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Abstract

Background: Sugarcane is an attractive feedstock for ethanol production, especially if the lignocellulosic fraction
can also be treated in second generation (2G) ethanol plants. However, the profitability of 2G ethanol is affected by
the processing conditions, operating costs and market prices. This study focuses on the minimum ethanol selling price
(MESP) and maximum profitability of ethanol production in an integrated first and second generation (1G + 2G)
sugarcane-to-ethanol plant. The feedstock used was sugarcane juice, bagasse and leaves. The lignocellulosic fraction
was hydrolysed with enzymes. Yields were assumed to be 95% of the theoretical for each of the critical steps in the
process (steam pretreatment, enzymatic hydrolysis (EH), fermentation, solid/liquid separation, anaerobic digestion) in order
to obtain the best conditions possible for ethanol production, to assess the lowest production costs. Techno-economic
analysis was performed for various combinations of process options (for example use of pentoses, addition of leaves), EH
conditions (water-insoluble solids (WIS) and residence time), operating cost (enzymes) and market factors (wholesale
prices of electricity and ethanol, cost of the feedstock).

Results: The greatest reduction in 2G MESP was achieved when using the pentoses for the production of ethanol rather
than biogas. This was followed, in decreasing order, by higher enzymatic hydrolysis efficiency (EHE), by increasing the WIS
to 30% and by a short residence time (48 hours) in the EH. The addition of leaves was found to have a slightly negative
impact on 1G + 2G MESP, but the effect on 2G MESP was negligible. Sugarcane price significantly affected 1G + 2G MESP,
while the price of leaves had a much lower impact. Net present value (NPV) analysis of the most interesting case showed
that integrated 1G + 2G ethanol production including leaves could be more profitable than 1G ethanol, despite the fact
that the MESP was higher than in 1G ethanol production.

Conclusions: A combined 1G + 2G ethanol plant could potentially outperform a 1G plant in terms of NPV, depending on
market wholesale prices of ethanol and electricity. Therefore, although it is more expensive than 1G ethanol production,
2G ethanol production can make the integrated 1G + 2G process more profitable.
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Background
The need to produce cheap renewable fuels to replace fos-
sil fuels is reflected in the political agendas of many coun-
tries, aimed at the development of a reliable energy source
to ensure fuel security, promote rural development and to
address climate change by reducing greenhouse gases
emission [1-5]. Among the alternative biofuels, ethanol
from sugarcane can provide a substantial contribution in
terms of the amount produced and the environmental im-
pact, especially if the lignocellulosic fraction of the sugar-
cane is also used for fuel production [6-9]. Indeed, high
volumes of second generation (2G) ethanol can be pro-
duced from sugarcane bagasse and leaves, which are the
residues of the current sugarcane-to-ethanol industry. 2G
technology is not as mature as first generation (1G) etha-
nol production, and is thus less economically feasible.
However, some companies have set out to demonstrate its
feasibility through the construction of commercial-scale
plants [10-12]. The availability of sugarcane for ethanol
production is affected by volatility on the world market
due, in part, to the demand for this raw material to
make sugar for the food industry [13,14]. Bagasse and
leaves are also combusted to generate bioelectricity, espe-
cially in areas where there are no other means of generat-
ing electricity, or only seasonably available sources. For
instance, in Brazil, hydropower is the main source of
electricity, while sugarcane residues can provide a suit-
able complement during the dry season [15-17]. More-
over, biorefineries producing alternative and/or more
profitable commodities than ethanol from sugar- and
lignin-containing materials may reduce the long-term
profitability of ethanol plants due to raw material com-
petition [18,19].
Market prices and competition for feedstock are the

forces driving the interest in technologies that can reduce
costs of ethanol production. The production cost of
bioethanol can be reduced by resolving technical problems,
maximizing the yield and productivity, and optimizing the
process design on a larger scale [16,20]. The ethanol yield
from sugarcane can be increased if the bagasse, already
present on-site as 1G process waste, is treated to produce
2G ethanol, instead of being combusted to produce electri-
city, although the profitability is strongly dependent on the
wholesale price of ethanol. Sugarcane crushing and fermen-
tation of the readily available sugars are the main process
steps in the production of 1G ethanol. However, the pro-
duction of 2G ethanol is more complex, as the lignocellu-
losic material must undergo pretreatment to break down
the structural matrix, and the polymeric sugars must be hy-
drolysed to fermentable monomers before microbial con-
version to ethanol can take place. The main challenges in
this process are to maximize the conversion of lignocellu-
lose and minimize the loss of sugars, which is difficult using
mild operating conditions [21]. Dry leaves are one of the
residues of the sugarcane harvest, together with the tops
and green leaves, and it is current practice to either burn
them or leave them on the field as fertilizer and for pest
control. Including the dry leaves in the process could fur-
ther increase the ethanol output. It has been found that
about 65% of the residue from harvesting can be removed
as dry leaves from the fields without causing negative agri-
cultural effects [22].
One efficient way to produce 2G ethanol from sugar-

cane bagasse and leaves is steam pretreatment followed
by enzymatic hydrolysis (EH) and ethanol fermentation
carried out by yeast [23]. However, pretreatment also
generates by-products due to lignocellulose degradation
(furans, aldehydes, phenolics), which may inhibit hy-
drolysis and fermentation [24]. Several studies have re-
ported optimal experimental conditions for pretreatment
indicating a trade-off between high sugar yield and low
inhibitor formation, which can be translated into high
yield in hydrolysis and good fermentability [25-27]. The
strategies adopted include the use of robust or genetic-
ally modified microorganisms, optimization of the
amount of water-insoluble solids (WIS) loaded into the
EH tanks and carefully designed process layouts. The
optimal WIS content involves a trade-off between low
costs and high sugar losses: at high WIS loading the cap-
ital cost and the energy required for distillation are low,
but the sugar yields and their rate of release are reduced,
due to low mass transfer and enzyme inhibition [28].
Several authors have reported difficulties at high WIS
loading [29-31].
Furthermore, to maximize the ethanol output per ton

dry sugarcane and to reduce costs, sugar fermentation
must be fast and efficient, and pentose sugars, such as
xylose and arabinose, which are traditionally slowly and
only partially metabolized to ethanol, must be converted
[32-34]. Instead of trying to ferment the pentoses to pro-
duce ethanol, they can be used in biogas production via
anaerobic digestion, and the biogas can be combusted to
provide electricity. However, this is not always econom-
ically feasible, as the derived income is not sufficient to
cover the capital cost of the equipment, and it depends
on internal factors such as pentose concentration and
biogas productivity, as well as external factors, for ex-
ample wholesale prices of electricity and ethanol [20].
Studies on sugarcane ethanol distilleries have found

that energy can be saved and extra electricity generated
by including a drying unit to efficiently remove moisture
from the fuels (bagasse, leaves, EH solid residues) prior
to combustion, by increasing the boiler pressure to raise
the enthalpy of the steam entering the turbines, and by
integrating and optimizing the heat exchanger network
to minimize the steam requirement for the process
[20,35-38]. The advantages are greater when 1G and 2G
ethanol processes are integrated as energy and material
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streams are shared within the same plant. In an autono-
mous distillery the traditional process to produce 1G
ethanol is divided into multiple stages where the sugar is
first extracted from sugarcane by milling. The juice ob-
tained is then clarified, concentrated by evaporation and
fermented to ethanol, which is eventually distilled. After
sugar extraction, bagasse can be used for 2G ethanol
production in a 2G plant annexed to the autonomous
distillery and many integration options between the pro-
cesses can be envisioned due to the similarity of the
transformation steps. In the 2G process bagasse can be
pretreated by high-pressure steam and then the liquid
fraction rich in pentoses can be separated for biogas pro-
duction. The solid fraction can be treated according to
the separate hydrolysis and fermentation (SHF) approach
to obtain 2G ethanol from fermentable sugar monomers
using either the same strain as in 1G fermentation or a
different microorganism. As a result, the integration of
1G and 2G processes by stream mixing is performed
with the aim to decrease heat demand and capital cost
especially of the distillation unit. It has been shown that
mixing streams from 1G and 2G ethanol plants in differ-
ent steps (for example evaporation and distillation) re-
duces the overall ethanol production cost compared to
the case when the two plants were run separately
[20,39,40]. When the fermented juice is mixed with the
fermented liquid from EH, the integration takes place at
the distillation unit (Figure 1) and this configuration
showed the advantages of having overall good perform-
ance using a simplified process configuration with mini-
mum unit operations [20].
Figure 1 Layout for the integrated 1G + 2G ethanol plant. 1G, first gen
In addition to technical and process design consider-
ations, the price of feedstock and enzymes, and the
wholesale price of electricity and ethanol also determine
the economic feasibility of an ethanol plant. The cost of
enzymes has been found to have the greatest effect on
the cost of 2G bioethanol production, followed by the
electricity selling price and, to a lesser extent, the cost of
transportation of leaves [20]. Although it has been found
that doubling the enzyme dosage led to a lower 2G pro-
duction cost, the total cost of using enzymes is a com-
bination of the enzyme cost, the hydrolytic efficiency of
the proteins and the effectiveness of pretreatment [20].
The production cost of 2G ethanol is affected by both

process design and many variables, and the aim of this
study was to determine which have the greatest effect on
production cost. A techno-economic analysis was per-
formed to assess the effects of both WIS content and
residence time in the EH, addition of leaves, co-
fermentation of pentoses, and enzymatic hydrolysis effi-
ciency (EHE). The yields in the most critical conversion
steps (pretreatment, EH, fermentation, solid/liquid sep-
aration, anaerobic digestion) are assumed to be close to
the theoretical values in order to achieve as low a pro-
duction cost as possible for each case, in order to deter-
mine which combinations of variables and strategy have
the best potential to reduce the production cost. Sensi-
tivity analysis was used to determine the maximum prof-
itability achievable for ethanol production from the
integrated 1G + 2G ethanol plant, and to compare it to
that of 1G ethanol with regard to the wholesale prices of
electricity and ethanol. The results of this study also
eration; 2G, second generation.
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provide some insight into which strategy should be
adopted to achieve the greatest economic benefit.
Results and discussion
The minimum ethanol selling price (MESP) was evaluated
for an integrated sugarcane-to-ethanol plant (Figure 1) by
the systematic combination of the main factors included
in Table 1, yielding 48 cases. The most interesting cases
were chosen for further analysis regarding profitability
and variation in market prices. The operating conditions
for a case or a series of cases are given in curly brackets,
according to the definitions specified in Table 1.
The case investigated in this work was based on a

process design previously modelled where the stream inte-
gration between 1G and 2G plants occurred by mixing the
fermented broths prior to the distillation unit (Figure 1)
[20]. The most relevant advantages of this plant configur-
ation are the full bagasse throughput for 2G ethanol, yield-
ing the highest ethanol production volume per ton dry
sugarcane, and the low investment cost, due to the simpli-
fied configuration.
The assumption of a 95% yield in each fundamental con-

version step (pretreatment, EH, fermentation, solid/liquid
separation, anaerobic digestion) may appear unrealistic,
especially when simulating challenging conditions, for
example the {C5 EtOH, 30% WIS, 48 h} case. Therefore,
such similar cases in the sensitivity analysis, which have
not been validated experimentally, should only be consid-
ered for illustrative purposes. However, nearly theoretical
Table 1 Type and values of design options, variables
and cost factors

Factors Alternatives

Design options

Feedstock Bagasse {B}, bagasse with
addition of leaves {B + L}

Pentose utilization Ethanol fermentation {C5 EtOH}
Biogas production {C5 biogas}

Design variables

EH residence time 48 hours {48 h}, 96 hours {96 h}

WIS loading in EH 10% {10% WIS}, 20% {20% WIS},
30% {30% WIS}

Cost factors

Enzymatic hydrolysis efficiency 100% {100% EHE}, 250% {250% EHE}

Electricity selling pricea 43, 87b, 140 US$/MWh

Wholesale ethanol pricea 0.3, 0.6c, 1.0 US$/L

Sugarcane cost 30, 65b, 100 US$/dry ton

Leaves cost 13, 26b, 39 US$/dry ton
aProducer selling price of the commodity at the gate of the plant; bpersonal
communication with experts from Centro de Tecnologia Canavieira, Piracicaba,
Brazil; ccalculation based on data from CEPEA [56]. EH, enzymatic hydrolysis;
EHE, enzymatic hydrolysis efficiency; WIS, water-insoluble solids.
yields can be used to estimate the potentially lowest 2G
MESP attainable for each case compared to when lower
yields are actually achieved. High yields could be obtained
in hydrolysis and fermentation using a long residence
period, improved technology, or a combination of both.
Among the conversion steps involved, the pretreatment
step determines a wide range of sugar losses, as the
amount of sugar degradation products varies between
3% and 25% [41-44], but a recovery yield of 95% could
be attained already today using suitable conditions.
However, the conditions prevailing during pretreatment
influence the release of sugars and the rate of EH. At
high WIS loading in the EH it is generally difficult to
obtain high sugar yields, but a successful experiment
was described by Cannella et al. [45], in which the final
overall sugar-to-ethanol yield approached 90%. Productivity
must also be considered. In a study by Benjamin et al. a
residence time of 72 hours was required to obtain a 90%
EH yield from glucose [46]. In the SHF configuration, the
EH liquid fraction, which is rich in sugars, is separated from
the solid fraction and is then fermented by yeasts. A wash-
ing step is included to minimize sugar losses, which can
permit to achieve a sugar recovery up to 99%, depending
on the amount of water and the temperature used for
washing [47], but in our study a yield of 95% was
adopted in the mass balance calculations. The yield
from co-fermentation assumed in these simulations was
95% for both hexoses and pentoses, and is not
dependent on either the strain (yeast/bacteria) or on
the concentration in the fermentation broth, which can
be increased to the desired value by recirculation of the
fermenting organism. Ethanol yield above 90% of the
theoretical on glucose and xylose has already been
achieved at low yeast concentration [48]. High ethanol
productivity during co-fermentation of pentoses and hex-
oses is also a challenge. Experimental results obtained from
co-fermentation indicate that an ethanol productivity of
2.3 g/g of dry cell per hour and about 90% yield are already
feasible [49], while the productivity assumed in the simula-
tions (15 g/L/h) could be achieved in this case using about
7 g of dry cells per litre. In anaerobic digestion, the chem-
ical oxygen demand (COD) removal, the biogas yield and
the production rate may be limited by the presence of ions,
and toxic and recalcitrant compounds. Thus, 95% may be
a rather optimistic figure for the conversion of organic
compounds to biogas (kg biogas/kg COD), as well as me-
thane yield for sugars and organic acids (kg CH4/kg CH4

theoretical). In a study by España-Gamboa et al. the COD
removal was found to be 69% and the methane yield 75%
of the theoretical for vinasse treatment [50]. Moreover, the
highest methane yield from the liquid fraction after bagasse
pretreatment has been reported to be close to 52% [20,51].
For other vinasses (from wine), both the COD removal
and the methane yield were as high as those assumed in
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this study [52]. The COD removal rate was set to 1 g/L/h
in the simulations, which is comparable to the results re-
ported by Sanchez Riera et al. on biogas production from
sugarcane ethanol stillage [53].

2G MESP
Use of pentoses: ethanol versus biogas production
Among the process options and variables studied, pentose
utilization had the greatest impact on the 2G MESP.
Ethanol and biogas production from pentoses are the two
alternatives, and resulted in two clearly separated macro-
regions of results regarding the 2G MESP, as shown in
Figure 2 for the 48-hour EH residence time. The production
of ethanol from pentoses gave the lowest 2G MESP
(Table 2), ranging from 0.50 to 0.63 US$/L, but when
pentoses were instead used to produce biogas, the 2G
MESP increased to the range 0.88 to 1.14 US$/L. Within
these two macro-regions, the other factors studied (the
cost of enzymes, the addition of leaves, the WIS loading,
the EH residence time) had smaller effects.
The most relevant differences between the biogas-

oriented configuration and the ethanol-oriented case are
the additional tanks needed for anaerobic digestion of the
pentoses, the additional filter presses and a larger com-
bined heat and power (CHP) plant, which is required be-
cause of the co-combustion of a higher amount of biogas
in addition to the EH solid residues. The number of tanks
is dictated by the biogas productivity, which is assumed to
be constant, and the organic loading rate (ton COD/h),
which increases significantly when pentose sugars are
digested. For the {10% WIS, 96 h} case the total invest-
ment cost increased from 408 to 464 million US$ when
bagasse was the only feedstock, and from 521 to 586 mil-
lion US$ when leaves were also added. The corresponding
increases in capital cost, in terms of 2G MESP were 0.22
Figure 2 Results for 2G MESP for the {48 h, 100% EHE} cases. 2G MESP is
feedstock and WIS. For case definitions see Table 1. 2G, second generation; B,
production from pentoses; C5 EtOH, pentose fermentation to ethanol; EHE, en
WIS, water-insoluble solids.
US$/L for the {B} case and 0.19 US$/L for the {B + L}
case when the production of biogas from pentoses was
included.
The reduction in the 2G MESP is predominantly due to

the reason that the volume of 2G ethanol was used as the
allocation base for costs. In fact, all variable, fixed and op-
portunity costs are allocated based on the 2G ethanol
production volume; thus, the higher the 2G ethanol produc-
tion volume, the lower the 2G MESP. The cost of electricity,
enzymes and the capital cost account for 86% of the overall
2G MESP, and they are thus more sensitive to the ethanol
production volume.
In spite of the revenue from the electricity export asso-

ciated with biogas production from pentoses, which in-
creased on average by 26 MWel for the {B} case and by 39
MWel for the {B + L} case, the electricity opportunity cost
item per litre of 2G ethanol was comparable to that when
the pentoses were fermented to ethanol: 0.12 US$/L ver-
sus 0.14 US$/L for {B}, and 0.17 US$/L versus 0.16 US$/L
for {B + L}. This similarity could be the effect of the larger
volume of ethanol produced when pentoses were also fer-
mented to ethanol. The total volume of ethanol produced
in the {C5 EtOH} cases when co-fermenting the pentoses
increased by 24% for {B} and 32% for {B + L}. As a conse-
quence, the higher revenues from electricity export, sold
at 87 US$/MWh, could not compensate for the lower
ethanol production, nor were they sufficient to pay off the
capital cost for additional anaerobic digesters and in-
creased CHP plant size.
An additional case was simulated to compare the 2G

capital cost item in the biogas-oriented plant, and to assess
both the effect of the volume of ethanol produced and the
increased capital cost of additional anaerobic digestion
tanks. We determined how much the capital cost item in
2G MESP would have decreased if the capital cost of the
presented as sum of cost items and as function of pentose utilization,
bagasse; B + L, bagasse with addition of leaves; C5 biogas, biogas
zymatic hydrolysis efficiency; MESP, minimum ethanol selling price;



Table 2 2G cost items and 2G MESP for all cases in US$/L

C5 biogas C5 EtOH

Cost items for 2G MESP B B + L B B + L

10%
WIS

20%
WIS

30%
WIS

10%
WIS

20%
WIS

30%
WIS

10%
WIS

20%
WIS

30%
WIS

10%
WIS

20%
WIS

30%
WIS

Capital cost, 48 h 0.41 0.33 0.31 0.37 0.31 0.29 0.17 0.14 0.13 0.16 0.13 0.12

Capital cost, 96 h 0.50 0.39 0.35 0.46 0.33 0.31 0.22 0.17 0.15 0.21 0.16 0.14

Labour, maintenance, 48 h 0.11 0.09 0.08 0.10 0.08 0.08 0.05 0.04 0.03 0.04 0.03 0.03

Labour, maintenance, 96 h 0.14 0.10 0.09 0.12 0.09 0.08 0.06 0.04 0.04 0.06 0.04 0.04

Net electricity cost, 48 h 0.12 0.11 0.11 0.17 0.16 0.16 0.13 0.14 0.14 0.15 0.15 0.15

Net electricity cost, 96 h 0.13 0.12 0.12 0.18 0.17 0.17 0.13 0.14 0.14 0.16 0.16 0.16

Enzymes, 100% EHE 0.31 0.31 0.31 0.31 0.31 0.31 0.17 0.17 0.17 0.17 0.17 0.17

Enzymes, 250% EHE 0.12 0.12 0.12 0.12 0.12 0.12 0.07 0.07 0.07 0.07 0.07 0.07

Acid 0.04 0.04 0.04 0.04 0.04 0.04 0.02 0.02 0.02 0.02 0.02 0.02

Base 0.007 0.007 0.007 0.008 0.008 0.008 0.004 0.004 0.004 0.004 0.004 0.004

Water consumption 0.009 0.009 0.005 0.005 0.003 0.003 0.009 0.009 0.005 0.005 0.003 0.003

2G MESP {48 h, 100% EHE} 1.01 0.91 0.88 1.01 0.92 0.90 0.55 0.53 0.50 0.56 0.51 0.50

2G MESP {96 h, 100% EHE} 1.14 0.99 0.94 1.14 0.96 0.93 0.63 0.57 0.54 0.63 0.56 0.54

2G MESP {48 h, 250% EHE} 0.82 0.71 0.69 0.82 0.73 0.70 0.45 0.42 0.39 0.45 0.41 0.40

2G MESP {96 h, 250% EHE} 0.95 0.79 0.75 0.95 0.77 0.74 0.52 0.45 0.43 0.52 0.45 0.43

For case definitions see Table 1. 2G, second generation; B, bagasse; B + L, bagasse with addition of leaves; C5 biogas, biogas production from pentoses; C5 EtOH,
pentose fermentation to ethanol; EHE, enzymatic hydrolysis efficiency; MESP, minimum ethanol selling price; WIS, water-insoluble solids.
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biogas-oriented plant had been the same as that of the
ethanol-oriented plant. For the {C5 biogas, 10% WIS, 96 h}
case this decrease would have been from 0.50 US$/L to 0.40
US$/L. However, in comparison with the {C5 EtOH, 10%
WIS, 96 h} case where more ethanol is produced, the capital
cost item diminished from 0.50 US$/L to 0.22 US$/L, dem-
onstrating the predominant effect in cost reduction played
by the ethanol production volume over the capital cost.

Enzymatic hydrolysis: residence time and WIS
During EH of the pretreated material, the sugar polymers
contained in the fibre of the bagasse and leaves are con-
verted into monomers, mainly, glucose, xylose and ara-
binose. The degree of conversion depends on operating
conditions such as enzyme dosage, temperature, pH, WIS
and residence time. In these simulations, the effects of
temperature, pH and enzyme dosage were not investigated
as it was assumed that optimal conditions were used (50°C,
pH 4.9), and that enzymes were added at an economically
reasonable dosage. The residence time and WIS loading
were considered in the sensitivity analysis to establish their
impact mainly on the capital cost.
The values assumed for the EH residence time were

48 hours and 96 hours to ensure a reasonable trade-off
between capital cost and productivity. This led to chal-
lenging cases, which can be regarded as close to best
that can be achieved, when combining pentose co-
fermentation, high WIS contents and short EH residence
times, for example, the {C5 EtOH, 30% WIS, 48 h} case.
Reducing the EH residence time from 96 hours to 48
hours led to a decrease in the capital cost in all cases, by
an amount that depended primarily on the WIS content,
but also on the addition of leaves and the utilization of
pentoses. Enzyme efficiency played no role as it was sim-
ply modelled as a running cost.
Extending the EH residence time to 96 hours led to an

increase in the 2G MESP from 0.03 US$/L to 0.13 US$/L,
representing 4% and 13% of the total 2G MESP, respect-
ively. The longer EH residence time was also responsible
for an increase in the capital cost item from 0.02 US$/L to
0.11 US$/L, compared with the 48-hour residence time.
The results regarding the increased capital cost when in-

creasing the EH residence time from 48 hours to 96 hours
can be grouped into three separate sets of values, where
each set corresponds to a particular WIS content. At 30%
WIS content, the increase in capital cost was in the range
of 0.02 to 0.04 US$/L; at 20% WIS the range increased to
0.02 to 0.05 US$/L; and at 10% WIS the increase in the
capital cost was 0.05 to 0.10 US$/L.

WIS
In contrast to EH residence time, WIS loading influences
not only the capital cost of the EH tanks, but also the cost
of the stripper columns and the energy required for distil-
lation. High WIS loadings correspond to higher ethanol
concentrations in the feed to the distillation unit, and both
the cost of the distillation column and the steam required
are generally lower at higher ethanol concentrations.
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WIS contents above 10% led to a substantial decrease in
2G MESP in all cases. With an EH residence time of 48
hours, the average reduction in 2G MESP was 0.06 US$/L
(8%) at 20% WIS and 0.09 US$/L (13%) at 30% WIS, com-
pared to 10% WIS loading. With the longer EH residence
time of 96 hours, the reduction in 2G MESP was greater:
0.11 US$/L (11%) and 0.15 US$/L (17%) at 20% WIS and
30% WIS, respectively. These results show that, in all the
cases simulated, returns were diminishing by increasing
the WIS from 20% WIS to 30% WIS compared to increas-
ing from 10% WIS to 20% WIS. In fact, a 2G MESP reduc-
tion of 0.05 to 0.14 US$/L could be achieved in the former
case and only 0.02 to 0.04 US$/L in the latter. Moreover,
when the WIS content was increased, the reduction in the
capital cost accounted for more than 68% of the reduction
in the 2G MESP.

Addition of leaves
The addition of leaves to the integrated process is an option
to increase the volume of 2G ethanol produced by increas-
ing the plant capacity, assuming that the ethanol yield per
ton cellulosic material feedstock is constant. This is in con-
trast to pentose co-fermentation, which leads to an increase
in the amount of ethanol produced per ton raw material.
The first effect of increasing the plant capacity by adding
leaves will be to increase the size of the equipment and thus
the total investment cost. Leaves were added in the amount
of 50 wt% on dry basis of the sugarcane bagasse input to 2G
process and thus increased ethanol production by 14.2% for
the {C5 biogas} cases and 22.4% for the {C5 EtOH} cases.
Larger equipment is generally cheaper than smaller equip-
ment per unit volume (for example tanks) or per unit inflow
(for example the filter press). For this reason, the cost per
litre of ethanol produced would be lower than when using
only bagasse, if the electricity opportunity cost and the cost
of leaf transportation are neglected. The results of simula-
tions showed that the capital cost per litre 2G ethanol when
leaves were added was lower than when using bagasse only,
for all cases simulated. The reduction in capital cost was
more evident when biogas was produced from pentoses
(0.03 to 0.06 US$/L or 9 to 18%). In contrast, when ethanol
was produced from pentoses the reduction in capital cost
was about 0.02 US$/L, regardless of the WIS content, and
the relative reduction was in the range 6 to 12%.
The addition of leaves implies an increase in the electricity

opportunity cost per litre of 2G ethanol, as more electricity
would be generated than from bagasse only. This is the re-
sult of two main factors. The first is the difference in mois-
ture content between leaves (15 wt%) and bagasse (50 wt%).
Considering the autonomous distillery as the reference case,
where leaves and/or bagasse are combusted in a CHP plant
to provide steam and electricity, each ton of moisture con-
tained in the material means a loss in electricity of about
0.25 MWel, due to the loss of latent heat of vaporization in
the form of water vapour in the combustion off-gas. The
second factor is the energy allocation for 1G ethanol pro-
duction. The heat and electricity demand for 1G ethanol
production is completely covered by the combustion of ba-
gasse, and no extra energy is required to process the leaves,
except in the CHP plant and handling; thus, the energy de-
rived from leaves can be completely converted into electri-
city and exported. If bagasse supplemented with leaves was
combusted in the autonomous distillery reference case 1G
{B + L}, 124 MWel could be exported, which is 1.8 times
higher than the electricity generated by the combustion of
bagasse only (68 MWel). Thus, when leaves were added, the
2G MESP was affected negatively by the higher opportunity
cost of electricity, which was increased by 0.05 US$/L in the
{C5 biogas} case and by 0.02 US$/L in the {C5 EtOH} case.
This corresponds to 5% of the total 2G MESP, compared to
cases when only bagasse was used. This small increase in
opportunity cost could be affected by other factors, such as
the amount of electricity obtained from the anaerobically
digested stillage as well as calculation factors, such as the
volume of ethanol produced.
In the {B, 10% WIS} case, for instance, the electricity op-

portunity cost resulting from biogas production would
have been 0.25 US$/L if the pretreatment liquid fraction
(68% of the initial pentoses) was anaerobically digested,
and 0.12 US$/L if all waste streams were conveyed to the
waste water treatment plant, allowing the highest biogas
production. When biogas was not produced, the electricity
opportunity cost was increased to 0.34 US$/L.
The electricity selling price has a considerable influence

on the MESP, determining the profitability of 1G, 2G and
1G+ 2G ethanol. This effect can be enhanced by the
addition of leaves, as shown by the sensitivity analysis for the
{C5 EtOH, 20%WIS, 96 h} case (Figure 3). 2G ethanol could
almost reach the same MESP as 1G ethanol (0.46 US$/L),
regardless of whether leaves are added or not. However, the
electricity selling price can affect the choice of feedstock
when aiming at better profitability. The addition of leaves
can result in the same MESP for 1G and 2G ethanol but this
requires a higher electricity selling price (32 US$/MWh)
compared to when only bagasse is used (12 US$/MWh).
However, as the price of electricity increases above 0.46
US$/L, the difference in MESP between 1G and 2G etha-
nol increases dramatically, due to electricity revenues from
the 1G process and the corresponding opportunity cost in
the 2G process. In any case, the overall 1G + 2G MESP was
reduced as a result of increasing electricity selling price.

Enzymes: 100% EHE versus 250% EHE
Among the cost items determining the 2G MESP, the cost
of using enzymes was the primary cost, representing 32% of
the 2G MESP, which is comparable to the average capital
cost in all scenarios (28 to 39%). The costs presented above
are based on the budgetary price of enzymes in 2009,
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Figure 3 MESP for the {C5 EtOH, 20% WIS, 96 h, 100% EHE} case. MESPs of 1G, 2G and 1G+ 2G are plotted for (a) the case without leaves and
(b) with leaves addition. For case definitions see Table 1. 1G, first generation; 2G, second generation; B, bagasse; B + L, bagasse with addition of leaves;
C5 EtOH, pentose fermentation to ethanol; EHE, enzymatic hydrolysis efficiency; MESP, minimum ethanol selling price; WIS, water-insoluble solids.
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assuming a reasonable dosage, such as that used in labora-
tory experiments [54], and therefore reflect the state of the
art in that year. Better enzyme cocktails are now available
on the market, giving improved performance at lower cost.
Therefore, the 2G MESP can be significantly reduced by
using new enzymes [55]. Since the cost of enzymes was
adopted as an indicator of the performance of enzymatic
technology, future improvement in EHE by introducing
new enzymes was modelled as a reduction in the enzyme
cost. All the cases were re-evaluated assuming a more effi-
cient enzyme cocktail, with an efficiency of 250% compared
to the previous cocktail (100% EHE), or, alternatively, being
2.5 times cheaper in terms of cost. As expected, the more
efficient cocktail led to a significantly lower proportion of
the 2G MESP being attributed to the enzyme cost: 16%,
compared with 32% previously. Moreover, the 2G MESP
was reduced by 0.19 US$/L in the case of biogas produc-
tion from pentoses, and by 0.11 US$/L in the case of pen-
tose fermentation to ethanol. Since a fixed yield of 95% for
EH was assumed, the WIS content, the EH residence time
and the addition of leaves had no influence on the enzyme
efficiency, so the enzyme cost can be regarded as an opera-
ting cost, depending purely on enzyme dosage and the vo-
lume of ethanol produced. However, experience from
laboratory studies shows that the yield varies with these
three variables, as does the ethanol production volume and
ultimately the enzyme cost per litre of ethanol produced.
Besides the reduction in the 2G MESP, a 250% efficient en-

zyme cocktail could considerably reduce the gap between
1G MESP and 2G MESP due to electricity revenue and
could also enhance the profitability of 2G ethanol, depending
on the electricity selling price. Considering the {C5 EtOH,
20% WIS, 96 h, 250% EHE} cases (summarized in Table 3)
at the current electricity selling price (87 US$/MWh), 2G
ethanol would be competitive with 1G ethanol if 0.23 US$/L
and 0.26 US$/L were provided as subsidies for bagasse {B}
and bagasse with addition of leaves {B + L}, respectively. If
100% EHE enzymes were used, the subsidies required would
increase by 0.10 US$/L. The use of 250% EHE enzymes was
also beneficial for 2G ethanol in relation to the electricity
selling price. In the sensitivity analysis shown in Figure 4 the
point of equal MESP was moved from 12 US$/MWh found
in Figure 3a towards higher (and more realistic) electricity
selling prices, indicating that 2G ethanol could compete with
1G ethanol without subsidies at 49 US$/MWh for bagasse
only and at 54 US$/MWh for bagasse supplemented with
leaves. Nonetheless, the MESP at the point of equal MESP
was also decreased from 46 US$/L in the {100% EHE} case
in Figure 3 to about 40 US$/L in the {250% EHE} case in
Figure 4, thus broadening the revenue margins. As discussed
above, the addition of leaves led to greater electricity export
in the 1G ethanol distillery, increasing the relative cost of 2G
ethanol. It should be pointed out that below the point of
equal MESP (lower electricity selling price) 2G ethanol is
cheaper than 1G ethanol. The addition of leaves reduced the
2G MESP and was also beneficial for combined 1G+ 2G
ethanol production (see Table 3).
A similar pattern of results to those presented above for

100% EHE as a function of WIS, pentose utilization and EH
residence time were obtained for 250% EHE, apart from a
shift in the values of the MESP.
A particular case with 250% EHE may be relevant for the

hydrolysis strategy. Considering the effect of WIS on EH
residence time for the cases when bagasse was the only
feedstock and the pentoses were co-fermented to ethanol
{C5 EtOH, B, 250% EHE} (Figure 5), the highest reduction
in 2G MESP was achieved by running EH for 96 hours at
20% WIS (0.45 US$/L), which can be compared with low
WIS, that is 10% WIS (0.52 US$/L). Moreover, results also
suggested that the shorter residence time and lower WIS
{10% WIS, 48 h} may correspond to an equivalent 2G MESP
when having high WIS and longer EH residence time.



Table 3 Production and economic summary for 1G scenarios and {20% WIS, 96 h, 250% EHE} cases

{20% WIS, 96 h, 250% EHE}

1G 1G + 2G

Factor Unit C5 biogas C5 EtOH

B B + L B B + L B B + L

Ethanol production L/dry ton SCa 274 274 387 442 478 585

Electricity export MW 68 124 42 69 12 30

Electricity export kWh/ton SCb 126 230 78 128 22 56

Total investment costc million US$ 217 261 408 486 359 454

2G MESP US$/BOE - - 162 156 93 93

1G + 2G MESP US$/BOE 69 61 97 97 79 78
aLeaves are excluded; bdenotes ton of sugarcane including 70.6 wt% moisture, leaves are excluded; cestimated by using Aspen Process Economic Analyzer and
includes the equipment capital cost, installation, buildings, labour and contingency. For case definitions see Table 1. 1G, first generation; 2G, second generation;
B, bagasse; B + L, bagasse with addition of leaves; BOE, barrel of oil equivalent; C5 biogas, biogas production from pentoses; C5 EtOH, pentose fermentation to
ethanol; EHE, enzymatic hydrolysis efficiency; SC, sugarcane, WIS, water-insoluble solids.
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1G + 2G MESP
The volume of 1G + 2G ethanol is calculated as the sum
of the fixed 1G ethanol volume and the 2G ethanol vol-
ume, of which the latter varies depending on whether
leaves were added and/or pentoses were fermented to
ethanol. As a result, the MESP for 1G + 2G is the average
of the 1G MESP and the 2G MESP weighted by the etha-
nol output. For this reason, the variation in 1G+ 2G
MESP appears to be lower than the variation in 2G MESP
(Table 2). The MESP for integrated 1G+ 2G ethanol
production ranged from 0.41 to 0.62 US$/L, and using the
250% EHE enzymes gave a decrease of about 0.06 US$/L
(11%) (Table 4). The range of values for 2G MESP was
0.50 to 1.14 US$/L, although it was slightly reduced when
250% EHE enzymes were used (0.39 to 0.95 US$/L). The
effect of using the pentoses to produce ethanol was to
decrease the average value of the 1G + 2G MESP by
about 0.11 US$/L.
a)

Figure 4 MESP for the {C5 EtOH, 20% WIS, 96 h, 250% EHE} case. MESPs
(b) with leaves addition. For case definitions see Table 1. 1G, first generation;
C5 EtOH, pentose fermentation to ethanol; EHE, enzymatic hydrolysis efficienc
The effect of EH residence time on the 1G + 2G MESP
was found to be at most 0.05 US$/L higher for a residence
time of 96 hours compared with 48 hours. In the {C5 bio-
gas} cases, the WIS loading also affected the 1G + 2G
MESP. A saving of 0.04 US$/L was made by increasing
the WIS to 20%, and a saving of 0.07 US$/L was observed
at 30% WIS. In the {C5 EtOH} cases the savings at higher
WIS concentrations were reduced by about 33%.
Despite the fact that comparable values of 1G + 2G

MESP were obtained with and without leaves, the addition
of leaves had a minor negative impact on the 1G + 2G
MESP (0.03 US$/L) when pentoses were digested to bio-
gas. In the integrated 1G + 2G ethanol plant, the electricity
export increased by between 20 and 40 kWh/ton of wet
bagasse and leaves, when leaves were added, due to the in-
crease in the amount of EH residues burned in the CHP
plant, and more biogas being produced from waste
streams. The addition of leaves increased the electricity
b)

of 1G, 2G and 1G+ 2G are plotted for (a) the case without leaves and
2G, second generation; B, bagasse; B + L, bagasse with addition of leaves;
y; MESP, minimum ethanol selling price; WIS, water-insoluble solids.
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revenues at most by 0.02 US$/L, but this was not always
sufficient to compensate for the associated rise in capital
and maintenance costs, which was at most 0.04 US$/L.
The most interesting case regarding feasibility and profit-

ability was {C5 EtOH, 20% WIS, 96 h, 250% EHE}. When
bagasse was used, the 1G+ 2G MESP was 0.39 US$/L,
which was very close to the 1G MESP of 0.34 US$/L. When
leaves were added, the difference between the 1G+ 2G
MESP and the 1G MESP increased to 0.08 US$/L. However,
it would not be correct to conclude that 1G ethanol is more
profitable than 1G + 2G ethanol, and that bagasse would be
a more profitable feedstock than bagasse and leaves simply
because the former would require a smaller subsidy (0.05
US$/L) than the latter (0.08 US$/L) to reach the 1G MESP.
The 2G ethanol production volume should also be taken
into account in profitability analysis, as different revenues
can be obtained depending on the wholesale ethanol price
(WEP) at the gate, that is the price paid to the producer in-
cluding the cost of raw materials, capital and operating
costs, as well as the producer’s profit.

Profitability analysis
Parameters suitable for expressing profitability are the in-
ternal rate of return (IRR), which describes the yield on in-
vestment, and the net present value (NPV), which
provides a measure of the investment value. IRR and NPV
were considered in the investment evaluation, as well as
the main market factors such as the WEP and the electri-
city selling price, as both ethanol and electricity were pro-
duced in the same plant.
Three electricity selling prices were used to analyse the
variation in the WEP: 43, 87 and 140 US$/MWh. According
to the sensitivity analysis for the {C5 EtOH, 20% WIS, 96 h,
250% EHE} case, the NPV is usually higher for 1G+ 2G
ethanol than for 1G ethanol, and the addition of leaves gave
the highest NPV, as can be clearly seen in Figure 6a,b,c.
However, when the electricity selling price increased, the 1G
ethanol plant outperformed the 1G+ 2G plant, and higher
values of the WEP were required to counterbalance the
electricity revenues from 1G ethanol. In contrast, the IRR
analysis (Figure 6d,e,f) showed that similar IRR values were
obtained primarily at low electricity selling prices and the
IRR curves for the 1G+ 2G cases overlapped. At current
electricity selling prices (87 US$/MWh), 1G ethanol could
achieve higher NPV than 1G+ 2G ethanol only if the WEP
was below 0.52 US$/L when using bagasse and below 0.44
US$/L when using bagasse and leaves. Above these values,
1G + 2G ethanol became more profitable than 1G ethanol,
despite the lower electricity export, because of the higher
volume of ethanol produced. However, when the volume of
ethanol decreases due to lower yields and/or to biogas pro-
duction from pentoses, it may be possible that the higher
electricity production in the 1G plant could be more profit-
able than producing 2G ethanol. The addition of leaves led
to an increase in ethanol production volume and electricity
export compared to bagasse without leaves, and this could
be the reason why 1G+ 2G ethanol from bagasse supple-
mented with leaves was always more profitable in terms of
NPV than 1G+ 2G ethanol using bagasse only. The lines
representing the NPV for 1G ethanol have the same slope
because the volume of ethanol produced is the same for the
cases when bagasse and bagasse with leaves are combusted
in the CHP plant. The offset of these two parallel lines is
due to the 56 MWel extra electricity produced when using
bagasse and leaves, which increases the NPV by about 49
million US$. The benefits of adding leaves are more evident
for 1G ethanol at low WEP due to the extra revenue from
the electricity generated, while for 1G + 2G ethanol it is
beneficial at WEP greater than 0.44 US$/L because of high
ethanol production volume. At the lowest electricity sell-
ing price (43 US$/MWh) the volume of ethanol produced,
in terms of NPV, could orient the choice towards 1G + 2G
{B + L}. At the highest electricity selling price (140 US
$/MWh) the exported electricity revenue from the 1G
ethanol plant suggests that 1G + 2G ethanol would be the
best option only if the WEP were greater than 0.55 US$/L.
Such a less realistic electricity selling price was chosen to
show whether 1G + 2G ethanol could be still profitable in
this extreme case depending on the current market WEP.
Regarding the analysis of IRR, shown in Figure 6d,e,f,

the WEP at the low electricity selling price (43 US
$/MWh) has a weak effect on the IRR of the four cases
compared, although the 1G + 2G ethanol scenarios seem
to be slightly better than the 1G scenarios. However, the



Table 4 1G + 2G cost items and 1G + 2G MESP for all cases in US$/L

C5 biogas C5 EtOH

Cost items for 1G + 2G MESP B B + L B B + L

10%
WIS

20%
WIS

30%
WIS

10%
WIS

20%
WIS

30%
WIS

10%
WIS

20%
WIS

30%
WIS

10%
WIS

20%
WIS

30%
WIS

Sugarcane 0.17 0.17 0.17 0.15 0.15 0.15 0.13 0.13 0.13 0.11 0.11 0.11

Leaves 0.00 0.00 0.00 0.02 0.02 0.02 0.00 0.00 0.00 0.01 0.01 0.01

Capital cost, 48 h 0.24 0.22 0.21 0.26 0.24 0.23 0.17 0.16 0.15 0.18 0.16 0.16

Capital cost, 96 h 0.27 0.23 0.22 0.30 0.25 0.24 0.19 0.17 0.16 0.20 0.18 0.17

Labour, maintenance, 48 h 0.07 0.07 0.07 0.08 0.07 0.07 0.05 0.05 0.05 0.05 0.05 0.05

Labour, maintenance, 96 h 0.08 0.07 0.07 0.09 0.08 0.07 0.06 0.05 0.05 0.06 0.05 0.05

Net electricity cost, 48 h -0.06 -0.06 -0.06 -0.08 -0.09 -0.09 -0.02 -0.02 -0.02 -0.03 -0.03 -0.03

Net electricity cost, 96 h -0.06 -0.06 -0.06 -0.08 -0.08 -0.08 -0.02 -0.01 -0.01 -0.03 -0.03 -0.03

Enzymes, 100% EHE 0.09 0.09 0.09 0.12 0.12 0.12 0.08 0.08 0.08 0.09 0.09 0.09

Enzymes, 250% EHE 0.04 0.04 0.04 0.05 0.05 0.05 0.03 0.03 0.03 0.04 0.04 0.04

Acid 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01

Base 0.004 0.004 0.004 0.004 0.004 0.004 0.003 0.003 0.003 0.003 0.003 0.003

Water consumption 0.004 0.002 0.002 0.005 0.003 0.002 0.002 0.001 0.001 0.003 0.001 0.001

1G + 2G MESP {48 h, 100% EHE} 0.54 0.51 0.50 0.57 0.54 0.53 0.43 0.42 0.41 0.44 0.41 0.41

1G + 2G MESP {96 h, 100% EHE} 0.58 0.53 0.52 0.62 0.55 0.54 0.46 0.44 0.42 0.48 0.44 0.43

1G + 2G MESP {48 h, 250% EHE} 0.48 0.45 0.44 0.50 0.46 0.45 0.39 0.37 0.36 0.38 0.36 0.35

1G + 2G MESP {96 h, 250% EHE} 0.52 0.47 0.46 0.55 0.48 0.47 0.42 0.39 0.38 0.42 0.38 0.37

For case definitions see Table 1. 1G, first generation; 2G, second generation; B, bagasse; B + L, bagasse with addition of leaves; C5 biogas, biogas production from
pentoses; C5 EtOH, pentose fermentation to ethanol; EHE, enzymatic hydrolysis efficiency; MESP, minimum ethanol selling price; WIS, water-insoluble solids.

Macrelli et al. Biotechnology for Biofuels 2014, 7:26 Page 11 of 16
http://www.biotechnologyforbiofuels.com/content/7/1/26
difference in IRR is already apparent at 87 US$/MWh and
peaking at 140 US$/MWh. At the latter electricity selling
price figure, the 1G ethanol overcomes 1G+ 2G ethanol.
Therefore, 1G ethanol plants could have a better yield on
investment. From the investors’ point of view, the most
appealing case would perhaps not be the one with highest
IRR (profit yield), but the scenario with the highest NPV
(profit magnitude), especially if the initial investment is
high. In fact, the volume of ethanol in 2G production
plays a fundamental role in overall ethanol NPV profitabil-
ity, particularly when the WEP increases.
Apart from the variation in WEP, the electricity selling

price is another major factor that can lead to competi-
tion and hamper 2G ethanol production, by affecting the
investors’ choice based on IRR and NPV. Thus, sensitiv-
ity analysis regarding the electricity selling price was per-
formed on the same cases using a WEP of 0.60 US$/L,
which is the selling price of anhydrous ethanol averaged
over the years from 2001 to 2011 in the state of São
Paulo, Brazil [56].
If NPV is used as an indicator of the highest yield on in-

vestment, rather than IRR, the 1G + 2G {B + L} case is the
best, as can be seen in Figure 7a. The driver providing the
highest profitability is the high ethanol volume (m3/dry
sugarcane). The second best case is 1G + 2G {B} for an
electricity selling price up to 115 US$/MWh.
As shown in Figure 7b, no single case gives the highest
IRR, but it depends on the electricity selling price. The
graph can be divided into three regions depending on the
three drivers: ethanol production volume, low capital in-
vestment and high electricity export. When the electricity
selling price is low, the greater volume of ethanol resulting
from 2G production, compared with 1G, is the main
driver for the high IRR up to 52 US$/MWh for 1G + 2G
{B} and to 48 US$/MWh for 1G + 2G {B + L}. Then 1G
{B} represents the case with highest IRR in the range 52 to
98 US$/MWh, due to the lower plant investment (217
million US$) compared to 1G {B + L} (261 million US$)
despite the low electricity production (56 MW). Above 98
US$/MWh, the electricity selling price is high enough to
allow high revenues from the electricity export (124 MW)
produced in case 1G {B + L}.

Feedstock
Variation in the cost of feedstock had a considerable im-
pact on operating costs and on the overall MESP of the
{B + L, 20% WIS, 96 h, 250% EHE} case, due to the cost of
sugarcane and, to a lesser extent, leaves. Sensitivity ana-
lysis based on feedstock prices showed the sugarcane cost
to be responsible for the greatest variation in the 1G + 2G
MESP, as can be seen in Figure 8. Increasing the cost of
sugarcane by 50% led to increases in the MESPs of 0.06



a) d)

b) e)

c) f)

Figure 6 Effect of wholesale ethanol price on NPV and IRR for the {C5 EtOH, 20% WIS, 96 h, 250% EHE} case. Leaves addition to bagasse
{B + L} and bagasse only {B} are the two feedstock used in evaluating the 1G + 2G ethanol and 1G ethanol profitability as the function of three
electricity selling prices (43, 87, 140 US$/MWh). The electricity selling prices are specified in panels: 43 US$/MWh in (a) and (d); 87 US$/MWh in
(b) and (e); 140 US$/MWh in (c) and (f). For case definitions see Table 1. 1G, first generation; 2G, second generation; B, bagasse; B + L, bagasse
with addition of leaves; C5 EtOH, pentose fermentation to ethanol; EHE, enzymatic hydrolysis efficiency; IRR, internal rate of return; NPV, net
present value; WIS, water-insoluble solids.
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US$/L (14%), 0.08 US$/L (17%) and 0.13 US$/L (43%) for
the 1G + 2G {C5 EtOH}, 1G + 2G {biogas} and 1G cases,
respectively. The effect of increasing the cost of leaves by
50% on MESP was one tenth of that with the higher sug-
arcane cost, because of the small amount of leaves used
and the cheaper price per dry ton. For variations in the
cost of sugarcane and leaves, it was noted that the increase
in 1G + 2G MESP was inversely proportional to the
volume of ethanol produced; thus, the highest increase in
MESP corresponded to the case in which the lowest vo-
lume of ethanol was produced.

Conclusions
The 2G ethanol production cost is affected by process op-
tions and conditions, operating costs and market prices.
2G MESP was found to be generally higher than 1G



a) b)

Figure 7 Effect of electricity selling price on NPV and IRR for the {C5 EtOH, 20% WIS, 96 h, 250% EHE} case. Leaves addition to bagasse {B + L}
and bagasse only {B} are the two feedstock used in evaluating the 1G + 2G ethanol and 1G ethanol profitability at constant wholesale ethanol price
(0.60 US$/L, corresponding to 102 US$/MWh of ethanol lower heating value, as specified in panels (a) and (b)). For case definitions see Table 1. 1G,
first generation; 2G, second generation; B, bagasse; B + L, bagasse with addition of leaves; C5 EtOH, pentose fermentation to ethanol; EHE, enzymatic
hydrolysis efficiency; IRR, internal rate of return; NPV, net present value; WIS, water-insoluble solids.
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MESP although for a few of the better cases the difference
was small.
The factor with the greatest effect on 2G MESP was the

volume of 2G ethanol produced per ton sugarcane, rather
than the input capacity of the 2G section of the plant. Thus
the greatest reduction was obtained when all the sugars, in-
cluding the pentoses, were co-fermented to ethanol. More
efficient and profitable alternatives may be considered in
future studies on biogas use, such as combustion in a com-
bined cycle or upgrading for transportation fuel and do-
mestic heating purposes.
The second most important mean of reducing the 2G

MESP was enhancing the EHE by 2.5 times. As a result,
2G ethanol was cheaper than 1G ethanol for a wider range
of electricity selling prices. The cost of EH could also be
a)

Figure 8 Effect of variation in the cost of sugarcane and leaves on MESP
MESP for the {B + L, 20% WIS, 96 h, 250% EHE} cases and on 1G MESP for the {
generation; B + L, bagasse with addition of leaves; EHE, enzymatic hydrolysis ef
reduced, but to lesser extent, by shortening the residence
time and increasing the WIS loading, both of which had a
similar effect on 2G MESP reduction. The addition of sug-
arcane leaves had no effect on the overall 2G MESP as the
gain achieved by a lower capital cost was cancelled out by
a higher electricity opportunity cost per litre of 2G ethanol.
In our opinion, the {C5 EtOH, 20% WIS, 96 h, 250%

EHE} cases were the most interesting for feasibility and
profitability. However, the addition of leaves was found to
be crucial for the profitability of 1G + 2G ethanol produc-
tion in terms of NPV. The main reason for the higher rev-
enue can be ascribed to the high volume of ethanol
produced from bagasse and leaves, which also depends on
conversion yields. Thus, ethanol produced in the inte-
grated 1G + 2G plant can be more profitable than 1G
b)

. The sensitivity analysis of the feedstock cost is performed on 1G + 2G
B + L} case. For case definitions see Table 1. 1G, first generation; 2G, second
ficiency; MESP, minimum ethanol selling price; WIS, water-insoluble solids.



Table 5 Process data and yield assumptions

Parameter Value Unit

Sugarcane feedstock 165 dry ton/h

Leaves:bagasse ratio added to the process 50% dry weight

Steam pretreatment - sugar yield 95% of theoretical

Steam pretreatment - residence time 5 minutes

Enzymatic hydrolysis - release of sugars 95% of theoretical

Ethanol fermentation - yield from hexoses and pentoses 95% of theoretical

Ethanol fermentation - residence time 8.2 hours

Solid/liquid separation - yield 95% of theoretical

Methane yield from sugars, alcohols and organic acids 95% of theoretical

COD converted to biogas 95% of theoretical

COD conversion rate 1.0 gCOD/L/h

Ethanol titer after distillation and dehydration 99.5% weight

Boiler pressure 90 bar

Boiler temperature 530 °C

COD, chemical oxygen demand.

Table 6 Main assumptions used for the economic
calculations

Parameter Value

IRR after tax, above inflation 10%

NPV duration 20 years

Tax rate 34%

Period of tax-deductible linear depreciation in capital cost 10 years

Plant scrap value None

Payment of total project investment prior to start-up 12 months

Working capital (% of turnover) 20%

Financing 100% equity

Currency basis 2011 US$

IRR, internal rate of return; NPV, net present value.
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ethanol from an autonomous distillery, despite the fact
that the MESP for the 1G + 2G plant is greater than that
for the 1G plant. However, at lower conversion yield and/
or when biogas is produced from pentoses, it may be pos-
sible that the higher electricity export could improve the
profitability of 1G ethanol over 1G + 2G ethanol.

Materials and methods
The analysis of the main variables affecting the ethanol
production cost in an integrated 1G + 2G plant is based
on process simulations and economic evaluation of sce-
narios obtained by the systematic combination of the vari-
ables considered. In each case, mass and energy balances
were obtained using the model implemented in Aspen
Plus v7.2 (Aspen Technology, Inc, Burlington, MA, USA),
and these were then used in Aspen Process Economic
Analyzer v7.2 to obtain the capital cost. The overall in-
vestment cost and ethanol production cost, expressed as
the MESP, were calculated in an Excel spreadsheet.
The methodology employed for this techno-economic

analysis has been extensively described previously [20]. A
specific flowsheet configuration (Figure 1) for an inte-
grated 1G + 2G plant was selected from among the sce-
narios already investigated, and a few minor modifications
were made regarding the configuration. This flowsheet
model corresponds to Scenario I in the previous study,
and includes all the steps in a traditional autonomous dis-
tillery (milling, clarification, evaporation, fermentation,
distillation), together with the enzymatic process used to
produce ethanol from lignocellulose (steam pretreatment,
SHF, solid/liquid separation, distillation). Waste water
treatment and the CHP plant were included with slight
modifications to the previous configuration. In the
reference scenarios where only 1G ethanol was produced
and the lignocellulosic fractions were combusted, waste
water treatment consisted of only aerobic treatment to re-
duce the COD. Biogas production from stillage was in-
cluded in all simulations of the integrated 1G + 2G plant,
and was modelled as continuous recirculation tanks in-
stead of stirred tank reactors. The CHP plant was
upgraded from a steam pressure of 65 bar to 90 bar.
Stream integration in the 1G + 2G plant took place in a
single distillation unit instead of in a single fermentation
unit due to the possibility of employing different microor-
ganisms for 1G and 2G ethanol, fermenting different sub-
strates at different optimal conditions. Energy integration
was implemented by heat exchange between the streams
in the 1G and 2G processes. Ethanol was dehydrated by
molecular sieves to 99.5 wt%. The main characteristics of
the configuration modelled are given in Table 5.
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Another objective was also to determine the maximum
potential of 2G ethanol production and the corresponding
lowest 2G MESP. Yields close to theoretical values were
chosen for the most critical steps in the 2G process. All
the yields were set to 95% of the theoretical (or losses set
to 5%) for steam pretreatment, EH, fermentation and
solid/liquid separation, regardless of whether the oper-
ating conditions were harsh or mild, giving an overall
ethanol yield of 82% from bagasse and leaves. Yields
used for the 1G fermentation of sucrose were obtained
from a commercial autonomous distillery [20]. The me-
thane yield from organic acids, alcohols and sugars was
also set to 95% of the theoretical, but for more recalci-
trant compounds such as hydroxymethylfurfural and
furfural this was reduced to 60%. Lignin and unreacted
fibre were not considered to yield any biogas. The ba-
gasse and leaves composition used as model input was
determined by the CaneBioFuel project partners [57].
Sugarcane tops and stubble were removed from the
trash (or straw) sample prior to the compositional ana-
lysis in order to obtain the characterization of leaves
only. The variables included in the study were process
options (use of pentoses and addition of leaves to ba-
gasse), EH variables (residence time and WIS), and cost
factors (enzymes, electricity, ethanol) (Table 1).
The capital cost evaluation was updated to the first

quarter of 2011, as were vendor quotations for the CHP
plant, the filter press and the biogas recirculation tanks.
The capital cost was scaled for higher capacity with the
six-tenth rule for the CHP plant and the steam dryer,
while multiple pieces of equipment of the same size (the
maximum size supplied by vendors) were added for
steam pretreatment, filter press and anaerobic digester.
Electricity is accounted for as an opportunity cost:
negative for the 1G process (revenue from selling elec-
tricity produced by burning bagasse) and positive for
the 2G plant (cost due to the increased energy demand
compared with the 1G process alone). The indicators
used for evaluation of the economic performance were
the MESP for 2G ethanol (2G MESP) and for 1G + 2G
ethanol (1G + 2G MESP), and the NPV and IRR on the
investment. In cases where leaves were added to pro-
duce 2G ethanol, the 2G MESP was calculated using
the 1G MESP corresponding to the scenario with the
addition of leaves as a reference. In the sensitivity ana-
lysis, IRR and NPV were obtained as functions of the
total volume of ethanol produced, and the wholesale
prices of ethanol and electricity. For some interesting
cases, the MESP was also expressed in terms of equiva-
lent oil prices. A 16% refiner margin was added to the
oil price to give the wholesale price of gasoline, and this
was compared, on the basis of energy, to the MESP at
the gate. The economic data used in the various config-
urations are given in Table 6.
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