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chemicals from glucose. Biodegradable materials such as polylactic acid,
polypropylene terephthalate (3GT), and polyhydroxy alkanoate are also being
produced in industrial scale from fermentation of glucose, by genetically
engineered microorganisms. In future, plant biotechnology, including plant
genomics and breeding, will contribute extensively towards the development
of biorefinery via production of modified and tailored biomass for fuels and

chemicals. - :
The next few, decades will determine if the marriage between planet earth
and biorefinery can be realized, based on major changes in the energy and
chemicals scenario. An exciting relationship has begun.

1. INTRODUCTION
Planet earth and biorefinery — is this marriage made in heaven? An
exciting journey to divorce from earth’s addiction to oil has begun, but
will it last? Oil has served planet earth very well for over 50 years, in
the form of affordable energy, and petrochemical feedstock for chemical
industries. World demand for oil in 2007 was 85.9 million barrels a day
(US alone consumed about 21 million barrels of oil a day, bulk of it
- going to the transportation sector, Workshop, 2007; National Agricultural
Biotechnology Council Report, 2007), and is expected to reach 117.6
* million barrels a day by 2030. This projection is in spite of the current
A price, and the negative impact oil has on greenhouse gas emission (GHG)
and global climate change. While most of oil (~97%) goes directly into
energy, ~3% of oil-derived chemical feedstocks support $1.3 trillion dollars
output from chemical industries in the form of materials, polymers,
commodity and differentiated chemicals. These platform chemicals include
ethylene, propylene, propylene oxide, butadiene, and aromatics such
as benzene and phenol. Recent fluctuations in oil price to the tune of
$16-140 per barrel, coupled with security issues (US spends about $50
‘billion per year to protect oil supply lines, in oil exporting countries,
has raised global concern on world’s dependency on oil. In contrast,
cost of agricultural commodities such as cornstarch and vegetable oil
ybean oil) have become favorable for production of ethanol and
diese] for transportation needs. At the present time, cornstarch is
0/bushel (down from a high of $ 7.50) and soybean oil is $8.40/
hel (down from a high of $ 30). Thus, ethanol from starch (and
garcane), offers an immediate solution, while ethanol and other biofuels
m biomass offers a long-term alternative to reduce dependency on
In addition to the renewable nature of agricultural feedstock,
starch-based ethanol alone is expected to reduce GHG emission by
about 19% compared to petrol, based on full life cycle analysis (The
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USDOE position on biofuels).

Department of Energy (USDOE)

transportation fuel with biofuels ’ i i erived
from (ligno-) cellulose (biomass). Additionally, USDOE has also set 3
goal of replacing 25% of industrial organic chemicals with biomass.
derived chemicals by 2025.

USDOE goal on biofuels has already resulted in a big surge in Ug
ethanol production, which is expected to hit about 8 billion gallons in

billion gallons this year,
(Wall Street Journal, 2008). Most of world’s ethanol is based on cornstarch
(US) and sugarcane (Brazil), and this is expected to continue over the

y had a positive
impact on US fuel price to the extent of 5-9%. Cellulosic ethanol is further
expected to stabilize gasoline price 25-50% lower than current oil-based

to one eighth GHG emission
rekh, 2008). It is important to

in 2008) and biodiesel (from
soybean oil, about 500 million gallons in 2007). Cost of 10% and 85%
blend of bioethanol with gasoline is the lowest in the State of Towa.

2. BIOETHANOL PRODUCTION

Bioethanol production will see considerable improvement in the coming
years, at every step of the entire valuye chain. Major steps in ethanol
production starting from plant breeding, and the potential positive impact
at each step, is shown in Figure 1. Corn will continue to dominate

gallons in 2008 (Crosby, 2008). Marker assisted breeding will contribute
significantly to further improvement of corn hybrids, including projected
doubling of yield from 150 bushels/acre, without compromising on
environmental issues (Lambert, 2008). This is based on an average
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Fig. 1. Ethanol Value Chain: Potential For improvement at Every Step!!

yield increase of 2.5% annually from 2010 to 2030, compared with
current annual yield increase of 1.5% (Lambert, 2008). Corn is already
the best-studied crop and the diploid nature of the crop makes it
amenable to marker assisted breeding to achieve the above targets
(Crosby, 2008; Lambert, 2008). Besides grain yield, agronomical
improvements such as planting density will provide plenty of corn
stover biomass to generate at least 30% of projected cellulosic ethanol
(Crosby, 2008).

A scheme of the emerging biofuel scenario is shown in Figure 2. Almost
all of ethanol produced today is based on fermentation of sucrose or
glucose derived from sugarcane juice or cornstarch respectively, by
Saccharomyces cereviceae (yeast). Although Generation 1 (Figure 2) is a
well-known art, there is still considerable short-term opportunity to
further improve ethanol yields via: (i) Generation of hybrid corn seeds
With more hydrolysable starch (ii) Reducing the cost of enzymatic
hydrolysis of starch to fermentable sugars (iii) Engineering further ethanol-
folerance in yeast or other production organisms. Currently, Generation
L (Figure 2) supplies about 14 billion gallons of ethanol per year. Real
8ains in ethanol production will occur upon maturation of Generation
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2 and 3 technology (see Figure 2). There is considerable biomass availab]e
(estimated at 1366 million dry tons per year in US alone) that can be
effectively converted to ethanol and other by products of value. However,
some major hurdles, which are listed below, have to be overcome if
cellulosic ethanol is to achieve the target price of less than $1/gallon,

* Development of infrastructure to harvest, compress, transport, and
store biomass prior to processing in biorefineries (Rotman, 2008)

® Economical process for pretreatment of various forms of biomass
(corn stover, bagasse, wood chips, etc.), followed by separation of
carbohydrate and lignin fractions, and further hydrolysis of
carbohydrate fraction to generate fermentable sugars. Utilization of
non-sugar streams for other products is also equally important for
overall economics of cellulosic ethano] (see Figure 2). Currently, this
step is expensive, whether it is vig enzymatic &/or non-enzymatic
process. Also, there is no “integrated technology” to channel various
forms of biomass through one or two common pretreatment steps. A
good model to mimic in terms of an integrated treatment is the
human digestive system. Our body is beautifully designed to process
hundreds of different foods with varying composition, whether the
individual components are “digestible” or not. It starts with a simple
‘pretreatment’ in the mouth that is mechanical as well as enzymatic.
Subsequently, there is an integrated operation of “digestive enzymes”
and other factors under different conditions, including PH variations,
along chambers. Finally, energy and building blocks are absorbed
and put to full use for bodily functions. Likewise, an integrated process
must be developed to convert all forms of biomass to fermentable
sugars and other streams for multi-preduct generation (Rotman, 2008).
One example of a consolidated process to convert pretreated biomass
to ethanol is the “Q Microbe C3 technology”. The Q microbe, Clostridium
phytofermentans, can simultaneously decompose and ferment cellulosic
biomass to ethanol (Gorham & Parekh, 2008).

Metabolic engineering of organisms that can ferment “crude”
(separated) hydrolytic streams generated from biomass, into various
products including ethanol. Such recombinant organisms must be
tolerant to various inhibitors that are generated during the pretreatment
process and must have substantial tolerance to fuel solvents that are
generated in the fermentation tank. Currently, yeast strains are able
to tolerate 15-20% ethanol; however several other metabolically
engineered organisms such as E. col; and Clostridium, are unable to '
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tolerate more than 1-2% of the solvents generated during the
fermentation.

o Last, but not least, biofuel production from biomass must be extended
into a ‘biorefinery’ operation with co-production of a spectrum of
bio-based products (food, feed, materials, proteins and chemicals).

One of the advantages of the emerging biofuel scenario (Figure 2) is
that the fermentation and solvent recovery process (distillation or phase
separation) of Generation 1 can be back integrated into Generation 2
and 3, irrespective of the recombinant organism used. Indeed, ethanol
s the major product-focus of Generation 1-3. However, several start-up
companies in US are looking beyond ethanol, into butanol, isoprenes
and long-chain hydrocarbons (News Focus, 2008). Different organisms, \
including (heterotrophically grown) algae, are being metabolically i
engineered to produce biocrude (Figure 2). Although some of the newer ‘
fuel molecules are based on glucose or sucrose fermentation as of today, ,

[ Many organisms:
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Flg.2. HC = hydrocarbons. After fermentation, yeast is further sold as distillers | I8
dry grains for animal food, and as fertilizer pellets. |




