposed by van Neil for catabolism of acetic acid, all of the acid should be 
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oxidized to carbon dioxide, half of which should be reduced to methane (cf. 
Barker, 1936): 

CH3CO2H + 2H20--~ 2CO2 + 4H2 
CO2 + 4H2 --~ CH4 + 2H20 

Net: CH3CO2H--~ CH4 + CO2 

This mechanism was tested by use of 14C-labeled carbon dioxide (Barker, 1943; 
Buswell and Sollo, 1948; Stadtman and Barker, 1949, 1951; Pine and Barker, 
1956; Baresi et al., 1978). Essentially none of the methane was found to be 
derived from carbon dioxide. Methane is derived entirely from the methyl 
carbon atoms and carbon dioxide is derived exclusively from carboxyl carbon 
atoms. Van Neil's mechanism is clearly not valid because the methyl carbon 
atom is not oxidized to carbon dioxide. Other work has been done to ascertain 
whether hydrogen atoms are removed during the fermentation of acetic acid, 
and whether the methyl group is incorporated intact into methane (Pine 
and Barker, 1954). Water and heavy water were used with deuterated and 
nondeuterated acetic acid. Acetic acid labeled in the methyl group, when used 
as the substrate, showed that the isotopic content of acetic acid and methane 
are the same. Unlabeled acetic acid fermented in the presence of heavy water 
indicated that about one atom of deuterium per molecule of methane formed 
is derived from heavy water. It was concluded that the methyl group is trans- 
ferred from acetic acid to methane as a unit without the loss of attached 
hydrogen or deuterium atoms. 

The fermentation of butyric acid by Methanobacterium suboxydans is repre- 
sented by (Stadtman and Barker, 1951) 

2CH3CH2CHgCO2H + 2H20 + CO2---* 4CH3CO2H + CH4. 

The oxidation of 2 tool butyric acid to 4 tool acetic acid is coupled with the 
reduction of 1 mol of carbon dioxide to methane. Tracer experiments showed 
that 98% of the methane is derived from carbon dioxide. In these examples of 
methane fermentation involving carbon dioxide reduction, no carbon dioxide is 
formed in the oxidation of the substrate. The fermentation of propionic acid 
by M. propionicum is more complicated because it involves both carbon dioxide 
formation and consumption (Stadtman and Barker, 1951): 

4CH3CH2CO2H + 8H20 ~ 4CH3CO2H + 4CO2 + 12H2 
3CO2 + 12H2--~ 3CH, + 3CH, + 6H20 

Net: 4CH3CH2CO2H + 2H20 ~ 4CH3CO2H + 3CH4 + CO2. 

Tracer experiments with 14C-labeled carbon dioxide or propionic acid indicate 
that approximately 1 tool of carbon dioxide is formed per mole of propionic 
acid consumed and that carbon dioxide is the precursor of most of the methane. 
Tracer experiments were also conducted with propionic acid using enrichment 
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cultures (Buswell et al., 1951). These cultures use carbon dioxide and appar- 
ently convert all three carbon atoms of propionic acid to both methane and 
carbon dioxide in varying amounts. 

The simplest chemical mechanism proposed for the conversion of carbon 
dioxide to methane is a sequential reduction involving formic acid, formalde- 
hyde, and methanol as intermediates. But it has been found that several metha- 
nogens cannot use these postulated intermediates as substitutes for carbon 
dioxide when hydrogen is used as the reductant (Kluyver and Schnellen, 1947). 
Subsequent experiments with cell-free extracts of methanogens, however, 
established that methane can be formed from individual one-carbon com- 
pounds --CO2, CH3OH, HCHO, and HCO2H. For the three-carbon compounds 
pyruvic acid (CH3COCO2H) and serine (CH2OHCHNH2CO2H), the carboxyl 
carbon atom of pyruvic acid and the hydroxylated carbon atom of serine are 
converted to methane. 

The experimental product distributions and selectivities suggest that metha- 
nogenesis is highly efficient for production of methane and carbon dioxide. 
Thermodynamic calculations support this contention (Chapter 11). Ignoring 
the small amount of substrate that is used to produce new cells and to provide 
cellular maintenance energy, the gross stoichiometry of the methane fermenta- 
tion of glucose can be represented by 

C6H1206 ( a q ) ~  3CH4(g) + 3CO2(g). 

The standard Gibbs free energy and enthalpy changes for this conversion under 
physiological conditions (pH 7, 25~ unit activities) per mole of glucose 
fermented are about -418  and -131  kJ, and the mass and energy contents 
of the methane expressed as fractions of the glucose converted are about 27 
and 95%. Thus, the thermodynamic driving force is large; the exothermic 
energy loss is small; the energy in the glucose is transferred at a higher energy 
density to a simple gaseous hydrocarbon; methane is easily separated from the 
aqueous system, and if desired, from the co-product carbon dioxide; methane 
and carbon dioxide selectivities are high; and the mass of substrate is signifi- 
cantly reduced, which is important if a waste is disposed of or stabilized by 
anaerobic digestion. 

D. FERMENTATIVE AND ACETOGENIC BACTERIA IN 

METHANE FERMENTATION 

Because of the wide variety of complex substrates in biomass, many different 
bacterial species are necessary to facilitate degradation. The limited number 
of substrates catabolized by methanogens also requires that other types of 
organisms be present to implement the overall process. It is apparent that 
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mixed cultures are necessary to convert complex substrates to methane and 
carbon dioxide. Methane fermentation is a three-stage and possibly a four- 
stage process that involves, in addition to methanogenic bacteria in the last 
stage, at least two other groups of organisms that implement the initial stages 
(McInerney and Bryant, 1981). In the first stage, fermentative bacteria convert 
the complex polysaccharides, proteins, and lipids in biomass to lower molecular 
weight fragments and acetate, carbon dioxide, and hydrogen. Another group 
of bacteria, the obligate, hydrogen-producing acetogenic bacteria, catabolize 
the longer-chain organic acids, alcohols, and possibly other degradation prod- 
ucts formed in the first stage to yield additional acetate, carbon dioxide, and 
hydrogen. It is probable that some carbon dioxide and hydrogen are also 
converted to acetate by the acetogens. In the last stage, methanogenic bacteria 
convert intermediate acetate to methane and carbon dioxide by decarboxyl- 
ation, and the intermediate carbon dioxide and hydrogen to additional meth- 
ane. Thus, at least three groups of bacteria are necessary for methane fermenta- 
tion to proceedmfermentative, acetogenic, and methanogenic bacteria. 

The fermentative bacteria found in operating methane fermentations sup- 
plied with complex substrates are usually obligate anaerobes in genera such 
as Bacteroides, Bifidobacterium, Butyrovibrio, Eubacterium, and Lactobacillus. 
Many are enteric bacteria, which include the coliform bacteria. The coliform 
bacteria, classically represented by the pathogen Escherichia coli in the genus 
Escherichia and pathogens in the genera Salmonella and Shigella, are probably 
the most common fermentative bacteria in methane fermentation because the 
feedstocks are often biosolids and animal wastes, or the mixed cultures used 
are derived from active methane fermentations grown on these wastes. The 
enteric bacteria also include those in the genera Enterobacter, Serratia, and 
Proteus, which occur primarily in soil and water, and plant pathogens of the 
genus Erwina. 

The first step in the fermentation of complex substrates by fermentative 
bacteria is the hydrolysis of polysaccharides to oligosaccharides and monosac- 
charides, of proteins to peptides and amino acids, of triglycerides to fatty acids 
and glycerol, and of nucleic acids to heterocyclic nitrogen compounds, ribose, 
and inorganic phosphate. The sugars are degraded by the Embden-Meyerhof 
pathway, in the case of fermentative metabolism with enteric bacteria, to 
intermediate pyruvic acid, which is converted to acetate, fatty acids, carbon 
dioxide, and hydrogen. At low partial pressures of hydrogen, acetate is favored. 
At higher partial pressures, propionate, butyrate, ethanol, and lactate are fa- 
vored, generally in that order (McInerney and Bryant, 1981). There is also a 
special mode of cleavage of intermediate pyruvic acid to formic acid by enteric 
bacteria that is not found in other bacterial fermentations (cf. Stanier et al., 
1986). Some of these bacteria possess the enzyme systems that cleave formic 
acid by 
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CH3COCOz- + CoA ~ CH3COCoA + HCOz- 
HCO2- + H + --~ CO2 + H2. 

Members of the genera Escherichia and Enterobacter contain this enzyme system 
while those in the genera Serratia and 5higella and Salmonella typhi do not. 
The amino acids and glycerol are also degraded by the glycolysis pathway to 
the same products and by other routes. After hydrolysis and glycolysis, some 
of the fermentation products are suitable substrates for methanogens; others 
are not. 

Further degradation of unsuitable substrates is caused by another group of 
anaerobes, collectively called acetogenic bacteria. This group is known to exist 
on the basis of experimental data collected with several cocultures containing 
one hydrogen-utilizing species such as a methanogen. The acetogens convert 
the alcohols and higher acids produced on glycolysis to acetate, carbon dioxide, 
and hydrogen. The isolation of "S" organism from "'Methanobacterium omelian- 
skii" is the first documented evidence of species of the acetogenic group. 
Originally, M. omelianskii was thought to be a methanogen that catabolized 
ethanol by (Barker, 1941) 

2CH3CHzOH + COz-'-> 2CH3COzH + CH4. 

This stoichiometry represented the experimental data and indicated that acetic 
acid is derived from ethanol and methane is derived from carbon dioxide. To 
support this interpretation, unlabeled ethanol was incubated with ~4C-labeled 
carbon dioxide; the ~4C content of methane was approximately equal to that 
of the carbon dioxide at the end of the fermentation (Stadtman and Barker, 
1949). Later, this result was shown to be caused by the syntrophic association 
of two strict anaerobes, the unidentified S organism, which converts ethanol 
to acetate and hydrogen, and a methanogen, which uses the hydrogen to reduce 
carbon dioxide to methane (Bryant et al., 1967). Neither bacterium alone can 
grow on ethanol or carbon dioxide, and the growth of S organism is inhibited by 
the accumulation of hydrogen. Thus, the two organisms have a true symbiotic 
relationship and are maintained as a mixed culture. The biochemical reac- 
tions are 

2CH3CHzOH + 2H20 ~ 2CH3CO2H + 4H2 
CO2 + 4H2--~ CH4 + 2H20. 

It has been established that propionate and the longer fatty acids are catabolized 
by similar syntrophic associations (Boone and Bryant, 1980). 

E. BIOCHEMICAL PATHWAYS TO METHANE 

From a biochemical standpoint, methanogens contain cofactors not found in 
other bacteria, including the carriers of the carbon dioxide during its reduction 
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to methane---methanopterin, methanofuran, and CoM (cf. Stanier et al., 1986). 
Other factors are believed to function as hydrogen carriers during these reduc- 
tions. The oxidation of hydrogen is presumed to occur on the outside of 
the cytoplasmic membrane, while carbon dioxide (or bicarbonate) reduction 
occurs inside the cell. The net result is the equivalent of transporting two 
protons out of the cell for each hydrogen oxidized. Because so many different 
bacteria are involved in methanogenesis and the fact that most of the methane 
is derived from acetate and not carbon dioxide, multiple pathways are undoubt- 
edly involved, even for carbon dioxide reduction. 

The biochemical pathway by which carbon dioxide is incorporated as cellu- 
lar carbon and the mechanism of coupling methanogenesis to ATP synthesis 
has not been established with certainty, although knowledge of this and related 
pathways is about to expand greatly (see Section II,F). Classical electron 
transport pathways are probably not operative, but metabolic pathways have 
been proposed for methanogenic bacteria that synthesize methane during 
growth on single-carbon substrates and hydrogen (cf. Zeikus, Kerby, and 
Krzycki, 1985). All methanogens seem to be universally capable of using 
hydrogen as an electron donor and carbon dioxide as an electron acceptor. 
Many are also capable of using sulfur, sulfate, and nitrate as electron acceptors. 
Most methane fermentation systems reduce sulfate and other sulfur compounds 
that may be present to hydrogen sulfide, which forms insoluble sulfides with 
heavy metals in the fermentation broth. Methanogenesis ceases when methano- 
gens of Groups I and II are grown in the presence of sulfur, whereas those in 
Group III continue methanogenesis simultaneously with sulfur reduction (cf. 
Stanier et al., 1986). 

Several factors make the biochemical pathways for methane production 
from pure substrates difficult to elucidate. One is that some of the early 
work was carried out with mixed cultures, so the experimental data may be 
questionable. Another is that the observations made with one pure methanogen 
do not necessarily apply to another. The third is that complex substrates 
complicate matters further. Although the basic carbon flows to products in 
acetogenic and methanogenic bacteria are predictable, a better understanding 
of the exact biochemistries (enzymes, coenzymes, electron carriers, and their 
cellular localization) is needed even for single-carbon substrates to test the 
various proposed models for carbon and electron flow and energy conservation 
during growth (Zeikus, Kerby, and Krzycki, 1985). 

The catabolism of ethanol by acetogenic S organism to form acetate is 
inhibited by hydrogen and proceeds at good growth rates only when a hydrogen 
utilizer is present. This can be explained by use of the standard Gibbs free 
energy changes for the dominant reactions of the major groups of bacteria 
in methane fermentation (Table 12.1). Ethanol conversion to acetic acid by 
acetogens has a slightly positive free energy change, so coupling of this reaction 
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TABLE 12.1 Estimated Gibbs Free Energy Changes of Selected Biological Reactions in 
Methane Fermentation under Physiological Conditions a 

Reaction 

Fermentative bacteria 

(C6Hl005) 4- H20 ~ C6H1206 
C6H1206 4- 6H20--~ 6CO2 + 12H2 
C6H1206 ~ 2CH3COCO2- + 2H + + 2H2 

C6H1206 4- 2H20 "-~ CH3CH2CO2- -b H + + 3CO2 4- 5H2 
C6H1206--~ CH3CHzCH2CO2- 4- H + + 2CO2 + 2H2 

Acetogenic bacteria 

CH3CH2COz- + H + + 2H20 ~ CH3CO2- 4- H + 4 CO2 4- 3H2 
CH3CH2CH2CO2- + H + + 2HzO--~ 2CH3CO2- + 2H + + 2H2 
CH3CH2OH + H20--~ CH3CO2- + H + + 2H2 

HO2C(CHz)2CH(NHz)COz- + 3HzO ~ 2CH3COz- + HCO3- + H + + Hz + NH4 + 
CH3COCOz- + H20 "~ CH3CO2- + CO2 4- H2 
HOCHzCH(OH)CH2OH + 2H20 ~ CH3CO2- + HCO3- + 2H + + 3H2 
2H2NCH2CO2- + 2H + + 4H20 ~ CH3CO2- + 2HCO3- + H + + 2H2 + 2NH~ + 
2CO2 + 4H2--~ CH3CO2- + H § + 2H20 
2HCO3- + 4H2 + H + --~ CH3CO2- 4- 4H20 
C6H1206 4- 4H20 ~ 2CH3CO2- + 2HCO3- + 4H + + 4H2 
C6HlzO6 + 2HzO--~ 2CH3CO2- + 2H + + 2CO2 + 4H2 
C6H1206 --~ 3CH3CO2- + 3H + 

Methanogenic bacteria 
CH3CO2- 4- H + --o CI-h + COz 
CH3OH + H 2 ~ CH4 4- H20 
CO2 + 4Hz--~ CH4 + 2H20 
HCO2- + H + + 3H2 ~ CH4 + 2HzO 
HCO3- + H + + 4H2--~ CH4 + 3H20 

Inorganic reducing bacteria 
S + H2--~HS- + H + 
SO4 z- + H § + 4H2 ~ HS- + 4H20 
SO32- 4- 2H + + 3H2 "--> H2S + 3H20 

NO3- + 2H + + 4H2----> NH4 + + 3H20 
2NO2- + 2H + + 3H2---* N2 + 4H20 
2NO3- + 2H + + 5H2-'--> N2 + 6H20 

AG ~ 

(kJ) 

- 1 8  
- 2 6  

- 1 1 2  
- 1 9 2  
- 264 

+72 
+48 
+10 
- 3 4  
- 5 2  
- 7 3  
- 8 3  
- 9 5  

- 1 0 5  
- 2 0 6  
- 2 1 6  
-311  

- 3 6  
- 1 1 3  
-131  
- 134 
- 1 3 6  

- 2 8  
- 1 5 2  
- 1 7 3  
- 6 0 0  
- 7 9 4  

-1121 

aThe free energy changes were calculated from the standard Gibbs free energies of formation in 
Thauer, Jungermann, and Decker (1977) or are from the reference. The conditions are 25~ 
pH 7, and aqueous solutions at unit activity where possible. Methane, H2, and CO2 are in the 
gaseous state. Cellulose is assumed to have the same standard free energy of formation per unit 
of glucose as glycogen, and the hydrolysate is assumed to be a-o-glucose. 

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

is t h e r m o d y n a m i c a l l y  f a v o r a b l e .  O t h e r  t r e n d s  c a n  a l so  be  p e r c e i v e d  f r o m  the  

f ree  e n e r g y  c h a n g e s .  T h e  t h e r m o d y n a m i c  d r i v i n g  fo rce  for  a f ew  of  the  a c e t o -  
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genic reactions in which the higher acids are converted to acetate are positive, 
whereas that for direct conversion of glucose to acetate is strongly negative. 
For fermentative bacteria, the free energy changes listed in Table 12.1 are 
negative, but cellulose hydrolysis is the least favorable reaction. 

Complete conversion of glucose to carbon dioxide and hydrogen in dark 
fermentations, while having a slightly negative free energy change, has not 
been considered an efficient process for the production of hydrogen, since 
every fermentation reaction must be coupled with the synthesis of ATP from 
adenosine diphosphate and inorganic phosphate (Chapter 11). Under physio- 
logical conditions, ATP synthesis requires about 42 to 50 kJ/mol ATP formed; 
the glucose-to-hydrogen reaction supplies only about 26 kJ/mol glucose con- 
verted. Note that each of the methanogenic reactions in Table 12.1 exhibits a 
negative free energy change. Methanation of carbon dioxide and bicarbonate 
is more favored than direct conversion of acetate, which produces about 70% 
of the methane in methane fermentation. Thermodynamic data are very useful 
for making predictions and explaining methane fermentation, but judgment 
should be exercised in interpreting them. 

Information accumulated from the examination of pure compounds and 
natural products as substrates for methane fermentation and the characteriza- 
tion of anaerobic organisms indicate that the scheme shown in Fig. 12.1 

Complex 
substrates 

IF] 
w 

Lower molecular weight 
intermediates 

IF] 

CO2 + H2 " 24% RCO2 52% ' CH3CO2 

28% [M] [A] 72% [M] 

w w 

OH 4 + H20 OH 4 + CO 2 

-30% -70% 

FIGURE 12.1 Routes to methane by anaerobic digestion of complex substrates. Bracketed letters 
denote mixed cultures of bacteria; F, fermentative; A, acetogenic; M, methanogenic. From Zehnder, 
Ingvorsen, and Marti (1982). 
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accounts for the actions of the three major groups of bacteria in the process 
and the sources of methane and carbon dioxide (Zehnder, Ingvorsen, and Marti, 
1982). The fermentative bacteria accomplish hydrolysis and conversion of the 
complex substrates to intermediates in yields of about 4% carbon dioxide and 
hydrogen, 20% acetate, and 76% intermediate higher acids and other lower mo- 
lecular weight compounds. The acetogenic bacteria convert about one-third of 
the higher acids and lower molecular weight compounds to additional carbon 
dioxide and hydrogen, and two-thirds to additional acetate. About 70% of the 
methane and carbon dioxide is produced by methanogenic bacteria from acetate, 
and 30% is produced from carbon dioxide and hydrogen. Direct observation of 
operating methane fermentation systems are in accord with this scheme. For 
example, when a steady-state fermentation is upset by an undesirable change in 
environmental conditions or an operating parameter that reduces gas produc- 
tion, the pH decreases while the volatile acids in the fermentation broth and 
carbon dioxide evolution increase. This, as well as several other features of meth- 
ane fermentation, can be predicted with this model. 

The phasic or stepwise nature of methane fermentation suggested by Fig. 
12.1 is also supported by many observations of the behavior of individual 
substrates. For example, when pure glucose was fermented in the batch mode 
with an inoculum from an active sewage sludge digester, almost all the glucose 
was assimilated in the first 30 h of fermentation; the product gas during this 
period contained 70 to 100% carbon dioxide (Ghosh and Klass, 1978). No 
methane was detected for the first 6 h. Most of it was collected after about 
95% of the glucose had been consumed. The gas production data indicate that 
methanogenic bacteria function at a much lower rate than the fermentative 
and acetogenic bacteria, which rapidly catabolize glucose. Other observations 
that support stepwise methane fermentation have been made with Macrocystis 
pyrifera (giant brown kelp), a complex substrate (Klass and Ghosh, 1977). As 
shown in Fig. 12.2, some denitrification occurred in the first few hours, as 
indicated by the nitrogen peak at a concentration of about 70 mol % of the 
product gas. Maxima in the concentrations of hydrogen and carbon diox- 
ide in the biogas were observed at 13 h (about 28 mol %) and 103 h (about 
89 mol %) during the early portion of the process when methane production 
was low. Methane production rapidly increased from about 100 to 300 h. Its 
concentration reached a plateau of about 85 to 89 mol % while carbon dioxide 
concentration rapidly decreased and stabilized at about 10 to 15 mol %. The 
production of hydrogen and nitrogen fell to zero during this period. 

The microbial transformations and stages in anaerobic digestion are sup- 
ported by experimental data accumulated over many years. The overall sche- 
matic of the process shown in Fig. 12.3 is perhaps the simplest chemical 
representation of the hydrolysis, acid-formation, and methane-formation 
stages. As discussed in Section IV, this information led to the development of 
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FIGURE 12.2 Variation of gas composition with time for 36-day batch digestion of Macrocystis 
pyrifera. Conditions: 2 L liquid volume in 2-L fermenter, continuous mixing, pH 6.8 to 7.2 with 
NaOH additions, mixed inoculum, chopped kelp passed through a 0.95-cm screen, 1.41 wt % 
volatile solids in charge. Results: Maximum gas production rate as volume (n) per liquid volume 
per day: CH~, 0.294; CO2, 0.188; H2, 0.079; time to maximum gas production: CH4, 294 h; CO2, 
103 h; H2, 12.6 h; energy in gas as percentage of substrate energy: 20.4 CH4, 0.45 H2; volatile 
solids reduction: 20.3 %. From Klass and Ghosh (1977). 

what has been called two-phase methane fermentation or digestion in which 
methanogenesis is physically separated from hydrolysis and acid formation. 
This resulted in significant improvements in process performance that can 
easily be obtained at low cost. 

F. GENOME SEQUENCE OF METHANOGENS AND 

GENE IDENTIFICATION 

The first complete genome sequence for a member of the kingdom Archaebacte- 
ria, Methanococcus jannaschii, has been determined (Bult et al., 1996). M. 
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jannaschii is a strict anaerobic methanogen that was isolated from the sea floor 
at the base of a 2600-m-deep "white smoker" chimney on the East Pacific Rise 
(Jones et al., 1983). It grows at pressures of up to 200 atm and over a 
temperature range of 48 to 94~ the optimum is near 85~ Such organisms 
are often called hyperthermophiles, as opposed to superthermophiles and 
extremophiles, which grow at still higher temperatures and are also known. 
M. jannaschii grows on carbon dioxide and hydrogen and on formate as sub- 
strates, but appears to lack the genes to use methanol and acetate. All of the 
known enzymes and enzyme complexes associated with methanogenesis have 
been identified in this organism, the sequence and order of which are believed 
to be typical of methanogens (DiMarco et al., 1990). The organism also contains 
the genes necessary to fix nitrogen. They have also been identified. Determina- 
tion of the complete genome sequence for M. jannaschii is the first for an 
autotrophic methanogen and provides, along with the other genome sequences 
that have been completed, the opportunity to compare biochemical pathways 
among the Archae, Eukaryotes, and Prokaryotes. 

This investigation and others have shown that of the pathways that fix 
carbon dioxide, the Ljungdahl-Wood pathway is used by methanogens to fix 
carbon (Wood, Ragsdale, and Pezacka, 1986). This pathway consists of a 
noncyclic, reductive acetyl coenzyme A-carbon monoxide hydrogenase path- 
way, which is facilitated by a carbon monoxide dehydrogenase complex (Blaat, 
1994). The complete Ljungdahl-Wood pathway, encoded in the M. jannaschii 
genome, depends on the methyl carbon in methanogenesis, but methanogenesis 
can occur independently of carbon fixation (Bult et al., 1996). 

The data compiled in identifying the genes and gene sequence in M. jan- 
naschii are quite astounding, because this effort and others that will most 
certainly follow will advance knowledge to the point where biochemical path- 
ways and microbial performance can be analyzed in a quantitative manner. 
The entire biochemical mechanism will be elucidated. Meanwhile, until this 
occurs, particularly with the basic groups of microorganisms that make up 
methane fermentation systems, a semiqualitative approach is necessary to 
develop and improve the technology. 

IIl .  M I C R O B I A L  H Y D R O G E N  

A. HYDROGEN-PRODUCING MICROORGANISMS 

In the 1960s, hydrogen-producing microorganisms were categorized into four 
groups: strict heterotrophic anaerobes, facultative heterotrophic anaerobes that 
do not contain cytochromes as electron carriers, heterotrophic anaerobes that 
contain cytochromes as electron carriers, and photosynthetic microorganisms 
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(Gray and Gest, 1965). This classification system is still valid today for most 
microorganisms. Electron sources for the strict heterotrophic anaerobes are 
usually two- or three-carbon intermediates such as pyruvic acid, ethanol, and 
acetaldehyde. Clostridium butylicum and Methanomonas aerogenes are examples 
of bacteria in this group. Members of the second group use formic acid as the 
electron donor. Examples are Escherichia coli and Bacillus macerans. Desulfovi- 
brio desulfuricans is one of the few members of the third group. This microor- 
ganism uses sulfate as a terminal oxidant for energy-yielding, cytochrome- 
linked anaerobic oxidations (e.g., of lactate), but certain strains can liberate 
molecular hydrogen from pyruvate and formate when sulfate is absent.The 
photosynthetic microorganisms classified in the fourth group consist of several 
algae and bacteria. They are described in more detail in Part C. 

B. HYDROGEN FERMENTATION AND CELL-FREE 

ENZYME CATALYSTS 

The Embden-Meyerhof pathway via pyruvic acid is the normal route to fermen- 
tation products from biomass carbohydrates (Chapter 11). Enteric bacteria 
appear to have the unique capability of converting pyruvic acid directly to 
formic acid (Section II,D): 

CH3COCO2- + CoA--> CH3COCoA + HCO2- 

So formic acid can be a major end product in sugar fermentations. Since some 
of the enteric bacteria also contain the enzyme system formic "hydrogenlyase," 
which degrades formic acid to equimolar quantities of hydrogen and carbon 
dioxide, hydrogen can be a major end product. This enzyme system consists 
of at least two enzymes, a soluble formate dehydrogenase and a particulate 
hydrogenase. The most frequent mode of sugar breakdown by enteric bacteria, 
however, results in the formation of several products, principally ethanol 
and mixed acetic, lactic, succinic, and formic acids, or hydrogen if formic 
hydrogenlyase is present. E. coli, for example, is an effective enteric organism 
for this fermentation, but the selectivity is poor for individual products, includ- 
ing hydrogen. The product distribution in moles per 100 mol of glucose 
fermented is acetic acid, 36; formic acid, 2.5; lactic acid, 79; succinic acid, 11; 
ethanol, 50; hydrogen, 75; and carbon dioxide, 88 (cf. Stanier et al., 1986). 
Such fermentations are characteristic of the genera Escherichia, Photobacterium, 
Proteus, Salmonella, Shigella, Yersinia, and Vibrio, and they occur in some 
Aeromonas species. Some enteric bacteria produce an additional major product, 
2,3-butanediol. The selectivities are still poor for individual products. This 
fermentation is characteristic of enteric bacteria in the genera Enterobacter and 
Serratia, most species of Erwina, and some Aeromonas and Photobacterium 
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species. Other bacteria that produce hydrogen as one of the end products in 
sugar fermentations are certain Gram-positive, spore-forming members of the 
genera Bacillus and Clostridium. These bacteria do not require formic hydrogen- 
lyase and are able to produce hydrogen and carbon dioxide directly from 
pyruvic acid, but again, hydrogen selectivity is poor. For example, the main 
products of sugar fermentation by B. macerans are ethanol, acetone, acetate, 
formate, carbon dioxide, and hydrogen. The main fermentation products of B. 
polymyxa are 2,3-butanediol, ethanol, carbon dioxide, and hydrogen. Multiple 
fermentation products, including hydrogen, are also produced by various spe- 
cies of Clostridia (cf. Table 11.11). The use of fermentative organisms to 
produce molecular hydrogen would appear to be a very inefficient use of 
biomass because hydrogen is usually a minor product and multiple products 
are formed. 

In some cases, the selectivity for hydrogen can be relatively high because 
only a few organic products are formed. This is especially true when cell-free 
enzyme preparations are employed as catalysts for the conversion of specific 
biomass components. The energy yield as hydrogen is still small because most 
of the feedstock energy resides in the organic products. To illustrate, a cell- 
free, glucose dehydrogenase-hydrogenase system extracted from appropriate 
bacteria was found to be an effective catalyst at near-ambient conditions for 
the conversion of glucose to hydrogen and gluconic acid, the only organic 
product (Woodward et al., 1996). However, the energy yield as hydrogen is 
only about 8%. Cellulose can be substituted for glucose and converted to 
gluconic acid and hydrogen in a single stage if cellulase is added to promote 
the hydrolysis step. 

As indicated in the previous section, methane fermentation can be 
separated into the acid and methane phases, and molecular hydrogen is 
produced at least to some extent in the acid phase. Under certain conditions, 
substantial quantities can be formed. The Gibbs free energy changes for 
several microbial conversions of acetogenic bacteria are quite favorable for 
hydrogen production, as shown in Table 12.1. Consequently, the possibility 
of producing molecular hydrogen as an energy product in the acid phase 
of methane fermentation is of interest. Complete conversion of glucose to 
carbon dioxide and hydrogen in dark fermentations is not regarded as an 
efficient process for hydrogen production because of the energy available 
for ATP synthesis. However, many of the transformations in which partial 
conversion of biomass to organic intermediates occurs yield relatively large 
amounts of co-product hydrogen. The problem, of course, is that if the 
biosynthesis of methane is the objective, any hydrogen that is withdrawn 
from the process reduces methane yield and the overall transfer of energy 
from biomass to methane. The stoichiometries show that if the acid phase 
of methane fermentation is carried out to maximize the yield of molecular 
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hydrogen as an end product, a large amount of substrate-derived organic 
intermediates such as the acids will remain in the medium. 

Nevertheless, molecular hydrogen can be recovered as a product or co- 
product of the anaerobic fermentation of biomass under batch or continuous 
anaerobic fermentation conditions. The conversion of waste pea shells illus- 
trates the batch mode of producing hydrogen (Kalia and Joshi, 1995). A pea 
shell slurry, 1 wt % total solids, was inoculated with an enriched, mixed culture 
of acidogens from cattle manure and incubated for 2 days, and then inoculated 
with an enriched, mixed culture of hydrogen producers, also from cattle ma- 
nure. Incubation at ambient temperatures with pH control and periodic flush- 
ing with nitrogen over a 6-day period, when gas evolution stopped, provided 
a total biogas yield of 362 I ~ g  of volatile solids (VS, organics) reduced. The 
gas consisted of 119 L (33 mol %) of hydrogen and 8 to 12 mol % of hydrogen 
sulfide. The remainder was carbon dioxide. Assuming the higher heating value 
of dry pea shells is about 18.5 MJ/kg, the energy yield as hydrogen is about 
8% in these studies. In other studies of hydrogen production by continuous 
anaerobic fermentation of pure glucose, the hydrogen content of the biogas is 
as high as about 75 mol %, but the yield is low because of co-product organic 
acids and the dilution rates necessary to produce high-hydrogen content gases 
(cf. Vavilin, Rytow, and Lokshina, 1995). 

C. PHOTOSYNTHETIC MICROORGANISMS 

In the 1940s, it was discovered that intact cells of certain unicellular, photosyn- 
thetic microalgae (Gaffron and Rubin, 1942) and Gram-negative eubacteria 
(Gest and Kamen, 1949) are capable of generating molecular hydrogen by 
biophotolysis. Atmospheric oxygen must be excluded from the organisms' 
environment so that the highly oxygen-sensitive enzyme hydrogenase, present 
in the organisms or synthesized by the cells under anaerobic conditions, can 
catalyze the formation of hydrogen. Since oxygen is generated at the same 
time, it must be eliminated or reduced during the process if the formation of 
hydrogen and oxygen occurs together in the same reaction zone. Eventually, 
it became apparent that the ability to produce molecular hydrogen is wide- 
spread over different taxonomic and physiological types of photosynthetic 
microorganisms. A key element in the microbial generation of molecular hydro- 
gen with photosynthetic microorganisms is that the reducing power is supplied 
by organic compounds in the biomass feedstock, the biomass fermentation 
products, or by inorganic compounds, or is synthesized by cellular biomass. 
Except under special conditions, the biophotolysis of water does not occur in 
such a way that all the energy needed to convert water to its components is 
from light. 
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To understand how photosynthetic organisms produce molecular hydro- 
gen, consider the mechanism of the process. The splitting of water to 
hydrogen and oxygen using the radiant energy of visible light and the 
photosynthetic apparatus of green plants and certain bacteria and algae in- 
volves the oxidation of water to liberate molecular oxygen and electrons. The 
electrons are raised from the level of the water-oxygen couple, +0.8 V, 
to 0.0 V by Photosystem II (Chapter 3), and then undergo the equivalent 
of a partial oxidation process in dark reactions to a positive potential of 
+0.4 V. Photosystem I then raises the potential of the electrons to as high 
as -0 .7  V. In normal oxygenic photosynthesis, the reducing power of these 
electrons is transferred by a series of reactions to the oxidized form of 
nicotinamide adenine dinucleotide, or its phosphate, to afford the reduced 
form, which in turn participates in the reduction of carbon dioxide to 
organic material. In the biophotolysis of water, these electrons are diverted 
from carbon dioxide fixation to the enzyme hydrogenase, which catalyzes 
the reduction of protons to hydrogen. Thus, the overall net chemistry is 
simply the photolysis of water to hydrogen and oxygen: 

H20 ~ 0.502 + 2H § + 2e- 
2H + + 2r H2 

Net: H20---, 0.502 + H2. 

Note that the standard Gibbs free energy and enthalpy changes under physio- 
logical conditions for biophotolysis (or photolysis) are about 237 and 242 kJ 
per mol water reacted. Also note that water is the source of electrons that 
reduce the pyridine nucleotides, and both photosystem II and Photosystem I 
are required for this process to occur. 

Microorganisms that use water as an electron donorn the  eukaryotic, 
chlorophyll-containing algae and the prokaryotic cyanobacteria (formerly 
called blue-green algae)--perform the equivalent of oxygenic or plant 
photosynthesis. The cyanobacteria contain a pigment system similar to that 
of the photosynthetic eukaryotes and are the only microorganisms capable 
of oxygenic photosynthesis and atmospheric nitrogen fixation. Photosystem 
II produces oxygen by photooxidation of water that occurs by a mechanism 
called cyclic photophosphorylation in which the only product is ATP, and 
Photosystem I couples the production of ATP and oxygen evolution with 
the reduction of the nonheme iron proteins, ferredoxins. Reduced ferredoxins 
then reduce the pyridine nucleotides in the dark reactions. Other photosyn- 
thetic microorganisms--the prokaryotic green and purple eubacteria---carry 
out anoxygenic photosynthesis under anaerobic conditions and generate 
reducing power from electron donors other than water. Anoxygenic photo- 
trophs use either organic compounds or reduced inorganic compounds as 
electron donors, and the known photosynthetic eubacteria can fix carbon 
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dioxide. Reducing power is generated by what is called reverse electron 
transport, as in certain chemoautotrophs that derive their energy from the 
oxidation of inorganic compounds, or from organic compounds by other 
routes. Photosystem II is absent in the green and purple eubacteria, but 
Photosystem I is present, and each group of microorganisms is also capable 
of fixing atmospheric nitrogen. 

Under certain anaerobic conditions, molecular hydrogen can be generated 
by some of the photosynthetic organisms in these groups. For example, it 
was found that anaerobically adapted green algae will simultaneously produce 
hydrogen and oxygen for over 16 h when illuminated with visible light 
and an inert gas is used to sweep out the gaseous products to maintain 
a low partial pressure of oxygen (Greenbaum, 1981). At the end of the 
16-h period, the algae are still viable and can be rejuvenated by exposure 
to a cycle of normal aerobic photosynthesis. Then another period of hydrogen 
and oxygen production can follow, and the system can be recycled. However, 
the rate of hydrogen production is too low to be practical. In a somewhat 
similar manner, a mutant (B4) of the unicellular green alga Chlamydomonas 
reinhardi, which lacks Photosystem I, grown on acetate was found to 
photoautotrophically fix carbon dioxide and simultaneously generate hydro- 
gen and oxygen in an inert atmosphere using only Photosystem II (Green- 
baum et al., 1995). This work indicates that Photosystem II alone can reduce 
ferredoxins to generate reduced pyridine nucleotides and that Photosystem I 
is not necessary for autotrophic photosynthesis. Other studies show that 
mutants of Chlamydomonas without Photosystem I can grow photoautotrophi- 
cally with oxygen evolution using atmospheric carbon dioxide as the sole 
carbon source (Lee et al., 1996). These experiments are the equivalent of 
water photolysis, at least during the initial illumination stage. Under anaerobic 
conditions in which hydrogenase is activated, photoevolution of hydrogen 
occurred at the beginning of illumination. But at steady state, hydrogen 
evolution approached zero and reduction of carbon dioxide by the Calvin- 
Benson cycle became the exclusive sink for reductant generated by photolysis 
of water. There may be other as yet unknown electron transfer routes that 
can promote the process. The investigators believe these observations may 
lead to methods of doubling the thermodynamic efficiency of converting 
light into chemical energy, because a single photon rather than two span 
the potential difference between water oxidation and carbon dioxide or 
proton reduction. These observations also appear to be in conflict with the 
traditional rationale and Z scheme (Chapter 3) used to explain how the 
potential differences in conventional aerobic photosynthesis are overcome. 

Nitrogen-fixing, heterocystous cyanobacteria such as Anabaena cylindrica 
can also liberate hydrogen and oxygen simultaneously under anaerobic, 
nitrogen-deficient conditions (Benemann and Weare, 1974). A. cylindrica does 
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not form heterocysts when grown with a chemical nitrogen source, but both 
nitrogenase synthesis and heterocyst formation occur when cultures are de- 
prived of chemical nitrogen. Under this condition, photosynthesis occurs in 
the nonheterocystic vegetative cells with the fixation of carbon dioxide and 
the formation of oxygen and cellular biomass. The carbohydrates produced 
are believed to be supplied to the heterocysts, which then convert them to a 
reductant to fix atmospheric nitrogen. Photosystem II is not present in the 
heterocysts. When atmospheric nitrogen is absent, the reducing power is used 
by the heterocysts to convert protons to molecular hydrogen. Careful regulation 
of gas flows and nutrient and cell concentrations resulted in about 2 to 3% 
conversion of the incident fluorescent light energy to hydrogen energy (Bene- 
mann, 1978). Under nitrogen-deficient conditions, the enzyme nitrogenase 
apparently acts like the enzyme hydrogenase, or hydrogenase is synthesized 
in the stressed cells. 

Several of the purple bacteria can produce molecular hydrogen photosyn- 
thetically under anaerobic conditions when nitrogenase activity is induced in 
an inert, nitrogen-free atmosphere, and a suitable organic or inorganic electron 
donor is supplied. Under these conditions, purple bacteria can anaerobically 
oxidize acetate, for example, to carbon dioxide and hydrogen: 

CH3CO2H + 2H20 ---> 2CO2 + 4H2. 

Green sulfur bacteria under anaerobic conditions and in a nitrogen-flee atmo- 
sphere might also be expected to generate molecular hydrogen, but none is 
known that can grow photoheterotrophically. The green nonsulfur bacterium 
Chloroflexus might be expected to produce hydrogen, too, because it appears 
to derive organic nutrients from cyanobacteria in natural hot springs and is 
also chemoheterotrophic. 

Hydrogen production was first demonstrated in cell-free, chloroplast- 
ferredoxin-hydrogenase preparations (Arnon, Mitsui, and Paneque, 1961). In 
addition, synthetic chloroplast membranes have been proposed for the genera- 
tion of hydrogen in which quantum acts take place on opposite sides of the 
membrane. On one side, hydrogen evolution occurs; oxygen is generated on 
the other side. Partial experimental support for this concept was obtained by 
Calvin and co-workers (cf. Calvin, 1978, 1979) and others. Several sensitizers 
and catalysts are still needed to complete the cycle. When developed, the 
system is expected to mimic natural photosynthesis in green plants except that 
the electrons are diverted from carbon dioxide fixation to hydrogen formation. 
Calvin suggested that it might be possible to totally reduce carbon dioxide to 
hydrocarbons with such systems. Continuously operable in vitro systems in 
which activity can be sustained remain to be constructed. 
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IV. A N A E R O B I C  D I G E S T I O N  

SYSTEM C H A R A C T E R I S T I C S  

A. CONVENTIONAL SYSTEMS 

In its simplest configuration, anaerobic digestion is carried out at the proper 
fermentation conditions in a closed digester to eliminate oxygen inhibition. 
A schematic representation of the anaerobic digestion of municipal biosolids 
and the typical distribution of the components within the digester are shown 
in Fig. 12.4. The process is carried out in the batch, semicontinuous, or 
continuous operating mode. In the latter two modes, the digesters are intermit- 
tently or continuously supplied with an aqueous slurry of the feedstock, and 
an equal amount of fermenter broth is withdrawn. In batch systems, steady- 
state conditions cannot be achieved because the components and compositions 
within the digester are constantly changing. In the semicontinuous or continu- 
ous modes, methane fermentation can take place in the steady state as the 
organisms grow at the maximum rate permitted by the inflow of substrate and 
nutrients. For optimum methane recovery and fuel quality, the batch mode is 
not ordinarily used, except for small-scale systems, because the gas composition 
varies with time and the equipment costs are usually higher than those of 
continuous systems for the same throughput rates. 

The important operating parameters are the composition, physical form, 
and energy content of the substrate; the inoculum source and activity; the 
feeding frequency and rate of nutrient and substrate addition to the digester; 
the hydraulic and solids retention times (HRT and SRT) within the digester; 
the pH, temperature, and mixing rate within the digester; the gas removal rate; 
and the amount and type of recycling. Numerous studies have been conducted 
on how these parameters affect methane production rate and yield, substrate 
reduction, volatile acid formation, gas composition, energy recovery, and 
steady-state operation. Reactor configuration and design also influence the 
performance of the process. 

So-called standard or low-rate digestion is often utilized for wastewater 
stabilization (Fig. 12.5). It is normally carried out with intermittent feeding 
and withdrawal at mesophilic fermentation temperatures of 30 to 40~ or 
thermophilic fermentation temperatures of 50 to 60~ total retention times 
of 30 to 60 days, and loading rates per unit of digester capacity of about 0.5 
to 1.5 kg VS/m3-day. Stratification within the digesters usually occurs resulting 
in layers of digesting biosolids, stabilized biosolids, and a supernatant, which 
often has a scum layer. High-rate digestion is conducted in a similar manner, 
or with continuous feeding and withdrawal, and mixing is used to provide 
homogeneity. The retention times are about 20 days or less. Under these 
conditions, loading rates can be increased to about 1.6 to 6.4 kg VS/mS-day. 
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FIGURE 12.5 Schematic representation of conventional anaerobic digesters. (a) Low-rate diges- 
tion: Intermittent feeding and withdrawal, heated at 30 to 40~ (mesophilic) or 50 to 60~ 
(thermophilic), 30- to 60-day retention times, loading rates of 0.5 to 1.5 kg VS/m3-day. (b) High- 
rate digestion: Continuous or intermittent feeding and withdrawal, mixing, heated at mesophilic 
or thermophilic temperatures, retention times of 20 days or less, loading rates of 1.6 to 6.4 kg 
VS/m3-day. 

Many modifications of these processes are used. An example is the anaerobic 
contact process in which digested biosolids are separated for recycling from 
the digester effluent. Generally, in a well-operated, balanced digester, the 
organic material fed to the digester will yield biogas at about 0.8 to 1.1 m3/ 
kg of volatile solids destroyed. Many wastewater treatment plants in the United 
States maximize the usage of biogas as a fuel. Table 12.2 summarizes the biogas 
utilization program at the West-Southwest Treatment Plant of the Metropolitan 
Sanitary District of Greater Chicago. Although the economic data for low- 
pressure steam production are from the 1970s, they illustrate the relative 
differences and show that the payout can be quite favorable. About 60% of 
the biogas is used for digester heating at this facility. 

Numerous waste and virgin biomass types and species have been evaluated 
as substrates for methane fermentation. Although there are major differences 
in energy content, moisture, volatile solids, and ash contents among the various 
materials, the biogas production parameters, volatile solids reductions, and 
energy recovery efficiencies as methane span a relatively narrow range under 
high-rate balanced digestion conditions. This is illustrated by the data in Table 
12.3, which show composition and digestion performance for each of several 
substrates under similar high-rate conditions. This kind of performance is 
somewhat unexpected because most (but not all) of the organic components 
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TABLE 12.2 Biogas Production and Utilization from 
Municipal High-Rate Digestion of Activated Biosolids at 
Mesophilic Temperatures a 

Plant or biogas parameter 

Plant description 
Digester size 
Number of digesters 
Design capacity 
Activated sludge feed 
Average biogas production 
Average methane production 

Biogas utilization 
For digester heating 
For low-pressure steam 

Biogas utilization economics 
Capital cost for steam plant 
Annual operating cost 
Annual natural gas cost for steam 
Approximate payout for biogas use 

aRimkus, Ryan, and Michuda (1979). 

Amount of parameter 

9462 m 3 
12 
272 t/day 
3.3% total solids 
72,500 m 3 (n)/day 
47,300 m 3 (n)/day 

45,600 m 3 (n)/day 
26,900 m 3 (n)/day 

$83O,000 
$150,000 
$569,400 
2 years 

are present in each substrate. Compositional differences would be expected 
to control methane fermentation and lead to dissimilar biogas production rates 
and methane yields per unit of volatile solids added to the digester. 

The major organic components in most waste biomass and terrestrial bio- 
mass species are proteins, celluloses, hemicelluloses, and lignins. Terrestrial 
biomass species usually conform to this general rule (Chapter 3). Marine 
biomass species contain lesser amounts of celluloses and hemicelluloses and 
larger amounts of proteins, reduced monosaccharides such as mannitol, and 
other carbohydrate polymers such as algin. These characteristics and the 
amounts of the individual components converted under high-rate, mesophilic, 
methane fermentation conditions are illustrated by the data in Table 12.4 for 
a few of the substrates from Table 12.3. Lignin conversion is small as expected 
because of its polyaromatic structure and the resulting low biodegradability. 
On the basis of these and other data, the general order of decreasing biodegrad- 
ability is monosaccharides (glucose, mannitol, etc.), hemicelluloses, algins, 
cellulose, proteins (crude), and lignins. Several factors should be kept in 
mind when considering data of this type. The first is that the reduction in 
concentration of a particular component does not necessarily mean that the 
material was gasified. The organic structures in the substrate may have been 
modified during fermentation and therefore not detected in the analysis of the 
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TABLE 12.4 Comparison of Conversion of Organic Components under High-Rate 
Mesophilic Conditions ~ 

Coastal Bermuda grass Giant brown kelp 

Component % of VS % converted % of VS % converted 

Crude protein 12.3 29.3 8 

Cellulose 31.7 65 8.9 8 

Hemicellulose 40.2 67 

Lignin 4.1 9 

Mannitol 34.5 71 

Algin 26.2 85 

Biomass~ blend 

% of VS % converted 

12.0 24 

44.6 32 

37.8 86 

5.5 0 

aKlass (1980). Same fermentation conditions as in Table 12.3. All values are percentages by 
weight. 

residual solids, or they may be detected in another fraction. The second factor 
is that a particular component in one substrate may not have precisely the 
same molecular structure as the corresponding fraction in another substrate, 
even though the analytical results are the same. As a result, the fractions 
identified as the same component in two substrates may have different degrad- 
abilities. This is supported by the cellulose data, which indicate that fractions 
identified as cellulose in different substrates have different degradabilities. 
Cellulose exists in complexed form in biomass that contains components such 
as lignin (Chapter 11). In this state, it is less accessible and has a lower 
degradability than free cellulose. Thus, cellulose conversion in methane fer- 
mentation systems might be expected to vary greatly depending on biomass 
species and maturity. Another factor concerns protein conversion, which was 
estimated in Table 12.4 by crude protein analysis (Kjeldahl nitrogen value times 
6.25). Amino acid assays are necessary to determine true protein degradability, 
which is often high. It is evident from the data in Table 12.4 that if the 
degradabilities of certain biomass components in a conventional high-rate 
digestion system are low, pretreatment to enhance hydrolysis and provide 
higher concentrations of biodegradable intermediates such as sugars should 
increase gasification and methane yields. The use of appropriate advanced 
methane fermentation systems might also increase these parameters. 

For high-rate digestion where all of the basic steps--hydrolysis,  fermenta- 
tion, acidogenesis, and methanogenesismtake place simultaneously in the 
same vessel in the presence of each bacterial group, one of these steps might 
intuitively be thought of as rate-limiting. Considerable experimental work 
has been done by many research groups to examine the kinetics of methane 
fermentation, and many reports of empirical observations, particularly with 
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single substrates, have led to proposals regarding methane fermentation kinet- 
ics. For example, as the SRT is reduced from 20 days to about 2 days, the 
volatile acids in the digester increase and the methanogens tend to be washed 
out in the digester effluent. This type of evidence led many to conclude that 
conversion of the intermediate acids to methane by methanogenic bacteria 
limits the rate of the overall process. However, in fermentations with a complex 
substrate containing large amounts of cellulosics, cellulose hydrolysis might 
be rate-limiting. 

Some investigators felt that these observations also supported transfer of 
the gaseous products to the gas phase as the rate-limiting step, and concluded 
that the design specifications for faster methane fermentations might include 
vigorous agitation, low pressure, and elevated temperature (Finney and Evans, 
1975). However, with the exception of methane fermentation at thermophilic 
temperatures, which increase the methane production rate because of higher 
reaction rates, it has been known for many years that rapid, continuous agita- 
tion of anaerobic digesters is not necessary, and in some cases is even harmful 
(Stafford, 1982). Reduced pressure also provides little or no benefit (Hashi- 
moto, 1982). 

B. TwO-PHASE DIGESTION 

Consideration of the requirements of mixed microbial groups in the anaerobic 
digestion process and the apparent rate limitation of methanogenesis led to 
proposals to physically separate the acid- and methane-forming phases of 
methane fermentation to take advantage of the stepwise nature of the process. 
The optimum environment for each group of organisms might then be main- 
tained and the kinetics of the overall process improved. This appeared to offer 
improvements over conventional high-rate methane fermentation, where the 
environmental parameters are chosen to satisfy the requirements of the limiting 
microbial population. The techniques suggested for separating the acid- and 
methane-forming phases included selective inhibition of the methanogens in 
the acid-phase digester by manipulation of kinetic factors, addition of chemical 
inhibitors, and balancing of redox potentials (Borchardt, 1967); selective diffu- 
sion of the acids from the acid-phase digester through permeable membranes 
to the methane-phase digester (Schaumburg and Kirsch, 1966; Hammer and 
Borchardt, 1969; Borchardt, 1971); kinetic control by adjusting dilution rates 
to preclude growth of methanogens in the acid-phase digester (Pohland and 
Ghosh, 1971; Anonymous, 1971); and others (cf. Klass, 1984). Kinetic control 
is the simplest technique in concept and is likely to present the least operational 
difficulty. Kinetic control and acid- and methane-phase separation were first 
demonstrated with a soluble substrate, glucose (Pohland and Ghosh, 1971), 
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and then with a particulate substrate, activated biosolids (Ghosh, Conrad, and 
Klass, 1975). 

An example of the determination of the kinetic constants of the separate 
phases--acidogenesis (not acetogenesis) of pure cellulose, pure glucose, and 
activated biosolids is shown in Table 12.5. Comparison of the maximum 
specific growth rates (/Zmax) shows that acid-phase fermentation of glucose is 
the fastest of the reaction steps studied. The other reactions in order of decreas- 
ing rate are acid-phase conversion of activated biosolids and cellulose and 
methane-phase conversion of acetic acid. In an overall process supplied with 
hydrolyzable cellulosics, methanogenesis is rate-limiting, assuming that acetate 
is the main intermediate in the methane-phase reactor. The saturation constants 
(Ks) provide information on the effects of substrate concentration on reaction 
rate. The low Ks for glucose means that high acidification rates can be achieved 
at low concentrations, while the very high Ks for cellulose and activated biosol- 
ids means that much higher concentrations of these substrates would be needed 
to reach conversion rates comparable to those of glucose. The Ks of acetate in 
the methane-phase reactor is much larger than that of glucose, but still much 
less than those of the insoluble substrates studied (cellulose and activated 
biosolids). Theoretical substrate conversion rates per unit reactor volume were 
estimated in this work from 

R = So (~rnaxe -- 1) -- Ks 

O(/LtmaxO - 1 ) 

where R is the substrate converted per liquid volume at hydraulic retention 
time 0, and So is the substrate concentration in the feed. For each substrate, 
plots of 0 vs R yield a family of curves with maxima whose positions depend 
on So. The plots can be used to estimate the optimum 0 to achieve maximum 
feed conversion in the shortest time at the lowest digester volume. At 30 to 

TABLE 12.5 Comparison of Kinetic Constants of Mesophilic Acidogenic Fermentation of 
Glucose, Cellulose, and Activated Biosolids and Mesophilic Methanogenic Fermentation of 
Acetic Acid a 

Kinetic Acidogenesis of Methanogenesis 

constant cellulose glucose activated biosolids of acetate 

/.1, .... day -1 1.7 7.2 3.84 0.49 

g . . . .  h 9.8 2.3 4.3 33.9 

Ks, g/L 36.8 0.4 26.0 4.2 

aGhosh and Klass (1978); Ghosh, Conrad, and Klass (1975). Kinetic constants are:/~ .... maximum 
specific growth rate; g .... minimum generation time; and Ks, saturation constant or substrate 
concentration at which the specific growth rate is 1 /z  .... 
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37~ application of this equation indicated that optimum conversion of glu- 
cose can be achieved at O's of 4 h and 4 days in the acid- and methane-phase 
reactors. For cellulosics and activated biosolids, the corresponding O's are 
much higher, about 1 to 2 days for acid-phase digestion and 5 to 8 days for 
methane-phase digestion. 

Laboratory data for acid- and methane-phase digestion of activated biosolids 
in Table 12.6 illustrate the course of two-phase digestion by kinetic control 
(Ghosh and Klass, 1978). The acid-phase unit was operated at a short retention 
time and a high loading rate. Methane yield and production rate were very 
low in the acid phase. The low pH and short retention time in this unit 
precluded growth of methanogenic bacteria. The methane-phase unit was 
operated on the liquid effluent from the acid phase at about half the retention 
time of a high-rate unit. Methane production rates were high, and the methane 
concentration in the gas from the methane-phase reactor was about 10 to 
15% higher than that from a high-rate unit. When applied to a hypothetical 
commercial plant for two-phase digestion of municipal biosolids at a daily 
feed rate of 231 t of dry biosolids, the operating parameters of the two-phase 
system indicate that the estimated capital costs are about 60% less than those 
of a high-rate plant at the same throughput, mainly because the digester volume 
requirements are about one-third those of the high-rate plant. The total digester 
volume for the high-rate plant was 76,455 m 3 for eight digesters, and the 

TABLE 12.6 Two-Phase Digestion of Municipal Biosolids* 

Parameter 

Temperature, ~ 

pH controlled 

pH 

Retention time, day 

Loading rate, kg VS/m3-day 

Methane production rate, volume (n)/liquid volume-day 

Methane in gas, mol % 

Methane yield, m 3 (n)/kg VS gasified 

Effluent volatile acids, mg/L as acetic acid 

Acid Methane 
phase phase 

37 37 
No No 

5.7-5.9 7.0-7.4 

0.5-1 6.5 

24-43.2 

0.006-0.6 4.4-8.4 

19-44 61-78 

0.006-0.07 0.50-0.76 

3700-5100 100-150 

aGhosh and Klass (1978). The feed was 90% activated biosolids and 10% primary biosolids 
from the Metropolitan Sanitary District of Greater Chicago. The vessel sequence was a 10-L 
complete-mix, stirred tank reactor (CSTR) acid-phase digester, an effluent storage vessel, and 
a 10-L CSTR methane-phase digester. The higher heating value of the dry charge was 26.0 to 
27.9 MJ/kg. 
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corresponding total volume needed for the projected two-phase plant was 
27,014 m 3, which consisted of 3851 m 3 for four acid-phase digesters and 
23,163 m 3 for four methane-phase digesters. Studies of the conversion of 
glucose in experimental reactors that were identical, except that one was used 
for conventional digestion and two were used for two-phase digestion, showed 
that at the maximum specific loading, the biogas production rate and chemical 
oxygen demand (COD) turnover rate were about four times higher for the 
two-phase system than for the conventional system (Cohen et al., 1980). A 
schematic of a two-phase, anaerobic digestion design is shown in Fig. 12.6 
(Ghosh, Conrad, and Klass, 1975). 

Results of a laboratory comparison of high-rate and two-phase digestion of 
an industrial waste are shown in Table 12.7 (Ghosh and Henry, 1981). Two- 
phase digestion facilitated conversion at much shorter retention times with 
more concentrated feed. When these data were applied to a hypothetical com- 
mercial plant supplied with waste solids, the digester volume required for the 
two-phase system was about one-third that of a high-rate system with the 
same throughput. Also, the net production of methane, after the biogas needed 
for plant fuel is withdrawn, was 73% more than that of the high-rate plant. 
The increase in net methane production is possible because less process fuel 
is needed for the two-phase plant due to the higher loading of volatile solids 
in the feed slurry. Less liquid is heated to maintain the process temperature. 

The relationship of the acid and methane phases to the scheme in Fig. 12.1 
raises several interesting questions, such as where the acetogenic bacteria are 
located and whether methane is formed exclusively from acetate or from 
both carbon dioxide reduction and acetate in the methane-phase reactor. The 
experimental data useful in answering these questions include the observations 
that for a glucose-fed, two-phase digestion system, more than 96% of the 
products from the acid-phase reactor were carbon dioxide, hydrogen, acetate, 
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FIGURE 12.6 Schematic of two-phase digestion model. From Ghosh, Conrad, and Klass (1975). 
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TABLE 12.7 Comparison of High-Rate and Two-Phase Digestion of Soft-Drink Waste 
at 350C ~ 

Parameter 
High-rate Two-phase 
digestion digestion 

Loading rate, kg VS/m3-day 

Retention time, day 

Biogas production rate, volume (n)Aiquid volume-day 

Biogas composition 
Methane, mol % 
Hydrogen, mol % 

Methane yield, m 3 (n)/kg VS added 

Volatile solids reduction, % 

COD reduction, % 

Feed energy in gas, % 

0.64 4.8 

15 7.4 
0.39 2.74 

61 63 
0 3 

0.37 0.37 

72 64 

84 96 

76 75 

aGhosh and Henry (1981). The feed was obtained from a modern soft-drink canning plant. The 
high-rate digestion was conducted in a 7-L CSTR. The vessel sequence for the two-phase system 
was a 2.5-L CSTR and a 5.5-L upflow anaerobic filter. The higher heating value of the charge 
was 19.8 MJ/kg. 

and butyrate on complete assimilation of the glucose (Cohen et al., 1979). 
The acid-phase gas represented about 12% of the influent COD and contained 
approximately equimolar amounts of carbon dioxide and hydrogen. No meth- 
ane was detected. Butyrate was present in the acid-phase effluent at about 
three times the concentration of acetate. About 98% of the organic substances 
fed to the methane-phase reactor were converted to a small amount of cellular 
biomass and product gas containing 84 tool % methane and 16 mol % carbon 
dioxide. These data support the view that the small amount of hydrogen from 
the acid-phase reactor is derived mainly from fermentative bacteria because 
of the unfavorable thermodynamics of acetogenesis without coupling to a 
methanogenic reaction, which would have yielded methane; that acetogenic 
bacteria are present in the methane-phase reactor and convert butyrate to 
acetate and hydrogen, which is rapidly converted to methane since no hydrogen 
is detected in the product gas from the methane-phase reactor; and that a good 
portion of the methane is derived from carbon dioxide reduction, because the 
methane concentration is much higher than 50 mol % in the product gas and 
butyrate is the main carbon source in the acid-phase effluent. The observations 
of high butyrate concentrations in the acid-phase effluent and hydrogen in 
the acid-phase gas are also in accord with evidence that high hydrogen partial 
pressures promote the formation of higher fatty acids (Mclnerney and Bryant, 
1981). The high rates and loadings of acid-phase digestion would be expected 
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to lead to rapid generation of reduced nicotinamide adenine dinucleotide, 
which reduces carbon dioxide to methane when coupled to a methanogenic 
reaction. This makes the transfer of hydrogen, which is often called interspecies 
hydrogen transfer, thermodynamically favorable. But since there are few or 
no methanogenic bacteria in the acid-phase reactor, the reducing power of 
reduced nicotineamide adenine dinucleotide is transferred through fermen- 
tative pathways to yield higher fatty acids and other products (lactate, ethanol). 
Thus, for glucose conversion by two-phase digestion, it seems reasonable to 
conclude that the acid-phase reactor contains fermentative bacteria as the 
dominant organisms, and the methane-phase reactor contains both acetogens 
and methanogens as dominant species. This probably also applies to other 
methane fermentations because essentially the same gas compositions are ob- 
tained from other two-phase digestion systems that are supplied with complex 
substrates such as municipal biosolids and industrial wastes. 

V. C O M M E R C I A L  D E V E L O P M E N T  

A. METHANE FERMENTATION 

Hundreds of projects have been carried out since the 1970s to develop improved 
anaerobic digestion processes for commercial use. A major goal of much of 
this effort has been to optimize digester designs and the operating conditions 
to efficiently treat various solid and liquid wastes so that discharge and disposal 
requirements are satisfied. Anaerobic digestion processes for municipal waste- 
waters, MSW, farm and agricultural wastes, the waste streams from food proces- 
sors and beverage manufacturers, and wastes from other types of industrial 
facilities such as pulp and paper manufacturers have received special attention. 
Biogas recovery has usually been a minor factor in most of the process improve- 
ments, but methane (and carbon dioxide) yield and selectivity range from 
good to excellent. Methane production correlates with volatile solids reduction, 
so digester performance improvements generally produce more biogas. Biogas 
is always a valuable product of the digestion process. The carbon dioxide from 
many installations can be recovered and sold, and the digested solids are often 
marketable as fertilizer, animal bedding, and sometimes animal feed. The 
digested solids have higher nutrient values per unit mass than the undigested 
feed solids and are effectively slow-nitrogen-release fertilizers because the 
readily biodegradable material has already been gasified. 

Typical anaerobic digestion facilities can contain hydrolysis units, digesters, 
gas cleanup and dehydration units, and liquid effluent treatment units, as 
illustrated in Fig. 12.7. Many improvements have been incorporated into the 
ancillary unit operations as well as the methane fermentation process itself. 
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FIGURE 12.7 Schematic of methane production by anaerobic digestion of biomass. 

The process improvements have included digester operation at high solids 
loadings; use of immobilized bacteria on solid supports; addition of materials 
such as activated carbon, flyash, enzymes, lactobacillus cultures, and growth 
factors to digesters; chemical, physical, and electrical (arc discharges) pretreat- 
ment of the influent substrate or posttreatment of the residual digested solids 
to increase biodegradability before recycling or forwardcycling; integration of 
anaerobic digestion with thermal gasification of ungasified residuals from the 
digester; and innovative digester designs such as plug-flow, fixed-film packed- 
bed, fixed-film fluidized-bed, upflow sludge blanket, and baffle-flow digesters 
that permit longer SRTs than HRTs. Most of the digesters based on these 
designs can be used with either high-rate or two-phase digestion. Integration 
of advanced digester designs with unit operations such as feed pretreatment 
for substrates that are resistant to enzyme-catalyzed hydrolysis and posttreat- 
ment of the residual digested solids have led to practical systems that maximize 
biogas production and minimize liquid effluent and residual solids disposal 
problems. 

In the early 1980s, there was a large increase in the number of commercial 
anaerobic digestion plants constructed in the United States, particularly ad- 
vanced technology systems for industrial wastes (cf. Klass, 1983). Several of 
the new digesters were of the fixed-film or upflow sludge blanket types. Full- 



V. Commercial Development 483 

scale upflow sludge blanket units ranging in size from 13,000 to 66,000 kg 
COD/day were installed for the treatment of beer, potato starch, and potato 
cooking wastes, and a large downflow packed-bed system with a capacity of 
about 120,000 kg COD/day was installed for treatment of rum still bottoms. 
The COD reductions for these plants are about 80 to 85%. 

In the late 1970s, four commercial and six pilot two-phase digestion plants 
were built and used for several types of high-COD industrial liquid wastes in 
Belgium and Germany (Ghosh et al., 1982). The pilot plants had capacities 
ranging from 45 to 180 kg COD/day, and consisted of completely mixed, acid- 
phase digesters followed by upflow sludge blanket, methane-phase digesters. 
They were operated in the mesophilic temperature range and achieved COD 
reductions up to 90%. Three of the plants processed beet sugar wastes, 2 
processed distillery wastes, and one processed citric acid wastes. The first full- 
scale, two-phase plant was built in 1980 in Belgium for the stabilization of 
liquid wastes generated during flax retting and had a capacity of 350 kg COD/ 
day; 87% COD reductions were obtained. The gas production rate was about 
4.0 vol (n)/vol-day, and the yield was about 0.40 m3(n)/kg of COD added. 
Three other full-scale, two-phase plants were installed in Germany to stabilize 
wastes from beet sugar, starch-to-glucose, and potato chip factories. Their 
capacities were 15,000, 20,000, and 32,000 kg of COD/day, respectively. Since 
then, other two-phase anaerobic digestion facilities have been built, including 
several in the United States. One of the first, commercial, two-phase digestion 
facilities in the United States uses the ACIMET | process for treatment of 
municipal biosolids. It was installed in a 45-million L/day wastewater treatment 
plant in Woodridge, Illinois (DuPage Group, 1993). Steady-state operations 
were achieved over long periods of time and demonstrated 30% higher rates 
of biosolids conversion, the elimination of foaming problems, a significant 
reduction of sulfide in the biogas, and a 30% increase in methane compared to 
conventional anaerobic digestion. The process also consistently demonstrated a 
reduction in pathogen content in the effluent of less than 10,000 CFU (colony- 
forming units). Other systems using this process have been installed for treat- 
ment of municipal biosolids. Among the first two-phase commercial plants for 
anaerobic digestion of industrial wastes in the United States are facilities for 
digestion of industrial wastewaters from the manufacture of jam and jelly, 
corn-based ethanol, bakers' yeast, and beer (Sax and Lanting, 1991). These 
plants use upflow sludge blanket digesters for acid-phase digestion. 

One of the interesting features of the two-phase digestion process is that 
it can be retrofitted to an existing anaerobic digestion plant to effectively 
double its treatment capacity at a considerably reduced capital cost compared 
to the cost of a grassroots plant of the same additional incremental capacity. The 
U.S. Environmental Protection Agency's projection of new anaerobic digestion 
capacity needed in the United States for municipal wastewater treatment in 
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the next two decades is estimated to have a capital cost of $20 billion or more. 
The retrofitting of two-phase digestion capability to existing plants for the 
purpose of increasing plant capacity has the potential of reducing this cost by 
a very large amount. 

North America and Europe will probably never make such widespread use 
of anaerobic digestion for methane production as China and India. There were 
5.8 million digesters in China in 1978, most of them in Szechwan province 
(4.3 million) where they provided cooking fuel for some 20 million people 
(Smil, 1979). China's long-range plan at that time called for 70 million digesters 
by 1985. Similar usage patterns in the United States would require rather 
complete automation and unattended operation at low cost, factors that are 
not compatible for small-scale systems. But small-scale digestion systems are 
increasingly used in the United States, and commercial turn-key plants and 
package systems are available. The prime operating objective of most of the 
U.S. systems is waste stabilization and disposal. The demand for municipal 
anaerobic digestion capacity has increased almost exponentially with urban 
population growth. Many municipal wastewater treatment plants are now 
operating anaerobic digestion units to maximize biogas recovery for in-plant 
use (cf. Haug, Moore, and Harrison, 1995). Commercial use of anaerobic 
digestion on farms has shown modest growth in the United States (cf. Lusk, 
1994). Although many farm-scale systems have been shut down, several 
manure-fueled, high-rate systems are in operation, and a few manure-fueled, 
plug-flow systems have been built for electric power generation. Farm-scale, 
anaerobic lagoon systems covered with gas-impermeable polymeric membranes 
for liquid and solid animal waste stabilization and biogas recovery have been 
operated for several years and have exhibited excellent performance with little 
or no evidence of groundwater pollution. The biogas is used on-site. The 
largest manure-to-methane plant in the United States was placed in operation 
in 1977 in Guyman, Oklahoma, on a large cattle feedlot for the production 
of pipeline-quality gas (39.7 MJ/m3(n)) at a rate of 16 million m3/year for 
transmission to Chicago (Meckert, 1978). CSTR digesters were operated under 
mesophilic conditions. Delivery of pipeline-quality gas began on April 1, 1978, 
to Natural Gas Pipeline Co.; the co-products were fertilizer and cattle feed. 
Because of operating problems, especially during the winter months, plant 
availability was eventually reduced. Gas delivery was then terminated because 
SNG could not be produced at a competitive price, and only the co-products 
were marketed. Because of fuel costs in Central Europe, the interest in farm- 
scale and community biogas plants for animal manures is much greater (K6b- 
erle, 1995). Approximately 470 plants were operating in the mid-1990s. Most 
of them are small or medium-sized, farm-scale plants that use 1 to 20 m3/day of 
feedstock. Larger plants that use more than 20 m3/day are located in Germany, 
Denmark, Italy, and The Netherlands. Some 200 plants, including nine large 
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farm-scale plants, are operated in Germany. More than 100 different plant 
designs are used in Europe. Two of the primary farm-scale and community 
plant designs were developed in Germany: horizontal flowthrough digesters 
using steel tanks, often previously used as gasoline tanks, and vertical steel di- 
gesters. 

The anaerobic digestion of the combustible fraction of MSW (refuse-derived 
fuel, RDF) was used commercially in the United States from the 1930s to the 
1950s in several cities. The cities of Richmond, Indianapolis, and Marion in 
the state of Indiana found that the anaerobic digestion of garbage was satisfac- 
tory and a suitable disposal method (cf. Bloodgood, 1936; Backmeyer, 1947; 
Ross, 1954). Other U.S. cities (Lansing, Michigan, New York, and Washington, 
D.C.) also used anaerobic digestion for garbage disposal (cf. Wyllie, 1940; 
Taylor, 1941). The disposal of RDF by anaerobic digestion has since been 
terminated in almost all U.S. cities, although considerable research was carried 
out to develop modern, integrated RDF recovery-digestion systems. An exam- 
ple of this research is the effort made to apply modern high-rate digestion to 
RDF for combined disposal and methane production in the mid-1980s. A 
proof-of-concept plant was built and operated from 1978 to 1985 in Pompano 
Beach, Florida (cf. Isaacson et al., 1988; Mooij and Pfeffer, 1986). This plant 
was sized to process 90 t/day of RDF, but several operating and design problems 
precluded operation at design capacity. The plant was eventually shut down 
in 1985 and dismantled. A full-scale RDF digestion plant was constructed in 
Dinwiddie, Virginia, in 1994, operated for about 1 year, and then shut down 
because of financial problems. This plant was sized to accept 20,000 t/year of 
MSW at the plant gate and was operated under mesophilic conditions with CSTR 
digesters. In contrast to the apparent lack of interest in the anaerobic digestion 
of MSW in the United States, 15 full-scale plants were in operation in Europe 
and 20 more were being planned or under construction in the mid-1990s 
(International Energy Agency, 1994). 

LFG is the only MSW-derived biogas currently (late 1990s) produced in 
the United States on a commercial scale. Sanitary landfills for MSW disposal 
are batch analogues of high-solids, anaerobic digesters and produce biogas of 
about the same composition. LFG in the form of medium-heating value gas 
is recovered and either is upgraded to pipeline-quality gas by removal of carbon 
dioxide and small amounts of hydrogen sulfide and other minor contaminants 
or is used directly as fuel gas. Of the approximately 20,000 MSW landfills in 
the United States, including approximately 5000 active landfills that are in the 
process of being filled, LFG recovery systems are installed in about 140. The 
LFG is used for conversion to electricity via internal combustion engines or 
turbines, for upgrading to pipeline gas for injection into natural gas pipelines 
or distribution systems, and for direct use after minimal processing for boilers, 
industrial processes, and greenhouses (cf. Nichols, 1996). 
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The U.S. Environmental Protection Agency has estimated that LFG could 
be used to cost-effectively recover biogas from more than 700 U.S. landfills. 
The avoidance of methane emissions from these landfills would correspond 
to removal of 12 million cars from the total vehicle population, according to 
this agency. Until recently, LFG emissions to the atmosphere were not subject 
to federal regulation. This situation changed on March 12, 1996, with the 
promulgation of New Source Performance Standards and Emissions Guidelines 
for landfills under Title 1 of the Clean Air Act. A landfill must now install 
LFG control systems to meet these requirements if it satisfies these three 
criteria: It received waste after November 8, 1987, it has 2.5 million t or 
greater of permitted design capacity, and the emissions of nonmethane organic 
compounds are greater than 50 t/year. These regulations appear to have two 
opposing effects on LFG as a commercial energy resource. LFG recovery 
systems are now required on more of the existing landfills, which will therefore 
result in increased LFG usage. But the additional cost of control systems for 
new, large-scale landfills will tend to reduce the number of systems constructed 
because of negative effects on landfill profitability in some areas, and hence 
LFG recovery in some of these areas might be expected to decrease. 

Total biogas production from commercial usage of anaerobic digestion in 
the United States, including biogas from waste stabilization and wastewater 
treatment, is a very small amount of methane when compared with U.S. natural 
gas consumption (Chapter 2). It is not possible to supply more than a small 
fraction of natural gas consumption with biogas unless a major, long-term 
effort is made to expand anaerobic digestion capacity. Such a program will 
not be undertaken until there are strong signs that natural gas depletion is 
starting to cause nationwide shortages (Chapter 1). The effort made in the 
United States in the 1970s and 1980s to develop large-scale supplies of SNG 
from dedicated energy crops and biogas is exemplified by the Ocean Energy 
and Food Farm Project undertaken jointly by the American Gas Association, 
the Gas Research Institute, the U.S. Department of Energy, and the U.S. Navy. 
The availability of the projected amounts of SNG from giant brown kelp, other 
dedicated biomass energy crops, and possibly other feedstocks including coal 
and other sources of carbon oxides would make it possible for the U.S. natural 
gas industry to continue to utilize its vast transmission and distribution systems 
without modification to deliver methane to its customers when natural gas 
depletion begins. Large-scale transmission in existing pipelines is not consid- 
ered to be practical with hydrogen instead of methane because of large-scale 
leakage problems, the associated hazards, and the costs of modification. 

Estimates of the amounts of anchored giant brown kelp (Fig. 12.8) harvested 
off the California Coast indicated an energy yield of 7 quad/year (Szetela et 
al., 1974), or about 32% of natural gas consumption (21.7 quad) at that time. 
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Diagram of young adult giant brown kelp plant (Macrocystis pyrifera). From 

Other estimates indicated that the anaerobic digestion of anchored giant brown 
kelp grown in 24,500-ha (100,000-ac) kelp farms could produce 0.42 to 1.27 
billion m3/year (15 to 45 billion ft3/year) of methane at a cost of $2.85 to 
$8.54/MJ ($3 to $9/million Btu) (Wilcox and Leese, 1976). Another estimate 
indicated that a square ocean area 266 to 539 km (165 to 335 miles) on each 
edge could supply all U.S. natural gas consumption (540 billion cubic meters) 
at a cost of $2.85 to $5.69/GJ (Sharer and Flowers, 1979). Still other estimates 
indicated that 10% of natural gas demand could be supplied at a kelp yield 
of 112 dry t/ha-year (50 dry ton/ac-year) from an ocean area of 14,200 km 2 
(5500 mi 2) (Bryce, 1978). The idea of such a farm was considered to be 
manageable when considered in terms of the vast expanse of open ocean area 
available (Figs. 12.9 and 12.10). In addition, the fertilizing nutrients required 
to sustain optimal growth rates are available in the ocean starting at depths 
of about 90 m and can be upwelled to the growing kelp at relatively low cost. 
The research schedule called for construction of a commercial 24,500-ha 
demonstration farm by 1992. Extensive work was done on the design and 
installation of a small, floating, modular farm platform for the growth of 
anchored kelp (cf. Barcelona et al., 1979; North, Gerard, and Kuwabara, 1981) 
and on the anaerobic digestion of kelp (cf. Klass, Ghosh, and Chynoweth, 
1979). Unfortunately, winter storms destroyed the platform and the project 
was terminated. The technical feasibility of the concept of large-scale SNG 
production from virgin biomass was partially supported by this work. This is 
an example of technology that is "on the shelf" and available for commercial 
development as natural gas shortages develop with the onset of depletion. 
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FIGURE 12.10 Feedstocks and products from a conceptual marine food and energy farm. From 
Leese (1976). 

B. MICROBIAL HYDROGEN 

Unlike methane fermentation, hydrogen fermentation is characterized by low 
yields and selectivities. The selectivity for hydrogen is insufficient to justify 
the development of large-scale production methods unless major improve- 
ments can be made. Genetic manipulation would probably be the preferred 
approach to incorporate the characteristics into the organisms that are needed. 
But as noted here, the complete conversion of glucose to carbon dioxide and 
hydrogen in dark fermentations is not an efficient process. The overall difficulty 
with the production of molecular hydrogen as a primary product from biomass 
by use of fermentative microorganisms is that the yield of hydrogen is too 
low. The cabability of performing these processes at near-ambient conditions 
appears attractive compared to thermal gasification processes. But unless hy- 
drogen yields can be significantly increased, the technology has little practical 
value. An alternative that may be suitable for practical applications is a process 
that produces molecular hydrogen along with a high-value organic derivative, 
both in reasonably high yields, so that the recovery of each is justified. The 
same rationale also applies to the use of cell-free enzyme preparations from 
fermentative organisms as catalysts to perform the equivalent of thermochemi- 
cal, catalytic conversion of biomass components to hydrogen. Catalytic activity 
would of course have to be sustained. 
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The research discussed here supports the view that the biophotolysis of 
water can be performed with live, photosynthetic microorganisms that contain 
both Photosysterns I and II or either Photosystem I or II. Although the technical 
feasibility of hydrogen production has been established, several technical barri- 
ers tend to preclude the development of practical processes. The hydrogenase 
system is highly sensitive to oxygen and requires anaerobic conditions to 
maintain activity. This is not easily achieved when oxygen is a co-product. 
Intermittant or continuous replacement of inert atmospheres or the use of 
oxygen-scavenging agents to keep the partial pressure of oxygen as low as 
possible would incur additional processing cost. When hydrogen and oxygen 
are produced simultaneously in the same reactor, the additional costs of gas 
separation and dealing with an explosive mixture, which under ideal conditions 
corresponds to the stoichiometric mixture of these gases for water formation, 
must also be considered. The physical separation of hydrogen and oxygen 
production in staged reactors or the separation of hydrogen and oxygen produc- 
tion with time in the same reactor might improve the process, but a practical 
biophotolysis system has yet to be demonstrated. The efficiency of photosyn- 
thetic hydrogen formation is low. The upper limit has been estimated to be 
3% for well-controlled systems. This limits the capital cost of useful systems 
to low-cost materials and designs. For the present, microbial hydrogen produc- 
tion is in the laboratory stage of development. Continued research may provide 
the knowledge needed for practical applications of the technology, especially 
if it can be developed to the point where biological systems can emulate or 
at least approach pure photolysis. 

Synthetic chloroplasts and possibly cell-free preparations that can be used 
over long periods of time as catalysts for the photolysis of water without loss in 
activity appear to offer the best opportunity for microbial or pseudo-microbial 
hydrogen production. Many problems remain to be solved before this technol- 
ogy is perfected. It does seem to have the most promise when compared with 
microbial methods, because it has the potential of providing a solar method 
of splitting water into its components by the equivalent of pure photolysis. Note 
that numerous heterogeneous and some homogeneous catalysts, composed of 
a variety of chemical compounds, many of which are stable and commonly 
available, have been researched over the years for both water photolysis and 
thermal water splitting. Some of these catalysts are effective, though none has 
yet been demonstrated in a practical system that can supply low-cost hydrogen 
at a reasonable scale. The availability of low-cost hydrogen from a strictly 
catalytic water-splitting technology would of course make an infinite amount 
of hydrogen available from a common resource for a host of energy and 
other applications. 

Perhaps the greatest potential of catalytically active synthetic chloroplasts 
and cell-free preparations is the accompanying knowledge that would evolve 
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to permit development of catalysts that facilitate extracellular, photosynthetic 
conversion of ambient carbon dioxide to low-cost hydrocarbons under compar- 
atively mild, controlled conditions. The availability of such catalysts for which 
activity can be sustained could conceivably eliminate all future shortages of 
high-energy-density liquid and gaseous hydrocarbon fuels and feedstocks, 
make hydrocarbon fuels renewable at short recycle times in the same context 
that biomass energy is renewable, and reduce fossil fuel consumption. There 
does not appear to be any insurmountable technical barrier that precludes 
such developments. 
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