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Production of chemicals and second generation ethanol from lignocellulosic material integrated to first
generation sugarcane biorefineries presents potential for industrial implementation, since significant part of
the infrastructure may be shared between both first and second generation plants. Additionally, chemicals
from renewable resources have attracted increasing attention, mainly for their market prices (usually
higher than commodities as biofuels) and potential for replacing oil-based products used as feedstock in
the chemical industry.
The production of chemicals through the alcoholchemistry route uses catalysts to convert ethanol into
desired products according to catalysts activity and selectivity. One of the possibilities in the
alcoholchemistry route is to use ethanol to produce n-butanol that can be sold as feedstock for the
chemical industry and as drop-in biofuel for gasoline powered engines. Due to catalyst selectivity, this
process generates also other chemicals, which can be purified to be sold as feedstock for the chemical
industry. Previous studies have pointed out that the use of ethanol in a biorefinery to produce n-butanol
presents good economic and environmental impacts. Nevertheless, results obtained for the economic
return of the n-butanol biorefinery compared to autonomous ethanol plants were very similar, which can be
unattractive for investors dealing with the high risks involved in a novel biorefinery process.
In this work, the possibility of enhancing the financial and environmental impacts of n-butanol and other
high value chemicals production integrated to a second generation sugarcane biorefinery is explored.
Computer simulation is used to quantify the influence of technical parameters, including down-stream
operations required to separate coproducts, adding value to the mix of products and commercial flexibility.
Risk analysis is used to evaluate uncertain parameters such as the investments in n-butanol and second
generation ethanol plants and the market prices assumed for the new products. Results obtained show
that production of n-butanol and other high valued chemicals integrated to a first and second generation
sugarcane biorefinery could be an economically and environmentally attractive alternative. However, the
financial risk involved is high and hugely dependent on the selling prices of the new products of the
portfolio investigated in this work, mainly n-butanol.

1. Introduction
Second generation has been envisioned as an alternative for increasing ethanol production in sugarcane
biorefineries using the same cultivated area. The concept is defined by the utilization of fermentable
sugars obtained from the lignocellulosic portion of the plant, such as bagasse and straw. Dias et al. (2012)
have pointed out several potential advantages of integrating second generation units with conventional first
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generation biorefineries such as sharing important operations (juice concentration, fermentation, distillation
and cogeneration) as well as feedstock availability in the production area (bagasse and straw).
Benefiting from the existing structure and the use of first and second generation ethanol as feedstock,
production of high valued chemicals by the alcoholchemistry route would add flexibility to the portfolio and,
possibly, increase the revenues of sugarcane biorefineries.
In recent quest for catalysts with convenient selectivity and fair yields able to convert ethanol into desired
higher alcohols, Downson et al. (2013) have reported the discovery of a new rutheniumbis(diphenylphosphanyl)methane catalyst for the upgrading of ethanol to n-butanol with 94 % selectivity at
over 20 % conversion. Other studies in the literature have already detailed the development of catalysts for
the conversion of ethanol to various desired products, such as n-butanol in Carvalho et al. (2012) using Mg
and Al mixed oxides and Riittonen et al. (2012) using Al oxides; hydrocarbons in Chistyakov et al. (2013)
using Pd-Zn catalysts; and acetaldehydes in Sannino et al. (2013) using RuOx-VOx/TiO2 catalysts. Due
to catalyst selectivity, the same process can generate a series of chemicals, which can be separated and
purified to be sold as feedstock for the industry.
Previous studies have pointed out that the use of ethanol as feedstock to produce n-butanol and higher
alcohols integrated to first generation (Dias et al., 2013a) and first and second generation sugarcane
refineries (Pereira et al., 2013) presents good economic and environmental impacts. Nevertheless, results
obtained for the economic return of the n-butanol biorefinery compared to autonomous ethanol plants were
very similar, which can be unattractive for investors dealing with high risks involved in a novel biorefinery
process.
In this work, the possibility of enhancing the financial and environmental impacts associated with the
production of n-butanol and other high valued chemicals integrated to a second generation sugarcane
biorefinery is explored. Computer simulation is used to quantify the influence of technical parameters,
including the down-stream operations required to separate co-products, adding value to products. Monte
Carlo simulation is applied to evaluate uncertainties associated with parameters such as investments on
second generation and ethanol catalysis plants and market prices assumed for products.

2. Process description and scenarios definition
In this work an integrated first and second generation ethanol production plant from sugarcane is
considered. An optimized first generation autonomous distillery with reduced steam consumption and
efficient cogeneration system using bagasse and straw (50 % recovery of the amount produced in the
field) is assumed; surplus bagasse and straw is used as feedstock for second generation ethanol
production, which is comprised by steam explosion pretreatment (150 °C, 10 min, 0.5 wt % H2SO4) with
conversion of hemicellulose to pentoses and furfural of 65 % and 10 %, and of cellulose to glucose and
hydroxymethylfurfural (HMF) of 5 % and 1.5 %, respectively; enzymatic hydrolysis (15 wt % solids, 50 °C,
48 h, 10 FPU/g cellulose) with conversion of cellulose to glucose of 70 % and hemicellulose to pentoses of
35 %, and separate fermentation of C5 and C6 sugars (hexoses are fermented in a mixture with
sugarcane juice), assuming 90 % and 80 % yields for C6 and C5 fermentation, respectively. Both first and
second generation ethanol are used as feedstock for butanol production using a Ruthenium based catalyst
6
([RuCl(η -p-cymene)(3)]Cl) (22.1 % conversion) in a single step batch reaction carried out for 4 hours
under 150 ºC. In the reactor, ethanol is converted to n-butanol (93.6 % selectivity and 20.1 % yield), 2ethylbutanol (3.2 % selectivity and 1.1 % yield) and n-hexanol (5.1 % selectivity and 1.7 % yield). The used
catalyst presents a remarkable selectivity and the highest ethanol conversion in 4 hours residence time
among the catalysts investigated by Downson et al. (2013).
Reaction products are cooled and sent to the purification system, comprised by absorption and distillation
columns and adsorption for products purification. Distillation columns recover unreacted ethanol, which is
dehydrated using molecular sieves, and butanol (99.8 wt %); 2-ethylbutanol is separated from n-hexanol
using selective adsorption, producing streams with > 98 wt % purity.
In order to evaluate the integration of the alcoholchemistry route into the first and second generation
ethanol biorefinery, three different scenarios were investigated.
Scenario 1G represents an optimized autonomous sugarcane distillery with maximization of surplus
electricity (all the bagasse and straw are used as fuel for electricity production). In scenario 1G2G,
integrated first and second generation ethanol production takes place. Scenario 1G2G-B represents an
integrated first and second generation ethanol production process, with n-butanol and coproducts
production using all anhydrous ethanol as feedstock, using the catalyst described.
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3. Methodology
3.1. Process simulation
Simulations were carried out using Aspen Plus. The sugarcane biorefinery processes 500 tonnes of
sugarcane per hour, approximately 2 Mt/y. Simulation of the sugarcane biorefinery has considered
conservative values for the main industrial parameters.
3.2. Financial analysis
Financial sustainability is measured based on the internal rate of return and on the revenues calculated for
each scenario investigated.
The internal rate of return is calculated considering the current Brazilian economic scenario. Project
lifetime was assumed to be 25 y, requiring 2 y for construction and start-up of the plant. Linear 10 years
depreciation was assumed as well. Income taxes and social contributions account for 34 % of the taxable
income. Cost of the cellulase enzyme was estimated as 0.05 US$/L of second generation ethanol
produced (Bonomi et al., 2012).
Investment data for the annexed sugarcane distillery were obtained from Sousa and Macedo (2010);
values for 2009 were updated to June 2013 (reference year for this study) considering the inflation rates in
Brazil. For the second generation ethanol production process, investment data was obtained in the
literature (CGEE, 2009). Details on the investment for the first and second generation ethanol production
plant are provided in previous studies from Dias et al. (2012, 2013). Investment for the ethanol catalytic
conversion plant was estimated based on data for equipment investment (e.g. packed bed reactor,
distillation columns) provided in NREL reports (Humbird et al., 2011), using information from mass and
energy balances obtained in the simulation.
The prices adopted in this study for the main inputs and products generated are shown in Table 1.
Table 1: Prices adopted (exchange rate Jan-Jun/2013: US$ 1.00 = R$ 2.03)
Product
Anhydrous ethanol
Electricity
Sugarcane
Sugarcane straw (dry basis)
n-butanol
n-hexanol
2-ethylbutanol

Price/Cost

Unit

0.61
59.82
24.18
22.44
1.89
3.29
8.00

US$/L
US$/MWh
US$/t
US$/t
US$/kg
US$/kg
US$/kg

Reference
CEPEA (2013)
EPE (2013)
UDOP (2013)
Cardoso et al. (2013)
MDIC (2013)
ICIS (2012)
Wuxi Hexia Chemical Company (2013)

3.3. Environmental analysis
The evaluation of environmental impacts was carried out through the life cycle assessment methodology.
The method evaluates the environmental burden associated with a product, process or activity, by the
identification and quantification of energy and materials used and waste and emissions released, in
addition to evaluating the impact on the environment on a scientific and quantitative basis.
The life cycle of biofuels takes into account stages of production, cropping and harvesting of biomass until
the final use, including industrial process and transportation stages when required. Guidelines for the LCA
method are described in ISO documents (ISO 14044, 2006).
In this study, the software package SimaPro 7.3.3 and the CML 2 Baseline 2000 v2.05 method (described
by Guinée et al. (2002)) were used as tools for the environmental impact assessment.
3.4. Risk analysis
Risk analysis was performed to measure the influence of uncertainties related to prices of products and
investment for second generation and ethanol catalysis plants on the economic return of the assessed
scenarios. In this work, the effect of uncertainties on the technical parameters has not been assessed. The
software @Risk 6.2 and Monte Carlo simulation analysis (5,000 iterations) were used to obtain the density
of probabilities associated with the internal rate of return for each scenario.
Normal distribution (10 % SD) was assumed for investment values, whereas uniform distribution was
considered for the prices of products generated by the conversion of ethanol: n-butanol (0.95 (price as
fuel) – 1.89 (price as chemical) US$/kg); n-hexanol (1.65 – 4.94 US$/kg (±50 % variation for adopted
price) and 2-ethylbutanol (4.00 – 12.00 US$/kg (±50 % variation for adopted price)).
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4. Results and discussion
The main results obtained in the simulation, calculated investment, internal rate of return and revenues are
shown in Table 2. Financial results for scenarios 1G and 1G2G were obtained from Pereira et al. (2013)
and updated for the reference of June 2013. Although anhydrous ethanol is used as feedstock in 1G2G-B,
a fairly high amount of ethanol is still produced in addition to high valued chemicals. Revenues and IRR
show that, considering adopted prices and estimated investment, it is economically viable and attractive to
produce chemicals from the catalysis of ethanol using the Ruthenium catalyst as described by Downson et
al. (2013).
Table 2: Summary of technical and financial results
Parameter
Anhydrous ethanol (L t cane-1)
Electricity (kWh t cane-1)
-1
n-butanol (kg t cane )
-1
n-hexanol (kg t cane )
2-ethylbutanol (kg t cane-1)
Second generation ethanol plant (MM US$)
Ethanol catalysis plant (MM US$)
Total investment (MM US$)
Internal rate of return (%)
-1
Revenues (US$ t cane )

1G

1G2G

1G2G-B

84.3
193.3
240
14.9
65.2

111.9
75.4
75
305
15.3
75.3

77.6
101.5
12.2
1.0
0.6
48
45
339
17.6
86.7

Figure 1 shows the comparative environmental impact scores per US$ of revenue for the investigated
scenarios. It is possible to observe that, for most of the environmental impact categories evaluated,
scenario 1G2G-B presented the best results. The only exception is the photochemical oxidation category
which is hugely influenced by the emissions of ethanol during the industrial stage. In the case of scenario
1G2G-B, besides the ethanol emissions from the distillation process that also takes place in scenarios 1G
and 1G2G, there are additional gaseous emissions mainly composed by ethanol, water and nitrogen in the
gas washing stage at the ethanol catalysis plant, which affects the photochemical oxidation category
leading to a higher impact. It is important to emphasize that there is no available information on the
formation of light compounds, such as hydrogen, during the ethanol catalytic conversion, which could also
negatively affect the impacts for certain categories.
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Figure 1: Comparative environmental impact scores per US$ of revenue for autonomous first generation
(1G), integrated first and second generation (1G2G) and first and second generation with ethanol catalytic
conversion (1G2G-B)
In general, it may be said that the production of n-butanol and other high valued chemicals using ethanol
as feedstock is worthy from an environmental standpoint, since less impact is produced by monetary
revenue generated, despite the fact that more equipment, materials and resources are needed in the
process in comparison to the other scenarios investigated in this work.
Figure 2 depicts the distribution of probabilities for investigated scenarios according to the assumptions
considered for the risk analysis. The IRR for scenario 1G is fixed at 14.9 %. IRR distribution for 1G2G
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showss that there iss a high proba
ability (88.6 %
%) that its IRR
R is higher than for 1G. On the other han
nd, the
proba
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enario 1G2G-B has an IRR
R higher than
n 1G is 74.4 % and 48.5 % than 1G2G
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means that the riskk involved in investing in sscenario 1G2G
G-B is much higher,
h
althouggh the determ
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d in Table 2 has
h
pointed o
out that the IRR for 1G2G
G-B (17.6 %) would be the
e most
analyssis presented
attracctive in compa
arison to the other
o
investiga
ated scenarios
s. The probability for scenaario 1G2G-B to
o have
R equal or hig
gher than 17.6
6 % is only 5.7
7 %.
an IRR

Figure
e 2: Internal ra
ate of return diistribution of p
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Figure
e 3 shows ho
ow prices and investments affect the internal rate of return for sceenario 1G2G-B
B. It is
possib
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e that n-butanol price plays a fundamenta
al role on the definition of thhe financial viiability,
where
eas investmen
nts on the 2G and
a ethanol ca
atalytic conversion plants have minor imppact.

Figure
e 3: Effects off prices and inv
vestment on th
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enario 1G2G-B
B
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onclusions
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er, the financia
al risk involved
d is high: assu
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