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This paper describes a preliminary analysis of two technological routes (based on hydrolysis and on
gasificationþ Fischer–Tropsch conversion process) of biofuels production from cellulosic materials. In
this paper it was considered the integration of the two alternative routes to a conventional distillery of
ethanol production based on fermentation of sugarcane juice. Sugarcane bagasse is the biomass
considered as input in both second-generation routes. Results show that the integration of gas-
ificationþ FT process to a conventional distillery is slightly more efficient (from an energetic point of
view) and also offers the advantage of products diversification (ethanol from the conventional plant, plus
diesel, gasoline and more surplus electricity regarding the hydrolysis route). Considering typical Brazilian
conditions, at this stage it is not possible to foresee any significant advantage of any of the alternatives,
but potentially the gasification route would have an advantage regarding avoided GHG emissions
depending on the emission factor of the electric sector in which cogeneration units will be installed.

� 2009 Published by Elsevier Ltd.
1. Introduction

Brazil has produced fuel ethanol in large-scale for more than 30
years. Recently, since the launch of flex-fuel vehicles, domestic
ethanol consumption has raised rapidly. In addition, the country
has exported ethanol in large-scale during the last 4–5 years (e.g.,
5.1 billion litres in 2008). As consequence, it is predicted that
ethanol production shall double in less than a decade. In Brazil
ethanol is produced from sugarcane; large amounts of residual
biomass (bagasse) are available at the mills, at low cost, and in the
years to come the same could happen regarding trash (leaves and
points of the sugarcane). In the region where the bulk of the
production is concentrated (in state of São Paulo), the complete
phase-out of sugarcane burning should occur by 2017.

In order to diversify the production, second-generation biofuels
have been considered. Currently, in Brazil the focus of R&D efforts
has been on the production of ethanol through hydrolysis of
sugarcane bagasse, but the production of liquid fuels through
synthesis gas (produced through biomass gasification) is also an
alternative. Ethanol production through hydrolysis and/or gasifi-
cation, using bagasse (and/or trash) as raw material, can impact the
er).
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potential of surplus electricity production. There is a tendency for
enlarging electricity production from sugarcane residual biomass
and investors believe that in short to mid-term electricity could
become a product as important as ethanol or sugar (the traditional
products of this industrial branch).

An important future issue of biofuels production is the
combined production of electricity and materials (e.g., chemicals,
pharmaceuticals). In particular, electricity production from biomass
is a key issue, mainly taking into account its potential for reducing
CO2 emissions [1].

This paper aims at developing an energy assessment of the
combined production of surplus electricity and liquid biofuels
(e.g., ethanol, gasoline and diesel) from residual sugarcane
biomass (bagasse and trash). Due to the existing infrastructure and
to the high availability of residual biomass at the mill site,
production plants based on hydrolysis – or gasification – should be
built annex to the conventional distilleries. An economic assess-
ment of the two alternative routes of biofuels production was not
developed in this paper due to the preliminary stage of technology
development.

There is limited information available at the literature about the
production of second-generation biofuels from sugarcane residues.
In this sense, the authors also aim at contributing with the analysis
of which alternative route would be more adequate for sugarcane
producer countries, and in particular for Brazil.
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Table 1
Operational parameters of the conventional ethanol plant.

Parameter Value

Steam consumption (2.5 bar)a 372 kg/tc

Electricity consumption 28 kWh/tc
Conventional consumption 12 kWh/tc
Additional consumption 16 kWh/tc

Remaining vinasse volume 33%

a Saturated steam.

Nomenclature

ASU air separation unit
CC combined cycle
FT Fischer–Tropsch
GHG greenhouse gases
GT gas turbine
HRSG heat recovery steam generator
LHV low heating value
R&D research and development
tc tonne of sugarcane
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2. Ethanol production

In recent years there is a growing interest in fuel ethanol as
a substitute for gasoline in the transport sector. The interest is due to
a combination of factors, including environmental and social,
besides energy security. Ethanol can be obtained from any raw
material containing sugar, which are classified into three main
groups: (1) sugars (e.g., sugarcane, sugar beet) that can be converted
to ethanol directly via fermentation; (2) starches (e.g., corn, wheat,
cassava), which must first be hydrolysed to fermentable sugars; and
(3) cellulose (e.g., woody material), which must likewise be con-
verted to sugars (through acid or enzymatic hydrolysis) [2].
Currently, approximately 95% of world bioethanol production
comes from sugarcane and corn. United States is worldwide the
main producer of ethanol (almost 35 billion litres in 2008) [3], being
most produced from corn. Brazil is worldwide the major producer of
ethanol from sugarcane (about 27 billion litres in 2008) [4].

Some authors (e.g., [5]) believe that in mid- to long-term
ethanol production from cellulosic material could be feasible. Many
countries are investing heavily to competitively produce ethanol
from cellulosic material, particularly United States and state
members of the European Union [2]. One of the most promising
feedstocks is short-rotation coppices and grasses because of their
high yields, low costs, suitability for production in low-quality soil,
ability to be harvested annually (and in most cases with the same
machinery as food crops), and (potentially) low environmental
impact [5].

Sugarcane bagasse has also been a prime candidate for ethanol
production via hydrolysis due to two main reasons: the cost of
bagasse is essentially its opportunity cost as fuel (e.g., in Brazil, less
than 1 Euro/GJ); and the possible use of existing mill infrastructure,
reducing required investments. Sugarcane bagasse can also be
gasified to produce synthetic diesel oil through the Fischer–Tropsch
(FT) process. In this paper a variant that allows the combined
production of diesel oil and gasoline was considered.

3. Ethanol from hydrolysis – plant considered

A sugarcane mill just producing ethanol (most mills in Brazil
produce sugar and ethanol) was considered as the reference
industrial unit. It is supposed that in Brazil a mill with crushing
capacity equal to 2 million tonnes per year will be typical in about
10–20 years. In 2025 (time horizon considered) the production yield
could reach 92.5 l per tonne of sugarcane crushed, leading to 185
million litres of ethanol produced through conventional process.

The main operational parameters of the conventional unit
considered are presented in Table 1. The industrial plant would
operate 4000 h during the harvest season. The process would be fully
electrified and, as consequence, the plant electricity consumption
would be equal to the conventional electricity consumption (12 kWh
per tonne of sugarcane crushed) plus the consumption due to
electrification of devices such as the mills (i.e., plus 16 kWh/t of
cane). It was also assumed that vinasse should be thermally
concentrated in order to reduce the disposed volume. In this sense,
the efforts towards reduction of steam consumption in distillation
and dehydration would be partially counterbalanced by this addi-
tional consumption. In the cases considered, the higher steam
demand impacts the potential of fuel and electricity production.

As previously mentioned, a plant of ethanol production through
hydrolysis would be integrated to the conventional industrial unit,
and surplus sugarcane bagasse would be used as raw material.

Biomass hydrolysis is a biochemical process that allows the
production of ethanol. The process considered starts with bagasse
cleaning-up and its size reduction, followed by biomass pre-treat-
ment (with steam) that aims the destruction of the cell structure in
order to make more efficient the further chemical or biological
process. This process is known as steam explosion and would occur
in a continuous reactor in which steam at 37 bar is injected in
a solution of bagasse and sulphuric acid. The subsequent expansion
allows the separation of the lignin fraction from the cellulose and
the hemicellulose materials. Better results from an energetic point
of view would be achieved in case lignin is used as fuel in a cogen-
eration system, and this option was considered in this paper.

The next step corresponds to the hydrolysis of hemicellulose
and cellulose, with conversion of these materials to sugars. It is
considered that by 2025 the enzymatic route would be commercial,
with advantages regarding the route based on acid hydrolysis. The
process would occur in batch reactors in which the material diluted
in water (5% of solids) is converted through the action of the
celulase enzyme. It is also supposed that both hexoses and pentoses
would be converted, maximizing the process efficiency. In short- to
mid-term just hexoses could be converted to ethanol, as fermen-
tation of pentoses is not yet a commercial process. Conversion rates
considered in this paper are 95% for hexoses and 85% for pentoses;
fermentation of hexoses was estimated as 91% efficient, while
pentoses fermentation was estimated as 50% efficient.

After enzymatic hydrolysis, the solution must be purified and
concentrated. Subsequent processes – fermentation, distillation
and dehydratation – would occur in the same facilities of the
conventional ethanol production unit.

The considered operational parameters of the hydrolysis plant
are presented in Table 2. Steam consumption parameters are pre-
sented per litre of ethanol produced through hydrolysis. Electricity
consumption and ethanol production are presented per tonne of
bagasse hydrolysed.

In this paper it was considered that 50% of the sugarcane trash
available at the field could be recovered and transported to the mill
in order to be used as fuel. This figure is considered feasible in the
years to come. Trash would be used as fuel in a cogeneration
system, supplying steam to the conventional process of ethanol
production. However, in case of 50% of trash recovery it is not
possible to raise the steam required in the conventional industrial
process and, as consequence, some bagasse should be diverted for
the same purpose. Taken into account the parameters presented in



Table 4
Ultimate analysis (dry basis).

% Weight Bagasse [9] Switchgrass [8]

Carbon 48.64 47.0
Hydrogen 5.87 5.3
Oxygen 42.82 41.4
Nitrogen 0.16 0.5
Sulphur 0.04 0.1
Chlorine 0.03 –
Ash 2.44 5.7

Table 2
Operational parameters of the hydrolysis plant.

Parameter Value

Steam consumption (37 bar)a 1.14 kg/l ethanol
Steam consumption (2.5 bar)a 4.6 kg/l ethanol
Electricity consumption 92.5 kWh/t bagasse
Ethanol production 149.3 l/t bagasse
Remaining vinasse volume 33%

a Saturated steam.
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Tables 1 and 2, it was estimated that 76% of all bagasse available
could be used as raw material to the hydrolysis process and that the
remaining would be used as fuel. This is a result of the simulation
process described in Section 5.

Table 3 presents data of biomass availability and fuels’ LHV.
Steam is raised at 90 bar, 520 �C, which correspond to the param-
eters of the best cogeneration systems currently operating with
sugarcane residues in Brazil. Considering fuel properties, it was
assumed that the same steam parameters could be reached when
lignin is used as fuel. There is no significant advantage in raising
steam at higher pressure if steam temperature is not increased; in
Brazil, 520 �C is the current limit for biomass boilers. In order to
maximize the amount of bagasse that is diverted to the hydrolysis
plant, backpressure steam turbines were considered.

Simulation results, further presented in Section 5, indicate that
the amount of lignin is enough to raise the steam required by the
hydrolysis process. In order to simplify the analysis it was consid-
ered that the hydrolysis plant just operates during the harvest
season (with a capacity factor 0.85, resulting 4000 h/yr), despite
the fact that from an economic point of view it would be convenient
to run the hydrolysis plant all over the year.
4. Liquid fuels from biomass gasification

It was also considered an alternative route based on biomass
gasification and synthesis of the derived gas in an FT process. In this
paper the FT process was not simulated and the authors used
operation parameters (e.g., the conversion rate) taken from Larson
et al. [8]; contrary to the reference unit, here it was not considered
carbon capture and storage. Larson et al. [8] have considered that
switchgrass is processed in a pressurized, oxygen-blown, fluidised-
bed gasifier, with oxygen provided from an air separation unit
(ASU). Simplifying the analysis in this paper it was considered the
same operational conditions of the gasifier regarding the reference
case (i.e., when sugarcane bagasse is used instead of switchgrass),
as well as the same synthesis gas composition. Table 4 presents
results of ultimate analyses of switchgrass and bagasse. It can be
seen that, as the biomass compositions are not so different, the
simplification here assumed seems to be reasonable.

A scheme of the conversion process is presented in Fig. 1. First,
the bagasse moisture should be reduced from 50% down to 20%
Table 3
Parameters considered for fuels.

Parameters Bagasse Trash Lignin

Availabilitya 140 140 250
Moisture as burned 50% 15% 50%
LHV (MJ/kg)b 7.52c 12.96c 12.97c

a Dry basis; as kg/t cane for bagasse and trash, and as kg/t of hydrolysed bagasse
for lignin.

b As burned, i.e., with moisture.
c Ref. [6] for bagasse and trash and based on [7] for lignin.
using the energy of the exhaust gases of the HRSG (for this purpose
its temperature should be higher than 200 �C).

According to [8], with oxygen gasification it is possible to
minimize downstream equipment sizes (because of the lower gas
flow due to eliminating nitrogen in process streams) and to
improve reaction rates in fuel synthesis steps. After the gasifier, the
raw gas (at about 1000 �C) is subjected to several cooling and
cleaning steps, including thermal/catalytic cracking of tars/oils,
partial gas cooling (down to 350 �C) and particle removal by
filtration (also removing alkali compounds).

The conversion of clean synthesis gas to liquid fuels involves
passing the gas over catalysts that promote the desired synthesis
reactions. These reactions are exothermic and the temperature
must be controlled (up to 250–280 �C) as lower temperatures
favour maximum conversion; in addition, with lower temperatures
it is possible to improve catalysts operation [8].

Liquid-phase reactors are commercially available for FT
synthesis; the feed gas is bubbled through inert oil in which catalyst
particles are suspended. Boiler tubes immersed in the fluid allow
the reactor cooling [8]. In this paper it was considered that with
reactor cooling it would be possible to raise steam at 22 bar, 250 �C.

Conversion rates by liquid-phase FT synthesis are especially
high (about 80% for a single-pass fractional conversion). In other
words, the high single-pass syngas conversion that can be achieved
with FT synthesis leaves relatively little unconverted gas for recy-
cling. Larson et al. [8] proposed that the unconverted gas would be
used for electricity production in an integrated combined cycle
(module GT-CC in Fig. 1). In this paper the combined cycle is based
in a LM2500 PK aero derivative gas turbine that can produce
28.5 MW at ISO basis (39.4% efficiency – LHV basis).

The case considered in this paper corresponds to diesel oil and
gasoline production through the FT process.
Fig. 1. Liquid fuels production from biomass gasification.
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Cogeneration system

Boiler 1: 200 t steam/h 
Boiler 2: 100 t steam/h 
Steam turbine: 52 MW

Distillery

Hydrolysis
plant 

Sugarcane 
trash

Juice 
extraction 

system

Sugarcane

Bagasse to
the boiler 

Bagasse to
hydrolysis

Sugarcane
juice

Lignin Steam and 
electricity

Surplus 
electricity

Hydrolysed
licquor

Ethanol

Fig. 2. Hydrolysis plant integrated to a conventional ethanol distillery – scheme and
some results.

Table 6
Gas turbine and combined cycle – simulation parameters and results.
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5. Process integration hypothesis, results and discussion

Results presented in this paper are based on computational
simulation of both steam cogeneration plants (conventional plus
hydrolysis plant) and combined cycle (conventional plus gas-
ificationþ FT process). Simulation codes developed by the authors
were used; one code deals with steam cogeneration cycles while the
second simulates combined cycles based on a code that is able to
evaluate gas turbine (GT) operation at off-design conditions. A set of
equations is used in order to represent the compressor operation
under off-design conditions and to adjust the air-cooling flow.

In the hydrolysis case the steam cogeneration system that
supplies steam to the conventional process of ethanol production
burns sugarcane trash and certain amount of sugarcane bagasse.
The cogeneration system that produces steam for the hydrolysis
plant just burns lignin. In both systems steam is raised at 90 bar,
520 �C, and backpressure steam turbines are used; cogeneration
systems just operate during harvest season.

Simulation results of steam cogeneration systems (hydrolysis
case) are presented in Table 5. Fig. 2 presents a scheme of the
integrated hydrolysis plant and main results of electricity and
steam production.

Gas turbine LM2500 PK was first simulated operating with
natural gas at ISO basis in order to set the parameters further used
in evaluating its performance with syngas. This step corresponds to
the classical procedure of tuning a gas turbine model and to add
reference parameters to the software library. At ISO basis, GT
performance parameters presented by [10] were used to validate
the procedure. In Table 6 simulation parameters and results for the
operation with natural gas and syngas are presented. All results
correspond to the GT operation at 15 �C, 1 atm, and 60% relative
humidity. Regarding the steam cycle, results presented correspond
to the power production in a single machine in which three steam
flows merged (steam from the HRSG, from the conventional boiler
and from heat recovery of the syngas reactor). The steam turbine
would be a backpressure machine, with one extraction at 32 bar
and steam injection at 22 bar.

It was assumed that the GT operates with the same maximum
temperature (i.e., firing temperature) despite of the fuel used
(natural gas or syngas). It was also assumed that the GT could
continuously operate with pressure ratio 24 (less than 5% higher
than the nominal pressure ratio). As consequence, it was estimated
Table 5
Simulation results of steam cogeneration systems and industrial parameters
considered – hydrolysis case.

Parameter Harvest

Steam raised – t/h 291.4
Trash burned – t/h 41.2
Bagasse burned – t/h 19.6
Lignin burned – t/h 26.6

Steam consumption – t/h
Conventional (2.5 bar) 186.0
Hydrolysis (37 bar) 18.1
Hydrolysis (2.5 bar) 73.1

Electricity – GWh/year
Total produced 204.8
Consumed/industrial process 24.0
Consumed due to electrification 32.0
Consumed in hydrolysis 39.4
Surplus 109.4

Ethanol production – million litres/year
Conventional process 185.0
Hydrolysis process 63.5
Total 248.5
that GT thermal efficiency is just slightly reduced when it operates
burning syngas, while GT power production increases almost 7%
(due to the larger gases mass flow).

High-pressure steam (90 bar, 520 �C) is raised at the HRSG.
Steam is raised in just one pressure level in order to assure that the
temperature of the HRSG exhaust gases would be high enough for
drying bagasse before gasification (as mentioned, biomass mois-
ture should be reduced from 50% down to 20%). Simulation results
indicate that the gas temperature at the exhaust of the HRSG would
reach 228 �C, i.e., high enough for drying purposes [11].

At the HRSG 30.5 t/h of steam are raised and this flow sums-up
with 160.6 t/h raised at the conventional boiler that burns a mix of
trash and bagasse; steam expands in an unique turbine. Steam at
32 bar (16.9 t/h) is extracted in order to feed-in the gasifier.

As previously mentioned, the reactor of syngas conversion is
cooled by boiler tubes immersed in the fluid, allowing steam
production at 22 bar, 250 �C. Based on simple proportion between
the syngas flow presented by [8] and the syngas flow calculated in
this paper, it was estimated that 39 MW can be recovered,
Gas turbine NG Syngas

Pressure loss – in–out (mbar) 0–0 10–50a

Pressure ratio 23.0b 24.0
Maximum temperature (�C) 1350a 1350a

Fuel LHV (MJ/kg) 47.5a 18.0c

Net power output (MW) 28.5b 30.5d

Net efficiency (%) 39.4b 39.3d

Exhaust gas temperature (�C) 502.8b 511.6d

Exhaust mass flow (kg/s) 79.8b 82.6d

HRSG
Pinch point T difference (�C) 10a

Gas–steam T difference (�C) 10a

Approach difference (�C) 2a

Steam raised (t/h) at 9 MPa 30.5

Recovery boiler (syngas conversion system)
Steam raised (t/h) at 2.2 MPa 20.2

Steam cycle
Backpressure (MPa) 0.25
Turbine isentropic efficiency (%) 78a

Generator efficiency (%) 98a

Net power output (MW) 45.2

a Parameters assumed for simulation.
b From [10], as reference, and calculated.
c Taken from [8].
d Calculated.
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Table 7
Fuel and electricity production – conventional ethanol productionþ hydrolysis (H)
or gasification (G)þ FT.

Parameter H Gþ FT

Fuel production (m3/h)
Ethanol through fermentation 46.3 46.3
Ethanol through hydrolysis 15.9
Diesel through FT 5.7
Gasoline through FT 3.9

Fuel production (l/tc)
Ethanol through fermentation 92.5 92.5
Ethanol through hydrolysis 31.8
Diesel through FT 11.5
Gasoline through FT 7.7

Surplus electricity production (MW) 27.4 53.9

Surplus electricity production (kWh/tc) 54.7 107.8

Overall efficiency (%)a 67.6 70.7

a Based on the LHV of output liquid fuels and the input biomass (sugarcaneþ trash).
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producing 20.2 t/h of steam; this flow is injected at the steam
turbine. The backpressure of the steam turbine is 2.5 bar and this
flow is used to match industrial thermal demand.

Considering the hypothesis presented in Table 6 and previously
mentioned steam flows, 45.2 MW of electricity could be produced.

The power required for driving auxiliaries was estimated as
7.8 MW, including power required to handle biomass, to compress
oxygen, power required in the FT process and to compress CO2

(despite the fact carbon capture and sequestration were not
considered). About one third of the power required to drive
auxiliaries is obtained from the air separation unit due to the
expansion of nitrogen. Auxiliaries’ power consumption was esti-
mated by simple proportion between the biomass flow at the
gasifier entrance presented by [8] and the biomass flow estimated
in this paper (87.5 t/h).

Fig. 3 presents a scheme of the integrated gasificationþ FT
process that allows the production of diesel, gasoline and surplus
electricity.

The power plant based on the LM2500 PK, annexed to
a conventional ethanol distillery and to an FT plant, could produce
67.9 MW (30.5 MW with the gas turbine and 45.2 MW with the
steam turbine, minus 7.8 MW consumed by the auxiliaries). The
power required by the conventional ethanol production process
was estimated as 14 MW, leading to 53.9 MW of surplus power able
to be commercialised. The surplus electricity index corresponds to
107.8 kWh/tc.

Considering the amount of syngas produced (with 80% conver-
sion rate) and based on the results presented by [8], it was esti-
mated that 5.7 m3/h of diesel and 3.9 m3/h of gasoline could be
produced by the FT process.

Table 7 summarises the results of fuel and electricity production
in both cases analysed in this paper. In the case of the hydrolysis
unit annexed to the conventional industrial plant, the high demand
of process steam (due to vinasse concentration) has a positive
impact on power production due to the fact power production
increases with steam flow in backpressure steam cogeneration
systems; what is negatively impacted in this case is ethanol
production through hydrolysis, as more bagasse is used as fuel. On
the other hand, in the case of the gasification unitþ FT process
there is no impact of higher process steam demand on fuel
production, but electricity generation could be enlarged if an
extraction-condensation steam turbine were used.
Fig. 3. Scheme of an FT plant integrated to a conventional ethanol distillery.
The overall energy efficiency was calculated based on the LHV of
the liquid fuels produced (22.3 MJ/l of anhydrous ethanol, 32.2 MJ/l
of gasoline and 35.5 MJ/l of diesel) and on the LHV of trash (see Table
3) and sugarcane (4.4 MJ/kg, including juice and bagasse) [12]. In all
cases the plants are self-sufficient regarding energy. The energy
input is the same in both cases. The highest efficiency of the FT plant
integrated to the conventional distillery is only due to the larger
electricity production (about twice regarding the hydrolysis case).
The energy regarding diesel and gasoline produced is almost
equivalent to the amount of ethanol produced by hydrolysis.
Considering integrated industrial units as a whole, the exergy effi-
ciency is roughly equal to the energy efficiency in both cases, as fuel
exergy can be considered (as proxy) equal to the fuel LHV.
6. Avoided greenhouse gas emissions

Taking into account the results presented in the previous
section, a preliminary assessment of avoided emissions of green-
house gases (GHG) was carried-out. The analysis is based on the
following hypothesis and data sources:

� the functional unit is one tonne of sugarcane (tc);
� regarding the case that corresponds to the hydrolysis plant,

combined to the conventional unit of ethanol production, the
considered emission factor is 38.3 kg CO2 eq/tc, taken from
[14]. Here this value was used as proxy as there are small
differences between the main hypothesis used by [14] and
those used in this paper: 40% of trash recovery compared to
50% used in this paper; ethanol production (conventional
processþ hydrolysis) evaluated as 129 l/tc by [14] while in this
paper it was estimated 124.3 l/tc. The production of ethanol per
tonne of sugarcane impacts the GHG balance due to the larger
availability of vinasse that is used as fertilizer;
� also from [14] the emission factor 36.5 kg CO2 eq/tc was taken

in the case of the combined conventional ethanol production
plantþ (gasificationþ FT). The only difference regarding [14] is
due to the trash recovery to be used as fuel (40% vs. 50%). The
ethanol production through the conventional process is
essentially the same (92.3 vs. 92.5 l/tc);
� the emission factor of gasoline was estimated as 81.8 kg CO2 eq/

GJ of fuel, figure that was taken from [15]. The original refer-
ences were [16] for direct emissions (69.3 kg CO2 eq/GJ) and
[17] for the emissions due to gasoline production
(12.5 kg CO2 eq/GJ);
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� the emission factor of diesel was estimated as 88.4 kg CO2 eq/GJ
of fuel, also taken from [15]. Likewise, the original references
were [16] for direct emissions (74.1 kg CO2 eq/GJ) and [17] for
the emissions due to diesel production (14.2 kg CO2 eq/GJ);
� the avoided GHG emissions due to the surplus electricity

production from residual sugarcane biomass was estimated as
261.1 kg CO2 eq/MWh, as result of applying the methodology
ACM0006 (Consolidated methodology for electricity genera-
tion from biomass residues) approved by United Nations
Framework on Climate Change (UNFCCC) [18]. This value
corresponds to the avoided GHG emissions combining the
operating margin and the build margin factors, taken into
account data of electric sector in Brazil by mid-2000 (e.g., [19]
as reference of values and calculation procedure);
� the substitution factor between ethanol and gasoline was

estimated as 1.25 l of (anhydrous) ethanol¼ 1 l gasoline, that is
the average figure in Brazil considering currently available flex-
fuel vehicles (FFVs) [15].

Based on this hypothesis and on the results presented in the
previous section, the avoided emissions in the case of the hydrolysis
plant combined with the conventional ethanol plant was estimated
as 253.2 kg CO2 eq/tc, being almost 94% due to the production of
ethanol and only 6% due to surplus electricity production. In the
case of the gasification unitþ FT process combined with the
conventional ethanol plant, the avoided emissions were estimated
as 263.9 kg CO2 eq/tc, being 67% due to the production of ethanol
through the conventional process, 8% due to the production of
gasoline from biomass, 14% from the diesel and 11% from the
avoided emissions due to surplus electricity production.

These results reflect typical Brazilian conditions. In other
countries, the avoided emissions due to electricity production from
biomass and to the substitution factor between ethanol and gaso-
line would be different. Considering that there is no gain on
engine’s efficiency due to use of ethanol-gasoline blends, the
substitution factor would be 1.42 l¼ 1 l gasoline, that is the ratio
between the lower heating value of both fuels. Moreover, consid-
ering electricity generation predominantly based on coal thermal
power plants, the avoided emissions due to electricity production
from biomass would be, for instance, 800 kg CO2 eq/MWh [20]. In
this case the avoided emissions of the gasification unitþ FT process
combined with the conventional ethanol plant would be 17% higher
regarding the alternative that includes hydrolysis. In this scenario,
the share of avoided emissions due to ethanol would be reduced to
55%, while the share of electricity would be enlarged to 27%
(gasification unitþ FT).

7. Concluding remarks

The technologies of liquid fuels production from cellulosic
biomass – hydrolysis and gasificationþ FT process, considered in
this paper, are still under development. Based on the information
currently available it is not possible to predict which of these
technologies will first achieve a commercial stage. However, some
analysts [13] believe that not considering feasibility aspects it
would be possible to produce in short-run liquid fuels from
biomass through gasificationþ FT process.

The results presented in this paper show that the integration of
a plant of biofuels production through biomass gasificationþ FT
process would be slightly more efficient than the hydrolysis option.
From an energetic point of view the advantage is mainly due to the
electricity production with higher efficiency.

From a strategic point of view the production of diesel and
gasoline can also be seen as an advantage, due to the diversification
of products. In particular, in the Brazilian case such diversification
could be even more important, as the country imports about 10% of
the diesel domestically consumed.

Regarding GHG emissions, as long as typical Brazilian conditions
are considered, there is no significant advantage for any of the
alternatives. Nevertheless, in countries where the emission factor
of electricity production is higher than in Brazil, there would be
advantage for the option gasificationþ FT.

Based on the knowledge so far available, it is supposed that the
parameters considered in this paper for both alternative technol-
ogies are not too far from an optimum configuration. However, the
results here presented were impacted by the hypothesis of thermal
concentration of the vinasse, alternative that mainly penalises the
thermal efficiency of the route based on gasification.

In conclusion, at this stage there is no particular reason for
prioritising any of the alternative routes of biofuels production. In
the future, the winner technology, if any, will be defined by many
factors, such as the success on technology development, effective or
predict cost reductions, avoided GHG emissions and local priorities.
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