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Abstract We are in an energy crisis caused by years of
neglect to alternative energy sources. There are many pos-
sible solutions and a number of these are based on micro-
organisms. These include bioethanol, biobutanol, biodiesel,
biohydrocarbons, methane, methanol, electricity-generating
microbial fuel cells, and production of hydrogen via photo-
synthetic microbes. In this review, I will focus on the Wrst
four possibilities.
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Introduction

We are living in an unprecedented time in the history of
mankind with respect to economic development based on
available energy sources. As the debate continues in US
political and economic circles, alternative renewable
energy sources again become the epicenter of this issue.
The history of this paradigm has been up and down for
more than 30 years, being subject to oil crisis volatility in a
cyclical manner. Economical and technological approaches
have been suggested to overcome oil dependence from
foreign sources and strong scientiWc commitment has been
devoted to this paramount challenge. Today more than ever
before, unprecedented global environmental issues strongly
related to the social and economic impact of the energy
sector are dominating the international agenda. It is clear that

the petroleum-based economy is getting closer and closer
to the end of its lifecycle. Therefore, it is very important to
anticipate and to avoid any shortfall in future supply, and
to provide access to new bioenergy alternatives for the
marketplace.

The USA energy problem

For more than 30 years, petroleum and its derivatives have
dominated the economy, becoming important commodities
in multiple industrial sectors which transform them into
products and services to satisfy population needs. In the
USA, this dependency has already reached its saturation
point, putting at risk our economy, energy security, home-
land security as well as the environment [43, 95].

The economy, energy security climate protection, and
minimizing the threat of global climate change, constitute
the major factors in favor of an ambitious and stable renew-
able energy policy in the USA and abroad [27]. The US
economy is Wrmly attached to imported oil and its deriva-
tives at present. Severe economic and social problems
could be generated as a consequence of any unexpected dis-
ruption in the oil supply. Therefore, as a major oil importer,
this represents for the US an unstable situation that
becomes more prominent during geopolitical unrest which
jeopardizes energy security and the stability of the world’s
oil supply. In addition, increasing energy demands from
China, India and other nations raise the pressure to compete
for oil supplies. It is clear that global oil reserves and new
petroleum discoveries will not be enough to meet the
annual demand worldwide. In addition, the strong variation
in market prices makes the whole scenario very unstable.

Petroleum import is the largest single part of the US
trade deWcit. Our transportation and industries rely heavily
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on technologies which use fossil energy such as coal, petro-
leum and natural gas [44, 49, 50]. The US has 5% of the
world’s population but only 2% of the world’s oil reserves.
However, it consumes 25% of the world’s petroleum, most
of which is imported.

The USA uses 20 million barrels of petroleum daily.
60% of this (12 million barrels) is imported [41]. Over 62%
of all the petroleum used in the USA is for transportation
and industry. In 2004, it was imported at a cost of over
$100 billion. In 2005, the proportion going for transporta-
tion and industry increased to 71% which cost $140 billion.
Our transportation needs require 14–15 million barrels of
petroleum per day [12, 49, 50]. In 1990, the US consumed
112 billion gallons of gasoline. By 2003, this had increased
to 132–137 billion gallons per year [44] and today the num-
ber is double that.

The accelerated consumption of petroleum is forcing a
severe climate change, diminishing the quality of our envi-
ronment. US transportation alone generates tremendous
amounts of “green house gases (GHG)”, mainly carbon
dioxide. Carbon dioxide is expected to increase from
around 1.9 billion metric tons in 2004 to about 2.7 billion
metric tons in 2030.

In 2006, the world used 85 million barrels of oil per day
which is expected to increase to 105 million barrels per day
by 2015. Renewable energy only supplies 2.5%. A total of
220 billion gallons of gasoline and other petroleum prod-
ucts (e.g., diesel) are used for transportation. Liquid fuels
such as gasoline, diesel and jet fuel, all used for transporta-
tion, constitute 70% of the total. At present, 79% of global
energy use comes from fossil energy sources: 35% from
crude oil, 23% from natural gas, and 21% from coal. The
remaining sources are hydraulic and nuclear energy (9%),
and Wrewood, wind energy, and solar energy (12%).
Microbes can help solve the energy problem in a number of
ways [106]. A number of these are described below.

Gasoline versus ethanol as fuels

Bioethanol and other biofuels could be very important
to foster energy independence and reduce gas emissions.
A very strong debate on gradual substitution of petroleum
by use of renewable alternatives such as biofuels dominates
the political and economic agenda worldwide [25, 75].

As a biofuel, ethanol has many positive features when
compared to gasoline but also a few negatives (Table 1).

Ethanol from corn

Worldwide bioethanol production between 2004 and 2007
doubled to 13.2 billion gallons [102]. The current interna-

tional market for bioethanol is $15 billion. Internationally,
it has been mainly produced from sugar or corn starch.
Corn-based ethanol production became commercially
viable in the USA in the 1980s. Several cooperatives and
private ventures began corn to ethanol production. Since
the early 1980s, 1–10% ethanol has been used to blend with
gasoline. Ethanol production has increased over the years.
In 1979, production was only 10 million gallons. In 1987,
340 million bushels of corn were used to produce 850 mil-
lion gallons of anhydrous ethanol which was 3% of our
auto fuel requirement. 2.8 billion gallons were produced in
2003 [13], 3.4 billion gallons in 2004 and by 2005, it had
increased to 3.8 billion gallons [33, 53, 71, 73, 79, 110,
114, 115]. In 2006, it rose to 4.8 billion gallons and by
2007, the Wgure reached over 6 billion gallons. This impres-
sive growth was derived from a growing number of produc-
tion facilities, resulting in an impact on the US economy,
agriculture, energy and the transportation sectors.

Reports that ethanol from corn had a negative energy
balance are incorrect since they ignored the co-products
that could displace whole corn and soybean meal that are
used in animal feed. The energy saved partially oVsets the
energy required for ethanol production [31]. Biofuels could

Table 1 Properties of bioethanol versus gasoline

Positive

Enhances US energy security

OVers a favorable trade balance

Excellent transportation fuel. High heat of vaporization, 
high octane and low Xame temperature yield good engine 
performance

Cleaner and more eYcient burning

Higher octane rating

Replaces tetraethyl lead as octane enhancer

Causes a disproportionate increase in octane rating when mixed 
with gasoline

Decreases smog formation due to low volatility

Decreases greenhouse gas emission due to recycling 
by growth of plants

Decreases particles and toxic emissions

Decreases level of ozone precursors emitted thereby 
averting air pollution

Less toxic to humans; contains no sulfur

Used as oxygenate replacing methyl tert-butyl ether (MTBE) 
which has been phased out by many states. Also more eYcient 
than MTBE as oxygenated fuel; only half the volume 
is necessary to produce the same eVect as MTBE. 
Ethanol is biodegradable in contrast to MTBE

Negative

Only 2/3 the energy content

Requires engine modiWcation when mixed with gasoline 
at over 15% of total fuel

Cannot be shipped via pipelines
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help to eventually yield the equivalent of 8 million barrels
of petroleum per day in the USA [44]. About 17–20% of
the 2006 corn crop, equivalent to 2.15 billion bushels, was
utilized to produce ethanol. By 2008, 3–4 billion bushels
were used. Although corn could yield up to 13 billion gal-
lons per year, US production of ethanol already utilizes
23% of the corn crop and is causing economic problems
such as elevated costs of corn for human consumption and
for animal feed. Furthermore, ethanol from corn has only
supported 2% of the national transportation requirements. If
the projected ethanol demand were to be fulWlled only with
corn, it would require more corn than the US currently pro-
duces, and would dangerously compete with food crops.
Such a limited availability of corn and a restricted capacity
to expand its production due to infrastructure constraints
puts a ceiling on corn to ethanol production goals [31, 44].
The US government via NREL has estimated that ethanol
from corn will not go over 10–15 billion gallons per year
[56]. Therefore, corn has no real future for solving US,
energy problems. In the future, lignocellulosic biomass,
presents an opportunity to counteract US dependence on
fossil energy sources and open up major new crops for the
agricultural economy [44, 73, 115].

In 2000–2004, the average wholesale price for gasoline
was $0.91 per gallon [44]. Since then, it rose above $4 per
gallon. On the other hand, the cost of producing ethanol
from corn is $1.10 per gallon. The 2006 price for ethanol
from corn was $1.40 per gallon involving a $0.51–0.54/gal-
lon Federal subsidy. However, this has to be compared to
huge tax breaks given to the US oil companies.

Ethanol from sugar cane

Historically, Brazil has been a leading nation in renewable
liquid fuels. Ethanol is produced from sugar cane there.
Since the 1990’s; an aggressive program has achieved the
use of pure ethanol in 90% of new cars and blends of
20–22% for older models. During 2005, the blend was
increased to 25%. The renewable fuels program in Brazil
has been an excellent example worldwide. Production
increased up to 3.8 billion gallons of ethanol in the 2003–
2004 crop year which represented 40% of Brazil’s domestic
fuel consumption [88]. The price of ethanol is 65% that of
gasoline. The side product, sugar cane bagasse, can be used
to generate electricity.

Agricultural and forest lignocellulosic biomass

Since there is not enough corn available to make a signiW-
cant dent in our dependence on petroleum for energy,
further increases in ethanol production will come from

biomass. It is essential for the biofuels sector to move away
from food and grain crops into alternative renewable feed-
stocks such as non-food lignocellulosic biomass. Further-
more, lignocellulosic ethanol is Wve times better than corn
ethanol in energy balance. Ethanol from biomass could be
made with as little as 10% of the energy it would provide
[49, 50].

Available biomass reserves are about 180–200 million
dry tons per year. This could yield 16 billion gallons of
ethanol based on an overall yield of 80 gallons per dry ton
[14, 101]. The US Department of Agriculture and the
Department of Energy have estimated that 1 billion tons of
such biomass could be produced annually from agriculture
and another 0.3 billion tons from forestland; this would
yield 80 billion gallons of bioenergy, about 30–40% of
current usage (DOE/USDA “Billion tons” study: http://
feedstockreview.ornl.gov/pdf/billion_ton_vision.pdf). This
could be accomplished with relatively modest changes in
land use and agricultural and forestry practices [87]. The
world content of lignocellulosic biomass is 10–50 billion
tons [101]. In Asia, rice straw would be an excellent
substrate for bioethanol production. At present, it consti-
tutes half of the agronomic biomass of the world, is burned,
and causes health and environmental problems.

Lignocelluose in waste products is inexpensive, plentiful
and renewable. It is the most abundant renewable natural
substrate for conversion into fuel. Its content of cellulose
and hemicellulose can be converted to oligosaccharides,
hexoses and pentoses plus lignin. The content of cellulose
and hemicellulose in these biomass feedstocks represents a
sustainable alternative, i.e., a cheap and renewable energy
source to increase biofuel production and to improve
energy balance with less contribution to greenhouse eVects.
Tremendous amounts of cellulose are also available as
municipal and industrial wastes which contribute to our
current pollution problems. Once cellulosic bioethanol
becomes a reality, the next emphasis will be on such waste
products [20].

The cost of straw ($27 per ton) is much less than that of
petroleum ($340 per ton). It is also much less costly than
corn and wheat ($135/ton) or sugar ($340/ton) [99].
Between 1999 and 2005, the cost of lignocellulosic bio-
mass increased from $30 to 40 per dry ton while gasoline
prices skyrocketed.

Recovery of protein for animal feed from biomass
conversion would lower the cost of ethanol by $0.11–0.13
per gallon [44]. Switch grass leaf and stems contain 10%
protein. Corn stover, rice straw and wheat straw contain
4–6% protein.

Various reports indicate that ethanol from lignocellu-
losic biomass reduces greenhouse gas emissions by about
80% as compared to gasoline whereas corn to ethanol
reduces them by 20–30%. Bioenergy crops are able to
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balance CO2 emissions by converting atmospheric CO2 into
organic carbon in biomass [26]. Agricultural residues are
renewable, chieXy unexploited, and inexpensive. They
include leaves, stems and stalks (but not the fruit and seeds)
from sources such as corn Wber, corn stover, sugar cane
bagasse, rice hulls, woody crops and forest residues. Also,
there are multiple sources of waste from industrial and agri-
cultural processes, e.g., citrus peel waste (CPW), sawdust,
paper pulp, industrial waste, municipal solid waste (MSW),
and paper sludge. In addition, dedicated energy crops for
biofuels could include perennial grasses such as switch-
grass, and other forage feedstocks such as miscanthus, ber-
muda grass, elephant grass, etc. These possess desirable
environmental qualities, utilize water more eYciently, have
high crop yields (above Wve dry tons per acre), prevent soil
erosion, contribute to soil fertility and require minimal sup-
plies of fertilizers and pesticides. Most importantly, peren-
nial grasses can be adapted to various geographical diverse
soils and weather across the US [44]. If agronomic prac-
tices and breeding programs on perennial switchgrass can
be improved, yields could be increased to more than 14 dry
tons per acre. Continuous improvement could yield 114
million acres of switchgrass by 2050 which could generate
165 billion gallons of ethanol, equivalent to 108 billion
gallons of gasoline [11].

Five year Weld trials of switchgrass conversion to bio-
ethanol were very successful and showed that perennial crops
like switchgrass are much better than annual crops such as
corn [96]. Perennial crops require fewer agricultural inputs
than annual crops. Switchgrass conversion to ethanol was
calculated to produce over 500% more renewable energy
than energy consumed in the process and has signiWcant
beneWts with respect to greenhouse gas production and
conservation.

In addition to cellulose and hemicellulose, another key
biomass component is lignin, a complex aromatic polymer
which comprises 15–25% of plant biomass and contains
40% of the energy. The potential of lignin as an energy
source (boiler fuel) for power generation (heat and elec-
tricity) is considerable. Lignin as a by-product from frac-
tionation and conversion operations is a renewable fuel
itself with minimal greenhouse gas problems mainly
because the CO2 released will be taken up by the plant
biomass during growth [44, 87]. There is ample energy in
lignin to power the fermentation process and produce
power for sale.

Currently, the pulp and paper industry in the USA pro-
cesses 108 million tons of wood. Pre-extraction of wood
chips could provide 14 million tons of hemicellulosics to
the bioethanol reWneries [90], simultaneously enhancing
production of kraft pulps. The major constituents of wood
are 41–51% cellulose, 23–38% hemicellulose, and 19–33%
lignin.

It is important to appreciate that, in contrast to corn to
ethanol, biomass feedstocks require more advanced pre-
treatment to unlock the fermentable sugars from the cellu-
lose, hemicellulose and lignin components [1, 34, 40, 116].

DiYculties with hydrolysis of cellulose to unlock 
fermentable sugars

Lignocellulose is diYcult to hydrolyze because it is (1)
associated with hemicellulose, (2) surrounded by a lignin
seal which has a limited covalent association with hemi-
cellulose, and (3) much of it has a crystalline structure
with a potential formation of six hydrogen bonds, four
intramolecular and two intermolecular, giving it a highly
ordered, tightly packed structure [109]. An important
requirement for the cost eVective production of liquid
biofuels is to unlock the fermentable sugars present in
cellulosic and hemicellulosic polysaccharides which are
associated with and surrounded by the lignin seal. In order
to deconstruct highly ordered, tightly packed crystalline
and amorphous cellulose regions, pretreatment technolo-
gies are necessary. This helps to disrupt crystallinity,
remove the lignin seal, increase pore volume, and solubi-
lize cellulose and hemicellulose, thus making target
polymers susceptible to enzymatic attack [116]. Continu-
ous technology optimization through coordinated devel-
opment eVorts on biomass pretreatment technologies is a
very active Weld dedicated to enhance the total yield of
fermentable sugars prior to the microbial fermentation
stage [74].

Bioethanol production

Yeasts

Ethanol is a primary metabolite produced by fermentation
of sugar, or of a polysaccharide that can be depolymerized
to a fermentable sugar. Saccharomyces cerevisiae is used
for the fermentation of hexoses, whereas Pichia stipitis or
Candida species is employed for pentose utilization.

Under optimum conditions, approximately 10–12% etha-
nol by volume can be obtained from sugar by S. cerevisiae
within 5 days. Such a high concentration slows down
growth and the fermentation ceases. With special yeasts,
the fermentation can be continued to produce alcohol con-
centrations of 20% by volume, but these concentrations are
attained only after months or years of fermentation. At
present, all beverage alcohol is made by fermentation.
Industrial ethanol is mainly manufactured by fermentation, but
some is still produced from ethylene by the petrochemical
industry.
123



J Ind Microbiol Biotechnol (2009) 36:319–332 323
A review [70] on ethanol fermentation lists S. cerevisiae
processes yielding 97 g/l in 96 h on sucrose, 70 g/l on sugar
cane molasses in 30 h and 53 g/l on beet molasses in 192 h.

A number of genetic manipulations have been carried
out to increase ethanol production by yeasts. For example,
eliminating the glycerol-3-phosphate dehydrogenase gene
gdp1 and over-expressing the glutamate synthase gene glt-1
increased ethanol production by S. cerevisiae by 11% to
80 g/l while decreasing formation of glycerol, acetate and
pyruvate [62]. The glt-1 over-expression worked by reduc-
ing NADH and making a more acceptable NAD+/NADH
ratio. In another study, over-expression of glt-1 and dele-
tion of glycerol export gene fps1 in S. cerevisiae, resulted in
the improvement of ethanol production on glucose from
108 to 123 g/l [61].

Hahn-Hägerdal et al. [46] have reviewed the production
of ethanol by pentose-fermenting yeasts. The genome of the
lignocellulose-degrading xylose fermenter, P. stipitis, has
been sequenced [54]. Fed-batch culture of P. stipitis can
produce 50 g/l ethanol from xylose with yields of 0.35–
0.44 g/g xylose and ferment hydrolysates at 80% of theoret-
ical yield [47, 84]. P. stipitis contains many genes encoding
endoglucanases, �-glucosidases, xylanases, mannanase,
chitinase, and xylosidases and can use cellobiose and other
oligomers.

Fusants of S. cerevisiae with the pentose-fermenting
Candida shehatae are capable of converting wood bio-
mass to ethanol after dilute acid pre-treatmemt and addition
of Aspergillus niger cellulase [86]. From 150 g/l of sub-
strate, 84 g/l of sugars were produced (equivalent to
89% hydrolysis of carbohydrates in lignocellulose) which
were converted to 32 g/l of ethanol with 90% fermentation
eYciency.

Gram-negative bacteria

Escherichia coli and Klebsiella oxytoca have been geneti-
cally converted from producers of mixed acids into ethanol
producers by recombinant DNA techniques. By cloning and
expressing the alcohol dehydrogenase and pyruvate decar-
boxylase genes from Zymomonas mobilis in K. oxytoca, the
recombinant strain is able to convert crystalline cellulose to
ethanol in high yield when fungal cellulase is added [28].
The percent of maximum theoretical yield was 81–86% and
titers as high as 47 g/l ethanol were produced from 100 g/l
cellulose. Other genetically engineered strains of E. coli
can produce 60 g/l of ethanol [117]. Ethanol production has
been increased further by metabolic engineering techniques
[85].

Recombinant E. coli strains produced 35 g/l ethanol
from corn Wber hydrolysate [24]. The time was 55 h and
yield was 0.46 g ethanol per g of available sugar which is
90% of maximum attainable. Corn Wber contains 70% by

weight of carbohydrate, being made up of cellulose and
hemicellulose. Corn Wber is produced at 3.4 million dry
tons per year which could yield up to 4 billion gallons of
ethanol, assuming an 80% conversion. The best pretreat-
ment of corn Wber appears to be dilute acid, which avoids
production of inhibitory compounds such as furfural or
5-hydroxymethyl furfural acid from lignin. Addition of
cellulase and �-glucosidase yielded 85–100% of theoretical
yield of monomeric sugars [94]. Fermentation of corn Wber
pre-treated by ammonia Wber explosion yielded 27 g/l etha-
nol by recombinant E. coli [80].

Z. mobilis is also used for ethanol production. Most
recombinant strains of E. coli, Zymomonas, and Saccharo-
myces convert corn Wber hydrolysate to 21–34 g/l with
yields of 0.41–0.50 ethanol per g of sugar consumed [14].
The best was E. coli strain KO11 [119].

The need for fungal cellulase

The yeast processes and the Gram-negative bacterial pro-
cesses discussed above all require the addition of fungal
cellulase (cellobiohydrolase I) which is made by the mold
Trichoderma reesei. This has resulted in a process known
as simultaneous sacchariWcation and fermentation (SSF)
[89]. Only the Gram-positive anaerobic processes (“Gram-
positive bacterial anaerobes”) do not need the enzyme
because the cellulase is normally made by the fermenting
bacterium.

Cellulase is induced in T. reesei by cellulose. The low
constitutive level of cellulase appears to hydrolyze some of
the cellulose to small soluble inducers such as sophorose
which then induces the formation of high concentrations of
the enzyme [29]. In the past, the cost of this enzyme was
prohibitively high but in the last few years, a greater than
tenfold reduction in cost of T. reesei cellulase was accom-
plished by enzyme engineering and fermentation process
development at Genencor International and Novozymes
with DOE grants (totaling $30 million). This is claimed to
yield an enzyme cost of only 10–20 cents per gallon of etha-
nol produced compared to the original price of $5/gallon
[42]. However, further reductions in enzyme price are
needed.

Gram-positive bacterial anaerobes

Bacteria such as clostridia are now being seriously consid-
ered for ethanol production [18, 76]. They are of interest
since they can utilize lignocellulosic waste and generate
ethanol, a rare combination among living organisms.
Indeed, their cellulase systems mediate hydrolysis of
lignin-containing materials such as hardwood pretreated
with dilute acid as well as model substrates not containing
lignin. In principle, the concept of an anaerobic ethanol
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fermentation is a very simple one, i.e., a single fermentation
with Wve biologically mediated events involved in ethanol
production: (1) cellulase and hemicellulase formation, (2)
cellulose and hemicellulose hydrolysis, (3) uptake of sugars
and oligosaccharides, (4) hexose fermentation, and (5) pen-
tose fermentation, all consolidated in a single process step.
An advantage of such an anaerobic process is the reduced
need for power-consuming agitation/aeration of reaction
vessels for making biomass-degrading enzymes. Also,
anaerobes generally have a low cellular growth yield, hence
more of the substrate can be converted to ethanol, and in
situ cellulase production is much more economical than
addition of cellulase. Although mesophilic anaerobes might
be usable, anaerobic thermophiles are favored as “ethanolo-
gens” for the following reasons: (1) single step nature of
enzyme production, sacchariWcation and ethanol production
thus eliminating the cost of fungal enzyme(s), (2) thermo-
philes appear to be robust and contain stable enzymes, (3)
thermophilic fermentations run at 60°C are less prone to
detrimental eVects of contamination, (4) growth at higher
temperatures may facilitate the removal and recovery of
volatile products such as ethanol, (5) high rates of growth
and metabolism of cellulose and hemicellulose, (6) low cell
yield allowing more substrate to be converted to ethanol,
and (7) reduced need for power involved in oxygen trans-
fer, agitation and cooling of fermentors. Anaerobiosis is an
advantage because one of the most expensive steps in
industrial fermentations is that of providing adequate oxy-
gen transfer; with these anaerobes, this is not required.

Integration of cellulase production, sacchariWcation and
fermentation into the microbial cell involves the use of
thermophilic, anaerobic, ethanologenic bacteria such as
Clostridium thermocellum [8, 19, 74]. C. thermocellum can
convert both waste cellulose (i.e. biomass) and crystalline
cellulose directly to ethanol [21]. The cellulase system in C.
thermocellum is comprised of multiple enzyme complexes
[9, 15, 45]. It contains multiple endo-�-glucanases, four
exoglucanases, two �-glucosidases, one cellodextrin phos-
phorylase, one cellobiose phosphorylase, six xylanases,
minor �-xylosidase, minor �-galactosidase; minor �-man-
nosidase, two lichenases, two laminarinases, pectin lyase,
polygalacturonate hydrolase, and pectin methylesterase.

C. thermocellum breaks down cellulose with the forma-
tion of cellodextrins and cellobiose as main products. These
products, containing glucose moieties held together by
beta-1,4-linkages, can be taken into the cells and further
utilized; the Wnal end products are ethanol, acetic acid, lac-
tic acid, hydrogen and carbon dioxide [67]. This organism
has the highest rate of cellulose utilization and the highest
growth rate on crystalline cellulose among all known bacte-
ria [39, 74]. Conversion of mixed hardwood Xour to ethanol
in a continuous fermentation was 2.5 times greater using C.
thermocellum than with the SSF process using S. cerevisiae

and the addition of both fungal cellulase and �-glucosidase
and [100]; furthermore, the rate of conversion was four
times higher.

Since clostridia such as C. thermocellum do not have the
ability to convert pentose sugars derived from hemicellu-
lose to ethanol, the concept of mixed cultures (“co-cul-
tures”) was born. Mixed cultures of anaerobic thermophiles
oVer the potential of decreasing production costs of ligno-
cellulosic biomass to ethanol by twofold [72]. With
resources dedicated to the exploration of these combina-
tions of bacteria, the conversion of agricultural, forest, and
urban resources into ethanol could become an economic
substitute for petroleum fuels. This modern technology
named “consolidated bio-processing (CBP)” [74] could
become an important means of producing ethanol commer-
cially. The advantages of an anaerobic coculture system
includes elimination of capital or operating costs for
enzyme production, greatly reduced diversion of substrate
for enzyme production, and compatible enzyme and fer-
mentation systems.

The coculture process maximizes the hydrolysis and fer-
mentation of lignocellulosic/hemicellulosic biomass after
mild acid treatment [21]. C. thermocellum has the capacity
to produce cellobiose and cellodextrins from cellulose
which are transformed into ethanol, lactic acid and acetic
acid. In the case of hemicellulose, enzymatic sacchariWca-
tion by C. thermocellum occurs generating xylose and
xylobiose; both are utilized by Thermoanaerobacterium
saccharolyticum for production of ethanol, lactic acid and
acetic acid. Steps of CBP include (1) cellulase and hemicel-
lulase production by C. thermocellum, (2) cellulose hydro-
lysis to cellooligomers and cellobiose, (3) conversion of
hemicellulose including arabinoxylans to monomeric
xylans, xylobiose, xylooligosaccharides and pentose sug-
ars, (4) uptake of oligosaccharides and sugars, (5) hexose
fermentation to ethanol by C. thermocellum, and (6) pen-
tose fermentation to ethanol by T. saccharolyticum.

The uptake of oligosaccharides and sugars from cellu-
lose by the coculture occurs via phosphorolytic cleavage
using cellodextrin phosphorylase and cellobiose phosphor-
ylase. The phosphorylative cleavage by cellular phospho-
rylases seems to be much more active than the exogenous
hydrolysis of cellulose to cellobiose due to lower Km val-
ues; thus the cellodextrins are better utilized than is cellobi-
ose [120]. Another key item for cell metabolism is the
positive ATP balance generated during phosphorylation
[74]. In addition to all the beneWcial properties of the anaer-
obic thermophilic system listed above, the coculture system
has the ability to use cellulose, hemicellulose, glucose,
starch, xylan, xylose, mannose, galactose and arabinose
[23, 74, 103, 104].

Although the coculture system is very promising, several
barriers exist such as end product inhibition by the
123



J Ind Microbiol Biotechnol (2009) 36:319–332 325
produced ethanol [48]. However, this disadvantage can
almost be counterbalanced by the process of ethanol distil-
lation from dilute broths. Continuous ethanol removal gives
a twofold increase in ethanol yield when only 37% of the
ethanol has been removed. Furthermore, a mutant of
C. thermocellum has been obtained that is tolerant to 60 g/l
of ethanol and is capable of producing 26 g/l ethanol [76].
Also, a strain of Thermoanaerobacter has been isolated
(see below) that is resistant to ethanol up to 8.3% (equiva-
lent to 65 g/l of ethanol) [36].

Another disadvantage has been a low yield due to the
production of side-products lactate and acetate. One solu-
tion is the elimination of metabolic branches which result in
ethanol formation being the sole means for the cell to get
rid of excess reducing equivalents. In doing so, factors had
to be investigated which were likely to impact gene transfer
in the two organisms of the coculture. For a number of
years, this was hampered by the paucity of information on
the molecular genetics of these cultures. One obvious
approach was to knock out the genes encoding acetate
kinase and lactate dehydrogenase, which were responsible
for the branched metabolic pathways. A prerequisite for
such manipulations was the ability to introduce foreign
DNA into these bacteria. Some progress was made in a
joint Dartmouth College-M.I.T. investigation of C. thermo-
cellum and coculture partner Clostridium thermosaccharo-
lyticum dealing with restriction endonuclease systems [59].
C. thermosaccharolyticum was successfully transformed by
electrotransformation and the foreign erythromycin resis-
tance character was expressed [22, 60]. More recently, an
eYcient high frequency gene transfer system was devel-
oped by the Lynd laboratory at Dartmouth College. Electro-
transformation of C. thermocellum was achieved using
plasmid p1Km1 with selection based on resistance to eryth-
romycin and lincomycin [103, 104]. Genes ldh and ack are
involved in side product production in both members of the
coculture. In the case of T. saccharolyticum [23], single
mutant knockouts for lactate and acetate were obtained Wrst
and then a double knockout mutant was generated which
presented a substantial reduction of lactate and acetate pro-
duction and four times higher ethanol production than the
wild strain. In addition, the double knockout mutant was
capable of utilizing xylose more eYciently [76, 104].

In recent years, more work is being done on the pen-
tose-utilizing member of the coculture system. Thermo-
philic anaerobe Thermoanaerobacter BG1L1 is capable
of converting dilute sulfuric acid pre-treated corn stover
to ethanol without detoxiWcation of the corn stover
hydrolysate [37]. The system used was a continuous
immobilized fermentation and up to 15% total solids
were tolerated, yielding ethanol at 0.39–0.42 g/g sugar
consumed. The system was run for 135 days with no
contamination. The culture does not produce lactate due

to elimination of lactate dehydrogenase. It was resistant
to ethanol up to 8.3% [36].

T. saccharolyticum, an anaerobic non-cellulolytic ther-
mophile which can use xylan and sugars from biomass, was
genetically engineered to produce ethanol in high yield
[97]. The new pathway uses pyruvate:ferredoxin oxidore-
ductase (POR) and electron transfer from ferredoxin to
NAD. The original strain produced acetic acid from pyru-
vate via POR, phosphate acetyl transferase (PTA) and ace-
tate kinase (ACK). It also produced lactic acid from
pyruvate via lactate dehydrogenase (LDH). In new strain
ALK1, genes L-ldh and ack/pta were knocked out, elimi-
nating production of lactic and acetic acids. When grown in
continuous culture with xylose, the culture produced 33 g/l
ethanol at a volumetric productivity of 2.2 g/lh and was sta-
ble over hundreds of generations. In a fed-batch fermenta-
tion with a mixture of glucose, xylose, galactose and
mannose, 37 g/l ethanol was produced with a maximal pro-
ductivity of 2.7 g/lh. The titer of 37 g/l is higher than ever
achieved by a thermophilic bacterium [74].

The workhorse of the cellulolytic anaerobes is the cellu-
losome [6, 105]. In 1983, important events occurred in this
regard. Eric Johnson in his Ph.D. work at M.I.T. noted that
the cellulase activity of C. thermocellum was part of a large
structure with a molecular weight of over 1.5 £ 106 [55]. In
the same year, Lamed, Bayer and coworkers [4, 69] in
Israel puriWed a multi-subunit complex from the culture
supernatant which they named the cellulosome [66]. Cellu-
losomes are crucially important for the eYcient breakdown
and utilization of crystalline cellulose. The cellulosome is a
macromolecular machine (multienzyme complex) which,
like a ribosome, is dedicated to organized, concerted, syner-
gistic, and eYcient catalysis of cellular activities [7]. Cellu-
losomes are unique in that no other extracellular protein
complexes with the size and complexity of cellulosomes
have been reported. They have molecular masses of
2 £ 106–6 £ 106, diameters of about 18 nm and contain
14–50 polypeptides ranging in size from 37 to 210 kDa.
Over 95% of the endoglucanase activity of C. thermocellum
is associated with the cellulosome.

The highly ordered arrangement of the cellulosome
gives it stability but makes puriWcation of individual pro-
teins extremely diYcult. However, puriWcation of this com-
plex aggregate of cellulolytic proteins was accomplished
[112, 113] Using Avicel (crystalline cellulose) breakdown
as a turbidimetric assay for “true cellulase” activity and car-
boxymethyl cellulose (CMC) hydrolysis as an assay for
endoglucanases, the aggregate was found to contain at least
four endoglucanases of diVerent molecular weights accom-
panying true cellulase activity. It was dissociated by mild
sodium dodecylsulfate (SDS) treatment plus EDTA and
DTT but the resulting individual fractions exhibited only
endoglucanase activity, the true cellulase activity being
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lost. Reconstitution of true cellulase activity was accom-
plished by combining two of the major components which
were called SS (Mr = 82,000) and SL (Mr = 250,000). They
were puriWed by gel Wltration chromatography and by
elution from an SDS-polyacrylamide gel, respectively. SS

alone acted on CMC but SL alone had little to no enzymatic
activity [68, 69, 113]. The enzymatic activity of SS on
CMC was not enhanced by SL, but its adsorption to crystal-
line cellulose was improved [113]. It was hypothesized
that the cooperative degradation of crystalline cellulose
involved an interaction between SS (and presumably other
cellulases), SL and the insoluble substrate. SL (an anchorage
subunit) would function to bind SS (and other catalytic pro-
teins of the complex) to the cellulose surface in a manner
optimal for hydrolysis [111, 112], consistent with the
“anchor-enzyme” hypothesis [38]. The anchor-enzyme
model was further conWrmed using recombinant forms of
SS and SL [63]. The anchorage function of protein SL is the
basis of the current understanding of cellulosome structure.
SL, which is equivalent to component S1 of Lamed et al.
[68], is now called the cellulosome-integrating protein
(CipA), or the scaVolding protein, or ‘scaVoldin’ [5]. It con-
tains approximately 1,850 amino acid residues and is the
most important protein of the cellulosome. In addition to its
function of binding other members of the cellulose complex
to itself, it also binds to cellulose [10]. Its nucleotide
sequence revealed a deduced protein size of 196,800 Da, a
cellulose binding domain (CBD) [8] and nine enzyme
receptor domains of about 150–166 amino acid residues
each. The nine repeated sequences, called ‘cohesins’ by
Bayer et al. [5], are quite similar to each other, i.e., exhibit-
ing between 60 and 100% identity, with six of the nine
domains being at least 90% identical. They are the recep-
tors that bind the individual cellulases, xylanases and other
enzymes to CipA. The work by Bayer and Lamed [3] on the
structure of the cellulosome was very important for under-
standing the detailed interactions between the organism and
its enzymes, and the binding aYnity to cellulose through
the CBD.

Protein SS, the exoglucanase which is also called CelS
[108], is the major catalytic subunit of the cellulosome, and
is equivalent to component S8 of the Israeli group [81]. Of
great interest was the sequencing of the celS gene encoding
SS [108] which revealed an open reading frame of 2,241 bp
encoding 741 amino acid residues with a predicted molecu-
lar weight of 80,670 [107, 108]. The sequence indicated
that CelS belonged to a new cellulase family [108] and was
later classiWed as a member of family 48 glycosyl hydro-
lases. Although it is the most abundant catalytic subunit of
the cellulosome, its low or complete lack of activities on
CMC and other synthetic substrates explains why it had
been diYcult to clone its gene. Family 48 enzymes are
found mostly in bacterial cellulase systems and are now

considered key components in the bacterial scheme for
breaking down cellulosic materials [52]. CelS contains a
duplicated 24 amino residue dockerin, the site of binding to
scaVoldin. Like the cellulosome itself, recombinant CelS is
competitively inhibited by cellobiose and only marginally
so by glucose [64]. Thus, an association is formed by a syn-
ergistic cassette of catalytic proteins, which is optimal for
hydrolysis of insoluble polymers to the level of soluble oli-
gosaccharides.

At least 71 open reading frames coding for proteins
containing dockerins have been found by sequencing and
annotating the genome of C. thermocellum [121, 122]. They
include cellulases, xylanases/xyloglucanases, a chitinase,
mannanases, lichenases, carbohydrate esterases, pectinases,
pectic lyase, glycosidases, a mixed-linkage �-glucanase,
putative proteases and protease inhibitors. Thirty-three of
these contain a CBM.

Expression of scaVoldin-related proteins is coordinately
regulated by catabolite repression as shown by a quantita-
tive proteomic analysis [39], conWrming the hypothesis Wrst
proposed in 1980 [35].

The cohesins bind the dockerin subunits (type 1 docke-
rins) of the relevant enzymes. The scaVoldin also contains
dockerins (type II) that anchor the cellulosomes to the cell
surface. Much information on the scaVoldin structure was
revealed by the genetic sequencing of the gene by Gerngross
et al. [38]. Cellulosomes are bound to the cell surface
during early log phase of growth and are released into the
medium during late log phase. During the stationary phase,
the cellulosome complex remains attached to cellulose in
the medium [7]. Extensive work has been dedicated to the
understanding of each component, including the puriWca-
tion, cloning, expression and sequencing of each relevant
gene. Besides C. thermocellum, there are other microorgan-
isms which contain cellulosome type structures such as
Clostridium cellolovorans, Clostridium cellulolyticum,
Clostridium josui, Clostridium papyrosolvens, Clostridium
acetobutylicum, Acetovibrio cellulolyticus, Bacteroides
cellulosolvens, Ruminococcus albus, Ruminococcus Xav-
efaciens, Vibro sp., and some species of the fungal genera
Neocallimastix, Piromyces and Orpinomyces [98].

A gene, glyR3, was found to be co-transcribed in an an
operon with cellulase/hemicellulase genes celC and licA
[83]. Gene glyR3 bound speciWcally to the celC promoter
region. The binding was inhibited by laminaribiose. Protein
GlyR3 is a negative regulator of the operon. Laminaribiose
is the inducer of the operon. It is a �-1-3 linked glucose
dimer produced by breakdown of cellulose.

Researchers at the University of Georgia [32, 51] found
even larger aggregates, ca. 108 £ 106 Da which they called
“polycellulosomes”. Protuberances covering the surface of
the cell are packed with polycellulosomes, each protuber-
ance containing several hundred cellulosomes [65]. When
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cells are grown on cellobiose, cellulosome complexes are
packed into such discrete exocellular structures. When
grown on cellulose, these polycellulosome-containing
organelles (protuberances of diameter 60–200 nm) undergo
extensive structural modiWcation [3]. After attachment to
the insoluble substrate, the protuberances rapidly aggregate
into “contact corridors” which physically mediate between
the cellulosome, which is attached to the cellulose, and the
bacterial cell surface. The proteins of the cellulosome are
arranged in a highly ordered chain-like array [78]. The cel-
lulose-bound cellulosome clusters appear to be the sites of
active cellulolysis and the products may be channeled down
the Wbrous structures to the cell.

Biobutanol

Other clostridia produce acetate, lactate, acetone, ethanol
and butanol. Butanol has 1/3 higher energy density (36 vs.
27 kJ/g) than ethanol. Also, butanol use in cars does not
require engine modiWcation until it reaches 40% of total
fuel; ethanol requires it at concentrations of over 15%. At
one time, the acetone–butanol–ethanol (ABE) fermentation
was used commercially to produce the solvents acetone and
butanol, but the fermentation was replaced by less expen-
sive chemical procedures. Today, there is renewed interest
in this fermentation to produce biobutanol.

Application of gas stripping during fed batch fermenta-
tion of liqueWed corn starch allowed higher production of
acetone, butanol and ethanol (ABE) by C. beijerinkii [30].
In a batch process, only 18 g/l ABE was produced. With
gas stripping and fed batch fermentation, 81 g/l was pro-
duced from 225 g/l sugar in the substrate. Of this 81 g/l,
butanol was at 56 g/l, acetone at 24 g/l and ethanol at 1 g/l.

Biodiesel

Whereas gasoline contains hydrocarbons of 4–12 carbon
atoms, diesel (=petrodiesel) is made of alkanes and aro-
matic hydrocarbons, C10–C15 in length (some sources say
C9–C23) whereas biodiesel contains alkyl fatty esters (fatty
acids with alkyl chains of 16–24 carbon atoms). Biodiesel
is made by chemically trans-esterifying vegetable oils or
animal fats from excess soybean oil or restaurant grease
with an alcohol, usually methanol, to make monoalkyl
(ethyl or methyl) esters [77]. The process is known as alco-
holysis. Worldwide biodiesel production between 2004 and
2007 quintupled to 2.4 billion gallons [102]. It can be used
as a fuel for vehicles in its pure form, but it is generally
used as a petroleum diesel additive to reduce levels of par-
ticulates, carbon monoxide, hydrocarbons and air toxics
from diesel-powered vehicles. It can be blended with diesel

up to 20% (“B20”). It is about 90% as eVective as diesel.
Like diesel, it can be used in unmodiWed engines but only
200 million gallons were made in the USA in 2006 which is
only a minor amount as compared to the 65 billion gallons
of diesel used in 2007 in the USA. However, this can be
compared to only 30 million gallons made in 2004 and 75
million gallons in 2005. 300 million gallons were expected
to be made in 2007. There is not enough soy oil around to
make diesel at high levels. Thus, biodiesel using microbio-
logically produced fats and oils will be important. Similar
to bioethanol, biodiesel can help reduce greenhouse gas
emissions since the organisms that produce it remove CO2

from the atmosphere as a part of their natural metabolism.
Glycerol is a waste product of the biodiesel process,

which if converted into a useful product, would make the
biodiesel process much more economical [118]. Such prod-
ucts might be PDO (1,3-propane-diol), butanol, ethanol,
propionic acid (42 g/l) and succinic acid (19 g/l).

Biodiesel from the photosynthetic microalgae and cyano-
bacteria which grow on CO2 has great potential as a biofuel
[16]. Some microalgae have as much as 80% of their
dry weight as oils. In contrast, current crops used for bio-
diesel, e.g., soy bean and oil palm, possess only 5% of their
biomass as oils. Thus, these organisms are being seriously
considered as a substitute for plant oils to make biodiesel.
Such biomass can have a very high (30–80%) lipid content.
They grow rapidly and can produce 7,000 gallons of bio-
diesel per acre per year. Growth will be in small photobior-
eactor ponds allowing light penetration and temperature
control. Land area requirements will be lowered if algae
substitute for vegetable oils. Fermentation alcohols (etha-
nol, propanol or butanol) can be used instead of methanol.
Chlorella pyrenoidosa is known to produce up to 70% of its
biomass as extractable lipid [17]. Other algae produce from
25 to 54% lipid.

Some oleaginous molds, yeasts and bacteria produce a
high content of lipids as storage compounds [93]. The
molds include Mucor circinelloides (27% of dry weight),
Crythecodinium cohnii (30%), Mortierella alpina (50%)
and Thraustchytrium aureum (80%). M. alpina is used
commercially to produce the polyunsaturated fatty acid ara-
chidonic acid. The procedure used allows the organisms to
run out of nitrogen in the medium by using a high C:N
ratio. A crucial enzyme for lipid accumulation is ATP:cit-
rate lyase (ACL) but it is diYcult to clone this enzyme into
fungi. Cloning it into plants increased lipid accumulation
but only by 16%. Also important appears to be malic
enzyme (ME) which supplies NADPH for acetate conden-
sation into the growing fatty acyl chain. Other important
molds are Mortierella vinacea (66% of dry weight),
Mucor circinelloides (65%), Penicillium spinulosum (64%),
Aspergillus terreus (57%), Penicillium lilacinum (56%),
Aspergillus nidulans (51%), Chaetomium globosum (54%),
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Fusarium sp. (52%), Fusarium bulbigenum (50%), Mucor
mucido (51%), Aspergillus ochraceus (48%) and Pythium
ultimum (48%) [91]. Over 75 species of molds producing
from 23 to 66% lipid are listed by Ratledge [92].

The yeast Lipomyces starkeyi is also important in lipid
accumulation. In a fed-batch process, after ammonium, zinc
or ferrous ion became deWcient, it produced 83 g/l of lipids
in 153 g/l cells. Other yeasts which are good lipid produc-
ers are Rhodotorula gracilis (74% of dry weight), Crypto-
coccus terricolus (renamed Cryptococcus albidus var.
albidus) (68%), Lipomyces tetrasporus (64%), Candida
curvata (60%), Endomyces vernalis (renamed Trichsporon
pullulans) (57%), Rhodotorula glutinus var. glutinus
(58%), Geotrichum candidum (50%), Lipomyces lipofer
(49%), and Candida 107 (possibly Candida humicola)
(44%) [91, 92].

The bacterium Arthrobacter sp. produces up to 80% of
its dry weight as lipid [92]. Genetically modiWed bacteria
can produce biodiesel from plant materials. Kalscheuer
et al. [57] modiWed E. coli by incorporating genes from
other bacteria, two from Z. mobilis allowing alcohol pro-
duction from glucose, and a third gene from Acinetobacter
bavlvi to combine the alcohol with the plant oils (from olive
oil). What was made was a fatty acid diesel substitute
which they called microdiesel.

Other biofuels

Some scientists are developing E. coli strains which pro-
duce short chain alcohols from intermediates of amino acid
biosynthesis [2] via 2-keto acid decarboxylases and
alcohol dehydrogenases. These include isobutanol (from
2-ketoisovalerate in valine biosynthesis), 3-methyl-1-butanol
(from 2-keto 4-methyl pentanoate in leucine biosynthesis),
1-butanol (from 2-ketovalerate in norvaline biosunthesis),
1-propanol and 2-methyl-1-butanol (from 2-ketobutyrate
and from 2-keto-3-methyl valerate respectively in isoleu-
cine biosynthesis), and 2-phenylethanol (from phenylpyru-
vate in phenylalanine biosynthesis [58]. The beneWt of
these branched chain higher alcohols is their higher energy
density and lower hygroscopicity as compared to ethanol.
They are also less volatile. The LS9 company aims to trans-
form E. coli fatty acids into speciWc hydrocarbon fuels [102].

Commercial developments

Since 2006, many biotechnology companies have been
established in the area of biofuels either alone or with com-
panies of the petroleum and chemical industries. Even
before 2004, Iogen (a Canadian enzyme company) had built
a demonstration plant in Ottawa in 2004 with backing from

Shell and Petro-Canada. A new plant in Germany was
planned by Iogen, Shell and VW. New partnerships in the
bioethanol Weld include (1) Cellunol and Diversa, (2) BP,
UC Berkeley, University of Illinois and Lawrence Berkeley
National Laboratory, (3) Mascoma and Genencor, (4) Cod-
exis and Shell, (5) Iowa State and Broin, (6) DuPont and
Genecor International, (7) Dupont and BP, (8) Chevron and
Weyerheuser, and others. At present, there are 137 US
plants with capacity to convert over 2 million bushels of
corn into 7.6 billion gallons of ethanol. Corn to ethanol
eVorts have received a tax credit of $0.54 per gallon. In
addition, there are 62 plants being built and another eight
under expansion.

In late 2007, 165 companies were producing biodiesel in
the USA and 85 plants were under construction. ADM is
the leading producer of biodiesel. Dow Haltermann Custom
Processing (DHCP; part of Dow Chemical) is also a pro-
ducer. UOP and ENI (Rome) use hydrogen and vegetable
oil to produce a high cetane biodiesel fuel.

US government initiatives

In 2005, the US Congress mandated that 7.5 billion gallons
of ethanol and biodiesel be produced per year by 2012.
Also, the US Department of Agriculture oVered $188 mil-
lion in loan guarantees and grants for renewable energy and
energy eYciency eVorts [82]. Congress in 2007 mandated
that by 2022 there will be 36 billion gallons of ethanol pro-
duced with 44% of it from cellulosic biomass. In 2007,
DOE allocated over $1 billion to biofuels as follows: six
commercial scale bioreWneries ($385 million), development
of pilot scale tests of cellulosic reWning processes ($200
million), construction of three bioenergy R&D centers
($400 million), research to develop eYcient microbes to
convert biomass to ethanol ($23 million), plus four projects
on gasiWcation processes to convert grasses, corn stover and
other plant materials to biofuels. Industrial contributions
were expected to bring the total to over $2 billion. The
three research centers are to be established at Oak Ridge
National Laboratory, University of Wisconsin, and Law-
rence Berkeley National Laboratory in California. The
commercial plants will be constructed in Kansas by Abengoa,
in Idaho by Iogen, in Iowa by Poet, in Georgia by Range
Fuels, in Florida by Alica, and in Southern California by
BlueFire Ethanol.

Final comments

We have been in a troubled energy situation since the
1970s. About the only positive events that occurred soon
thereafter was the production of bioethanol from corn in the
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USA and from sugar cane in Brazil in the 1980s. However,
at least in the USA, we have essentially “run out” of corn
and something new has to be done. A tremendous amount
of lignocellulosic biomass is available here and elsewhere
on farms and in the forests. Later, even municipal waste can
come into the picture as a source of feedstock for biofuels
production. The biological products of the future include
bioethanol, biobutanol, biodiesel, other short chain alco-
hols, and biohydrocarbons. Additional biological possibili-
ties include biomethane, biomethanol, biohydrogen, and
microbial fuel cells, as described in a new book on bio-
energy [106]. These potential solutions will aid our drive to
energy independence, homeland security, reduction in
greenhouse gas emissions and resultant environmental
improvement, as well as providing a boost to our troubled
economy. Much of the basic microbiological and genetic
work has been done on a variety of microorganisms. What
remains is a major eVort and challenge to biochemical engi-
neering at the many new plants being built for biofuel pro-
duction. The new processes have to be scaled up and
carried out in a cost eVective way. The future of biofuels
looks very bright. It is obvious that the best is yet to come.

Acknowledgment I thank Professor Lee R. Lynd of Dartmouth
College for much advice over the years on this subject.
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