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Abstract: Governments across the world are stimulating the valorization of local biomass to secure the energy
supply, reduce the emissions of fossil CO, and support the rural economy. A first generation of fuels and chemicals
is being produced from high-value sugars and oils. Meanwhile, a second generation, based on cheaper and more
abundant lignocellulosic feedstock, is being developed. This review addresses the variety of chemistries and
technologies that are being explored to valorize lignocellulosic biomass. It shows the need to ‘deoxygenate’ the
biomass and reviews the main chemical routes for it, i.e.

e the pyrolysis to char, bio-crude or gas;

e the gasification to syngas and its subsequent conversion, e.g. to alkanes or methanol;

e the hydrolysis to sugar and their subsequent upgrading to oxygenated intermediates via chemical or
fermentation routes.

The economics of biomass conversion also needs to be considered: the current production cost of biofuels are
typically $60-120/barrel of oil equivalent. Influential factors include the cost of the biomass at the plant gate, the
conversion efficiency, the scale of the process and the value of the product (e.g. fuel, electricity or chemicals).
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Introduction o Secured access to energy: The world demand for energy
is expected to double between years 2000 and 2050. This
overnments across the world are stimulating the demand cannot be satisfied by crude oil, natural gas,
utilization of renewable energies and resources such coal and nuclear energy combined. By its reliance on oil
as solar, wind, hydroelectricity and biomass. Three and gas, the world economy is becoming very dependent
major forces are driving them:! on a limited number of exporting countries. Renewable
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energies will therefore have to play an increasing role in
securing energy throughout the century.

o Threat of climate change: Efforts to reduce the consump-
tion of fossil fuel and capture and sequester the CO,
will help to reduce CO, emissions in the short term. For
the long term, however, CO,-neutral energy sources are
needed.

o Develop/maintain agricultural activities: Agricultural
economies could be supported by promoting the exploi-
tation of local (bio)resources for food, energy and

material.

Interestingly, each of these major drivers also represents one
of the three dimensions of sustainability, namely Profita-
bility (affordable energy), Planet (climate change) and People
(social stability).

Current use of fossil fuels is split with about three-quar-
ters for heat and power generation, about one-quarter for
transportation fuel, and just a few percent for chemicals
and materials.” The heat and power sector can be supplied
with a variety of renewable sources, namely wind, solar,
hydropower and biomass. The transportation sector has a
much more limited choice, however. At this time, biomass
is the only resource that can provide renewable liquid fuels.
Beyond the transportation sector, biomass is also a prom-
ising feedstock for the chemical industry.

A first generation of fuels and chemicals is presently
produced from sugars, starches and vegetable oils. While
instrumental in growing the market, these biofuels are not
long-term solutions. First, they compete with food for their
feedstock and/or fertile land and are already affecting the
price of food. Second, their potential availability is limited
by the amount of fertile soil and the yield per hectare.
Finally, the effective savings of CO, emission and fossil fuel
consumption are limited by the energy needed to grow the
crop and convert it to biofuel. In the case of corn ethanol,
60-75% of the energy content of ethanol is consumed during
its production,’™ 20-25% to grow and harvest the corn and
40-50% to convert it to ethanol.” The latter contribution can
be reduced very significantly by using the crop residue as
process fuel.

Ways to overcome these three limitations are sought in the

utilization of lignocellulosic materials, such as residues from
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agriculture and forestry or energy crops. Lignocellulose

can be grown in combination with food (e.g. as crop residue)
or on non-agricultural lands. The world production

(3-5 Gt/year) of these residues could provide 50-85 E]J/year

of energy,>®’

which represents 10-20% of today’s world
energy demand. The net savings in energy and CO, emis-
sion are increased by requiring less fertilizer (i.e. less fossil
fuels to produce them), fixing CO, in the soil (e.g. perennial
energy crops) and providing the process fuel as well.
Lignocellulose is much more difficult to convert than
sugars, starches and oils. Lignocellulose is the fibrous mate-
rial that forms the cell walls of the plants ‘architecture’. It

consists of three major components:"**?

« Cellulose, which consists of high molecular weight poly-
mers of glucose that are held rigidly together as bundles
of fibres to provide material strength. The cellulose typi-
cally accounts for some 40 wt% of the lignocellulose.

o Hemicellulose, which consists of shorter polymers of
various sugars that glue the cellulose bundles together. It
usually accounts for some 25 wt% of the lignocellulose.

o Lignin, which consists of a tri-dimensional polymer of
propyl-phenol that is imbedded in and bound to the
hemicellulose. It provides rigidity to the structure. It

accounts for some 20 wt% of the lignocellulose.

Of course, the lignocellulose also contains a variety of minor
components such as proteins, terpenic oils, fatty acids/esters
and inorganic materials (mainly based on N, P and K).
Obviously, the structure of lignocellulose is totally
different from that of present fuels and chemicals. It needs
to be depolymerized and deoxygenated to be suitable for
these applications. Deoxygenation is particularly important
in the case of fuels as the presence of oxygen reduces the
heat content of the molecules and usually gives them high
polarity, which hinders blending with present fuels. Full
deoxygenation is not always necessary, however, as small
amounts of oxygen may provide power or reduce soot forma-
tion. Chemical applications may require much less deoxy-
genation, however, because the presence of oxygen often
provides valuable physical and chemicals properties to the
product. Deoxygenation can proceed via two main routes,

namely the elimination of H,O and/or the elimination of
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CO,."" Interestingly, ideal deoxygenation reactions can
proceed with >95% energy efficiency: the reaction products

contain >95% of the (lower) heating value of the reactant.'
Chemistry and processes

A variety of chemistries and processes can be applied to
convert lignocellulosic materials to valuable fuels and
chemicals.>"! For instance, thermal reactions are exploited
in the pyrolysis of biomass to charcoal, oil and/or gases and
its gasification to synthesis gas and/or hydrogen. All these
products can be used without further processing to provide
heat or power. Moreover, the synthesis gas and, in some
cases, the pyrolysis oil can also be converted to high-quality
liquid fuels. Alternatively, lignocellulose can also be hydro-
lysed to liberate the lignin and depolymerize the polysac-
charides to sugars. The sugars can subsequently be converted
to a variety of fuel and chemical components via chemical
or biological routes. All these conversions involve complex
reactions of the carbohydrate, the lignin and, eventually,
between carbohydrates and lignin. In this short review,
these processes will be discussed, limited to the reactions of
the main constituent, i.e. the carbohydrates. The chemistry
of lignin conversion will not be considered here. Obvi-
ously, lignocellulose and lignin-rich process residues can be
burned directly to provide heat, power or steam; however,
the related chemistry and technologies is not part of this

review.
Pyrolysis

Chemistry

Pyrolysis has a long history in the upgrading of biomass. The
dry distillation of hardwood was applied in the early 1990s
to produce organic intermediates (methanol and acetic acid),
charcoal and fuel gas.® Today’s processes can be tuned to
form char, oil and/or gas, depending on the temperature

and reaction time, from ~300°C and hours, to 400-500°C
and minutes or seconds, on to >700°C and fractions of a
second.® "1 The process is typically carried out under an
inert atmosphere. The basic chemistry of pyrolysis will be
illustrated by focusing on the conversion of carbohydrate

components (Fig. 1).
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Figure 1. Pyrolysis of biomass.

When heated at low temperatures (<200°C) for extended
reaction times (hours), the carbohydrate polymers partially
depolymerize to short chains of some 200 sugar units.'>!*
Upon heating at higher temperatures (~300°C), however,
the depolymerization is accompanied by slow dehydration
to unsaturated species, which can undergo subsequent reac-
tions to form unsaturated polymers and, eventually, char."*
When heated at higher temperatures, the depolymerization
reactions can be pushed to the point of liberating volatile
species, which can again lead to the formation of tars if they
are efficiently removed from the medium. At even higher
temperatures, extensive C—C bond breaking occurs, which
leads to the formation of various C,_, oxygenates and,
beyond 700°C, to a mixed gas of moderate heating value,
namely to a mixture of CO, CO,, H, and CH,.

Product applications

The char produced by pyrolysis is typically light and porous.
It has a high energy content (~30 GJ/t), which makes it a
valuable fuel for industrial and consumer applications. The
gases have a moderate energy content, and can be used for
generating heat or electricity.

The pyrolysis oil is a very complex and multiphase mixture
of low and high molecular weight components, including
water (~25%), a variety of organic oxygenates and polymeric
carbohydrate and lignin fragments."® Pyrolysis oil is, there-
fore, unstable, highly acidic, partly water-soluble and has a
low energy content (~17 GJ/t). It is therefore a low-quality

fuel. It can be used for generating heat or power.
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To be used as transportation fuel, however, the pyrolysis oil
needs further upgrading, e.g. by means of hydro-or cata-
lytic cracking.” ‘BioCoup’, a European consortium of 17
research laboratories, including Shell’s, has been put in place
to develop technologies for co-processing biobased liquids,

such as pyrolysis oil, in standard refinery units.

Processes and alternative developments

A variety of pyrolysis processes has been reported in the
literature. The designs usually aim at satisfying three
criteria: (1) a high temperature to enable cracking and
decomposition reactions; (2) a large heat supply to drive
them; and (3) a short residence time to minimize the
condensation of volatile products.

The pyrolysis can also be carried out in a variety of liquid
and/or gas media that function as heat carrier, dispersing
medium and/or reactive medium. For instance, pyrolysis can
be performed in an aqueous medium at high temperature
and pressure, as applied in the HydroThermal Upgrading
(HTU) process, which was developed in the Shell labora-
tories in the 1980s.'® The aqueous-phase pyrolysis can also
be assisted by catalysts (e.g. Na,COj3) and reactive gases
(e.g. synthesis gas), as in the case of the Pittsburgh Energy
Research Center (PERC) process.>!” Supercritical solvents
can be applied as reactive dispersing medium at milder
temperatures and high pressures, i.e. 200-350°C and >100

bar 7,18-20

Gasification

Chemistry

As discussed above, the pyrolysis of biomass results in the
formation of synthesis gas, a valuable mixture of CO and H,.
The formation of synthesis gas is endothermic and proceeds
best at high temperature (>1000°C). This is conveniently
achieved by co-feeding some oxygen to burn about 25% of

the feed in the reaction:

C¢(H,0)6+3/20,—>6 CO+3H,+3H,0
(energy efficiency = 95% LHV) (1)

(LHV: low heating value released by burning a fuel to

CO, and H,0 vapour, without steam condensation.) The
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resulting synthesis gas can subsequently be converted to
methanol or dimethyl ether or be ‘polymerized’ to a mixture
of hydrocarbons via Fischer-Tropsch synthesis according to

the overall reactions equations:*" >

C4(H20)¢ + 3/2 O, — 3 CH;0H + 3 CO,
(energy efficiency = 75% LHV) )

Cs(H20)4 + 3/2 O, — 3/2 CH;0CH,;
+3/2H,0+3CO,
(energy efficiency = 78% LHV) (3)

Ce(H,0)s + 3/2 Oy — 3/n - [CH, .-
+3H,0+3CO,
(energy efficiency =72% LHV)  (4)

These simple and fairly ideal equations reveal that the
conversion of sugars to alkanes or methanol proceeds at
best with carbon and energy efficiencies of 50% C or ~75%
LHV. Any yield loss in the gasification of the conversion step
results in a further drop in efficiency. Of course, synthesis
gas can also be used as a source of hydrogen for use as fuel

or for deoxygenating biobased products (e.g. pyrolysis oil).

Process

Numerous gasification processes have been proposed. They
vary in the use of air (for power generation) or pure oxygen
(for methanol or Fischer-Tropsch synthesis), the reactor
design and the removal of contaminants (e.g. tars, ash and
inorganic volatile components, such as NH; and HCI) from
the synthesis gas.>'? Similarly, several conversion loops have
been proposed to convert the synthesis gas to methanol

or alkanes. Important design elements include the adjust-
ment of the H,/CO ratio of the synthesis gas and the reactor
design.**

A process design, based on CHOREN’s gasification
technology® and Shell’s Fischer-Tropsch technology,** is
currently being demonstrated at 15 kt/a scale in Germany:. It
consists of a pyrolysis reactor followed by an O,-fed gasifer.
The resulting synthesis gas is then cooled, cleaned, ‘shifted’
to the desired H,/CO ratio and introduced into the Fischer-

Tropsch reactor for conversion to high-quality alkanes.
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Hydrolysis and sugar conversion

Chemistry of hydrolysis

Biomass does not necessarily require the severe conditions
applied during pyrolysis or gasification to be converted.
Polysaccharides and lignin are bound through reactive ether
links, i.e. ketal and aryl-ether links, that are prone to hydrol-
ysis. Indeed, the lignin and hemicellulose readily hydrolyses
at mild temperatures (<150°C) in the presence of acids or
bases. The crystalline structure of the cellulose hinders
catalyst access to the ether links. More severe conditions are
therefore required for full depolymerization.

In the presence of excess water, the polysaccharides can
be hydrolysed to liberate the individual sugars together
with their isomers and oligomers (Fig. 2). This hydrolysis
reaction is catalysed by acids and bases. At a given tempera-
ture, consecutive decomposition reactions take place,
leading to furan species, such as furfural and hydroxymetyl
furfural, which easily condense to tars, or to levulinic
acid and formic acid.> 272* All these reactions contribute
to lowering the yield in sugars during hydrolysis. More-
over, several degradation products, such as furfural and
hydroxymethyl furfural, are inhibitors for downstream

fermentation.
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Chemical conversion of sugars

The hydrolysis reaction can be geared to produce sugar
mixtures, which are subsequently converted to a variety
of derivatives through chemical or biological conversion.
The fermentation of sugars is discussed in the following
subsubsection. Chemical technologies also offer a large
variety of possibilities to upgrade the sugars. Sugars can
be hydrogenated to Cs_g polyols (or sugar alcohols) such as
xylitol, mannitol and sorbitol,>** hydrogenolysed to C,_3

29,30

glycols,”>”" or further upgraded via oxidation or halogena-
tion reactions.® Sugars can be used for detergent manufac-
ture or converted to N-heterocyclic components, pyrones
and aromatics.”’

Alternatively, the hydrolysis can be geared towards
the direct production of derivatives, such as furfural,
hydroxymethyl furfural and/or levulinic acid. These deriva-
tives can be further converted to a variety of chemical inter-

mediates'8,25—28,32

Fermentation of sugars

Lifeforms have developed eflicient metabolisms to oxidize
sugars back to H,O and CO, to provide the energy required
for organism growth. In the absence of oxygen, however,

organisms have developed alternative metabolisms that stop

1] /
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-3H,0 \\(17///
—

[HY] \
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Figure 2. Biomass hydrolysis in acidic and basic medium.
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at less oxidized stages and, thereby, deliver less energy. This
is the case for baker’s yeast, which stops its metabolism at
ethanol.

The conversion of glucose (Fig. 3) proceeds via pyruvic
acid and acetaldehyde (bound to the coenzyme-A) to
ethanol. The overall reaction delivers therefore two mole-
cules of ethanol and two molecules of CO, for every glucose
unit. The metabolic pathways can be diverted to other
products, however (Fig. 3). For instance, the pyruvic acid
intermediate can be rehydrogenated to lactic acid, which is
the building block for Cargill’s polylactate polymer.*® Alter-
natively, the acetaldehyde intermediates can be oxidized to
acetic acid and CO,/CH,4 by methanogenic organisms, which
is the biogas that emanates from dormant waters or waste
landfills.’

Process and recent developments

The older hydrolysis processes applied concentrated inor-
ganic acids such as H,SO, and mild temperature
(100-120°C) to minimize the undesired consecutive reac-
tions.** The recovery and reconcentration of the acid catalyst
turned out to be difficult and expensive. Modern processes
are therefore based on diluted acid operating at higher
temperatures (180-220°C) or on cocktails of enzymes oper-
ating at mild temperature.** The cellulose enzymes are much
bulkier than homogeneous acids or bases, however. They

therefore encounter difficulties in properly reaching and

CH,
A
+C02 E
-2 HZO/):\\
OH e
HO
o 2H, o\ OH
HO OH 0
OH
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hydrolysing the hemicellulose and the lignin. Mechanical
and chemical pre-treatments are usually required to open up
the structure of the lignocellulose to enable the enzymes to
hydrolyse its constituents.**

Other processes target selective hydrolysis of the lignocel-
lulose to extract the lignin and hemicellulose constituents
and produce a clean cellulosic residue, e.g. for the paper
industry. The Kraft pulping process is the most broadly
applied one.” However, a variety of organic solvents is being
investigated as well; for instance mixtures of formic and/or

1%° or solutions of ethanol/water

acetic acid with aqueous HC
with diluted H,S0,.%° The resulting pulp and/or sugar solu-
tion can then be applied for fermentation to ethanol after
neutralization and purification.

An example of combined hydrolysis and fermentation is
the process developed by Iogen to convert lignocellulosic
materials, such as wheat straw, to ethanol.”” The straw is
chopped and milled prior to a ‘steam-explosion’ pre-treat-
ment to open up the cellulosic structure. The resulting
pulp is subsequently impregnated by a specific enzymatic
solution to hydrolyse the lignocellulose. Lignin is precipi-
tated and used to generate electricity to supply the plant.
The lignin-free liquor is then fermented to ethanol using a
microorganism that ferments the glucose as well as the C;
xylose. Shell has taken a minority share in Iogen Biorefinery
to demonstrate the technology through a 54 kt/a plant to be
constructed at Shelley, Idaho.

(0] -2CO,
2 —> 2CH,
OH
\\\\\ +2H,0
.- 2H,
-2 CO, o +2H, OH
— 2 _// — 2 _ /

Figure 3. Biomass fermentation.
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Shell is also exploring new fermentation routes to biofuels
via a partnership with Codexis, an American gene reshuf-
fling company, and active participation in the Dutch

biotechnology consortium B-BASIC.
Economics

Numerous studies have discussed the economics of biomass
conversion processes over the last 20-30 years. Some these
studies have been revisited and compiled using a single base
and a single set of assumptions.! For this purpose, the manu-
facturing costs have been split into two major contributions,
namely the feed and the processing costs. The former covers
the cost of purchasing the feedstock. The latter covers the
cost of installing and running the manufacturing plants,

i.e. the cost of the plant, the labour as well as the energy and
chemicals consumed. The economics of the various tech-
nologies can then be visualized by plotting the processing
cost against the feed of the various process alternatives, as
done in Fig. 4. The diagonal ‘eco-cost’ lines represent overall
manufacturing cost.

Figure 4 displays processes that produce transportation
fuels from bio and fossil feedstock, i.e. from lignocellulose,
starch and vegetable oil as well as from crude oil and natural
gas. It shows that the cost of oil refining is dominated by
feed cost whereas the costs of gas conversion (e.g. MeOH or
Fischer-Tropsch synthesis) are dominated by technology.
Similarly, biofuels derived from vegetable oils are dictated

by feed cost whereas those derived from lignocellulose
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Figure 4. Feed and processing cost of transportation fuels derived
from lignocellulose and fossil resources (the biofuel plants are set at

400 MW intake, which corresponds to ~680 kt/a of lignocellulose).
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are dominated by technology. The economics of biofuels
derived from starch and sugars is intermediate to these two
extremes. There is obviously a trade-off between feedstock
cost and plant cost. Feedstocks, such as vegetable oil, may

be expensive ($13-18/GJ or $500-700/t) but they are easy to
convert. Others like lignocellulose may be cheap ($2-4/GJ or
$34-70/t dry) but are very difficult to convert.

The diagonal lines also indicate that production of biofuels
typically cost $15-25/GJ, which exceeds the $5-15/GJ of
fossil fuels. Biofuels appear to be competitive with oil
refining only at high oil prices, say $50-75/bbl.

Despites the high processing costs, the cost of the biomass
conversion plants reported in the literature appeared to
follow the same general laws as those of chemical and fuel

%39 irrespective of the technology applied, the plant

plants:
cost of biofuel plants correlates with the overall energy loss
of the plant exactly as do other chemical and fuel plants.' Tt
is then not surprising to see the cost of biomass conversion
plants decreasing with increasing energy efliciency, after
recalculation to a single plant size of 400 MW intake
(i.e. ~680 kt/a lignocellulose) (Fig. 5).

Based on the analysis presented above, it is imperative
to reduce the processing cost of lignocellulosic feedstock.
Improvements could be sought in the overall energy
demand of the plant. One could, for instance, look at the
handling and pre-treatment of solid feedstock, which
require heavy and energy-consuming equipments. The puri-
fication of the product can also be energy- and capital-inten-

sive. For instance, hydrolysis and fermentation
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Figure 5. Capital cost of biomass conversion plants (400 MW intake,

25% capital charge, $2005").
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technologies often result in a product that is highly diluted
in water and requires expensive recovery by distillation or
extraction.

Equally important is to increase the scale of the process as
much as possible. The contribution of the plant cost to the
overall manufacturing cost is known to decrease by 20-25%
for a two-fold increase in plant size. However, the scale of
biofuel plants might not be limited by technology but rather
by the amount of feedstock that can be collected within a
reasonable radius and transported to the plant at reasonable
cost. In fact the intake of 400 MW (or ~680 kt/a of lignocel-
lulose) assumed here requires a fairly large collection area of
some 6000 km?, as discussed by Hettenhaus.*’

The analysis here was limited to the manufacture of
finished biofuels. The economics of converting the biomass
to biocrude, electricity or chemicals was omitted for the sake
of simplicity but is discussed elsewhere.! Accordingly,
biocrude may compete with fuel oil at an oil price
of $50-80/bbl, biofuel may compete with gasoline and
diesel at $70-110/bbl, and green-electricity is affordable at
$80-100/bbl oil.

In contrast to fuels and power, the conversion to chemicals
cannot be expressed with a general break-even oil price. It
is, however, important to notice that chemical intermedi-
ates are promising products for biomass conversion for the

following reasons:

o Many chemical intermediates already contain some
oxygen and, thus, would require only partial deoxygena-
tion of the biomass.

o They often require complex and wasteful manufacturing
processes, when starting from crude oil.*! Biomass may
offer simpler and/or cleaner manufacturing routes.

o They are typically >10 times as valuable as fuels, on
a carbon base, which leaves more economic room to
manufacture them from biomass.

o They are produced at a scale that is close to that of

biomass conversion plants.

Obviously, manufacturing plants could combine the
production of fuels and chemicals, including high-value
specialties that are extractable from the feedstock, to

improve profitability.

Review: Lignocellulose conversion

These various reasons explain why numerous research
groups are exploring the conversion of biomass to chemical

intermediates.
Summary and conclusions

Lignocellulose biomass is a mixture of phenolic lignin and
carbohydrates — cellulose and hemicellulose. It is growing
abundantly on earth and is largely available as agricultural
and forestry residues.

Lignocellulose can be converted via three major routes:

o pyrolysis to a complex and unstable oil with some gas
and char;

 gasification and subsequent conversion to electricity or to
liquid products, such as alkanes or methanol;

o hydrolysis to sugars with subsequent transformation to
fuels and chemicals via chemical conversion or

fermentation.

Obviously, these routes can also be combined. For
instance, lignin-rich residues from hydrolysis can be
converted to fuels by means of pyrolysis or gasification.

Lignocellulose conversion processes are still expensive
today, being competitive at crude oil prices between $50 and
$100/bbl. Lignocellulose might be a fairly cheap feedstock,
cheaper than crude oil. However its conversion requires
large investments. Cost reduction is imperative for lignocel-
lulose to play a role as feedstock for fuel and chemicals. It
will require simpler and less energy-demanding processes,
improved infrastructure for collecting the biomass over a
large area and improved agricultural and forestry practices
that provide residual biomass in significant amounts without
deteriorating the soil over the long term. Cost reduction will
not rely only on technological breakthrough. It will also be
achieved by continuous incremental improvements as the
technologies are deployed and mature.

The conversion of lignocellulose to energy, fuels and
chemicals is attracting much interest throughout the world.
There is much political support for utilizing it for biofuels.
This is clearly illustrated by the $385 million that the US
Department of Energy has recently reserved for co-funding

six cellulosic ethanol plants. Utilization of lignocellulose

46 © 2007 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 1:39-48 (2007); DOI: 10.1002/bbb



Review: Lignocellulose conversion

for energy and chemicals would be more sensible, however.
Compared to biofuels, direct combustion of lignocellulose

makes more efficient use of its energy content, whereas its

conversion to chemicals could make more efficient use of its

mass or atoms.
Shell is present and active in numerous biofuel areas.

It is stimulating the biofuel market by being the world’s

biggest trader in first-generation biofuels, i.e. bioethanol and

biodiesel. For instance, it sold more than 3 billion litres of

biofuels in 2005. Shell is also exploring and developing tech-

nologies for manufacturing second-generation (cellulosic)
biofuels through partnership and independent research.

Shell’s partnerships are aiming at

o upgrading pyrolysis oil to transportation fuel within the
‘BioCoup’ consortium;

o producing diesel via gasification and Fischer-Tropsch
synthesis with CHOREN;

o producing cellulosic ethanol with Iogen;

o exploring new biotechnologies for biofuels with Codexis
and within the ‘B-BASIC’ consortium.
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