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Abstract: Large-scale deployment of both biochemical and thermochemical routes for advanced
biofuels production is seen as a key climate change mitigation option. This study addresses
techno-economic and environmental aspects of advanced liquid biofuels production alternatives
via biomass gasification and Fischer–Tropsch synthesis integrated to a typical sugarcane distillery.
The thermochemical route comprises the conversion of the residual lignocellulosic fraction of
conventional sugarcane (bagasse and straw), together with eucalyptus and energy-cane as emerging
lignocellulosic biomass options. This work promotes an integrated framework to simulate the
mass and energy balances of process alternatives and incorporates techno-economic analyses and
sustainability assessment methods based on a life-cycle perspective. Results show that integrated
biorefineries provide greenhouse gas emission reduction between 85–95% compared to the fossil
equivalent, higher than that expected from a typical sugarcane biorefinery. When considering avoided
emissions by cultivated area, biorefinery scenarios processing energy-cane are favored, however at
lower economic performance. Thermochemical processes may take advantage of the integration with
the typical sugarcane mills and novel biofuels policies (e.g., RenovaBio) to mitigate some of the risks
linked to the implementation of new biofuel technologies.

Keywords: validation biorefinery; Life Cycle Assessment; techno-economic analysis; thermochemical
conversion; gasification; Fischer-Tropsch synthesis; sugarcane; energy-cane; eucalyptus

1. Introduction

The impact of increasing greenhouse gas (GHG) emissions on climate and the high energy
dependence on fossil fuels are alarming issues worldwide. These concerns have encouraged many
countries to search for ways to diversify their energy matrices by increasing the proportion of renewable
and locally available energy resources. Among the key climate mitigation options, bioenergy plays
an important role in many global scenarios focusing on the reduction of fossil fuels dependence for
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achieving low temperature stabilization targets [1,2]. For example, the different future scenarios
described in the Shared Socioeconomic Pathways (SSPs) indicate that the demand for dedicated energy
crops for bioenergy can range from less than 5 up to 20 billion tonnes per year by 2100, corresponding
to about 200–1500 million hectares of land for such crops [3,4].

In Brazil, incentives to expand the use of ethanol produced from sugarcane juice—hereafter typical
first-generation (1G) ethanol—as substitution to fossil gasoline began in the 1970s as a response to the
oil crisis. Since then, Brazilian ethanol production costs have declined continuously mainly due to the
improvements in agricultural yields and the scale and efficiency gains in the conversion processes [5–7].
As a consequence, 1G ethanol has been increasing its share in the energy matrix and significantly
contributing to GHG emissions reduction in the transport sector [8]. However, one of the major
challenges for the Brazilian energy sector is to continue increasing the bioenergy production in view of
the projected long-term growth in energy demands worldwide [9,10] and the climatic commitments
pledged in the 21st Conference of the Parties (COP 21) [8,11]. In this regard, the Brazilian government
has been developing since 2016 the new National Policy on Biofuels, so-called RenovaBio. This policy
came into effect in 2020 and created mechanisms to provide financial incentives to the different liquid
biofuel options. These incentives are calculated based on the individual performance of the biofuel
production units and proportional to the potential to reduce the GHG emission in comparison to fossil
equivalents [12,13].

In this context, innovative second-generation (2G) technologies may provide biofuels, electricity,
and chemicals from lignocellulosic material (LCM), such as woody biomass, semi-perennial grasses and
agricultural residues, allowing further environmental benefits [14,15]. However, 2G technologies have
not yet achieved full commercial scale. Among several alternatives for 2G biofuels, thermochemical
routes for conversion of biomass are robust and flexible enough to admit a wide range of feedstock
types [16]. In the gasification process, the biomass is partially oxidized with air, steam, or oxygen
at high temperatures into a gas mixture, called synthesis gas or syngas. Products from syngas
conversion include electricity, hydrogen, ammonia, mixed alcohols, methanol, Fischer–Tropsch (FT)
liquid fuels, dimethyl ether (DME), ethanol via acetic acid synthesis and hydrogenation, gasoline via
methanol-to-gasoline (MTG), and others [17]. The use of FT technology for biomass-derived syngas
conversion may offer the additional benefit of producing fuels that are not easily displaced by ethanol,
such as fossil diesel and aviation fuels. Recent literature shows that the economic performance of
biorefineries for advanced liquid biofuels derived from gasification of biomass followed by FT synthesis
mostly depends on the policy context, as well as the feedstock and capital costs [18–25]. In general,
environmental studies show that the life-cycle GHG emissions of advanced liquids biofuels derived
from FT technology can be reduced by more than 76% in comparison to fossil fuels, depending on the
feedstock and methodological assumptions [21,25–31].

The integration between 1G and 2G technologies is expected to increase overall process efficiency
and mitigate some of the risks linked to the implementation of new advanced biofuel technologies.
Co-location strategies take advantage of the shared infrastructure, increased potential for energy
integration, and increased market opportunities with a larger portfolio of products with different
applications (e.g., aviation fuels and light- and heavy-duty vehicles). Besides numerous combinations
of biomass options and thermochemical technologies evaluated in the literature, the possibilities for
integrating the gasification followed by FT synthesis with the well-established typical 1G sugarcane
distilleries have not been fully addressed and explored. The few recent studies in the literature
considering this integration [30,32,33] highlighted that there are still many promising feedstock types
and process designs to be assessed. In this perspective, the possibility to examine process alternatives
with the use of energy-cane (EC) and eucalyptus wood chips as substitute or complementary to the
conventional sugarcane (CS) biomass is very attractive. EC is a variety of cane with higher fiber content
and higher potential yields than CS [34–38]. Therefore, the use of EC can be considered in substitution
to CS since the focus of the process is the conversion of LCM to advanced liquid fuels. Eucalyptus is
also an interesting biomass to complement both CS and EC, facilitating the plant operation during the
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off-season. This hardwood has already a well-established production chain in Brazil, with substantial
production volumes [39], high yields [40–43], and competitive costs [41,42]. Eucalyptus still has the
possibility of being cultivated in marginal areas not usually suitable for agriculture [44], which can
ultimately contribute to mitigating any additional pressure for productive land for biofuel production.

In such a context, this work assesses techno-economic and environmental performance of advanced
liquid biofuels production options. Biomass gasification and FT synthesis integrated to a 1G sugarcane
biorefinery using CS, EC, and eucalyptus as feedstock are considered. An integrated framework to
simulate the mass and energy balances of process alternatives and to incorporate techno-economic
analyses and sustainability assessment methods based on the life-cycle perspective is applied. Therefore,
the studied scenarios consider emerging biomass options (e.g., EC and eucalyptus) and the integrated
biochemical and thermochemical biomass conversion processes to address the benefits and tradeoffs of
these biofuel production alternatives in terms of technical, economic, and environmental aspects.

2. Materials and Methods

This analysis considers the entire value chain of the selected biorefinery pathways, i.e., both
the agricultural (biomass production and logistics) and industrial phases (biomass conversion into
different products) in an integrated assessment framework. The agricultural operations are assessed
using a spreadsheet-based model, so-called CanaSoft, developed at the Brazilian Biorenewables
National Laboratory (LNBR) in the Virtual Sugarcane Biorefinery (VSB) context. The VSB is a computer
simulation platform that enables evaluating different innovative routes and technologies associated
with the production chain of sugarcane-and other biomasses-both technically and regarding the three
pillars of sustainability: economic, environmental, and social impacts [45].

The use of models to simulate and predict a process design operation allows the assessment of
the technical parameters involved considering various biorefinery pathways. Nevertheless, many
process design analyses use hard convergence simulation models to represent biomass conversion
systems, e.g., Aspen Plus® software—based simulations approaches [30,46–49], and have inherent
communication limitations between the different value chain modeling. Therefore, a novel framework
based on spreadsheets is developed to obtain material and energy balances of industrial biomass
conversion processes in view of reducing both time and complexity for easy compatibilization of
biomass production, conversion modeling approaches, and future efforts related to the optimization of
multiple biorefinery scenarios. Data from biomass production and conversion models, such as life-cycle
inventories (LCI) and production costs, are then used for economic and environmental assessments.
The structure of the used analysis framework is shown in Figure 1.

Energies 2020, 13, x FOR PEER REVIEW 3 of 22 

 

[41,42]. Eucalyptus still has the possibility of being cultivated in marginal areas not usually suitable 
for agriculture [44], which can ultimately contribute to mitigating any additional pressure for 
productive land for biofuel production. 

In such a context, this work assesses techno-economic and environmental performance of 
advanced liquid biofuels production options. Biomass gasification and FT synthesis integrated to a 
1G sugarcane biorefinery using CS, EC, and eucalyptus as feedstock are considered. An integrated 
framework to simulate the mass and energy balances of process alternatives and to incorporate 
techno-economic analyses and sustainability assessment methods based on the life-cycle perspective 
is applied. Therefore, the studied scenarios consider emerging biomass options (e.g., EC and 
eucalyptus) and the integrated biochemical and thermochemical biomass conversion processes to 
address the benefits and tradeoffs of these biofuel production alternatives in terms of technical, 
economic, and environmental aspects. 

2. Materials and Methods 

This analysis considers the entire value chain of the selected biorefinery pathways, i.e., both the 
agricultural (biomass production and logistics) and industrial phases (biomass conversion into 
different products) in an integrated assessment framework. The agricultural operations are assessed 
using a spreadsheet-based model, so-called CanaSoft, developed at the Brazilian Biorenewables 
National Laboratory (LNBR) in the Virtual Sugarcane Biorefinery (VSB) context. The VSB is a 
computer simulation platform that enables evaluating different innovative routes and technologies 
associated with the production chain of sugarcane-and other biomasses-both technically and 
regarding the three pillars of sustainability: economic, environmental, and social impacts [45]. 

The use of models to simulate and predict a process design operation allows the assessment of 
the technical parameters involved considering various biorefinery pathways. Nevertheless, many 
process design analyses use hard convergence simulation models to represent biomass conversion 
systems, e.g., Aspen Plus® software—based simulations approaches [30,46–49], and have inherent 
communication limitations between the different value chain modeling. Therefore, a novel 
framework based on spreadsheets is developed to obtain material and energy balances of industrial 
biomass conversion processes in view of reducing both time and complexity for easy 
compatibilization of biomass production, conversion modeling approaches, and future efforts related 
to the optimization of multiple biorefinery scenarios. Data from biomass production and conversion 
models, such as life-cycle inventories (LCI) and production costs, are then used for economic and 
environmental assessments. The structure of the used analysis framework is shown in Figure 1. 

 
Figure 1. Connection between agricultural and industrial computational simulations. 

Figure 1. Connection between agricultural and industrial computational simulations.



Energies 2020, 13, 4576 4 of 22

2.1. Biorefinery Configurations

This study considers a typical 1G biorefinery processing conventional sugarcane (scenario 1G-CS).
This reference scenario is then compared against a biorefinery design based on the integration
of a thermochemical technology with 1G sugarcane biorefinery (1G2G) processing sugarcane and
eucalyptus. Two sugarcane varieties are considered for 1G2G biorefinery scenarios: conventional
sugarcane (1G2G-CS) and energy-cane (1G2G-EC). In these two scenarios, the residual sugarcane
LCM and additional inputs from eucalyptus wood chips are used in the 2G thermochemical process
during the sugarcane season. During the sugarcane off-season, eucalyptus wood chips feed the
thermochemical conversion route to keep the same processing capacity year-around. The considered
2G-thermochemical pathway includes the gasification of LCM and the further conversion of syngas
into liquid biofuels via FT synthesis. Electricity is co-produced in a combined cycle power system.

2.2. Biomass Production Systems

The composition of residual LCM from sugarcane (straw and bagasse) [45] and eucalyptus wood
chips as feedstock [50] is relatively similar regarding their carbon, hydrogen, and oxygen contents.
The 2G thermochemical operation tolerates both biomasses as feedstock. The LCI and production
costs associated with CS and straw production systems, necessary for environmental and economic
evaluations, respectively, are obtained using CanaSoft spreadsheet-based model [51]. The entire
biomass production system is included in the assessment, comprising pre-planting operations, soil
preparation, mechanical planting, cultivation (sugarcane plant and ratoon), mechanical harvesting,
and biomass transport to the industrial site. In the present work, the CanaSoft model was expanded
and employed including EC and eucalyptus production systems. As the EC production system is not
yet consolidated in Brazil, the production parameters are based on the literature and empirical data
from the few available field experiments in Brazil [38,52–54]. The key parameters for EC agricultural
system are described and compared to CS in Table 1, while Table 2 summarizes the main parameters for
eucalyptus production systems. Further information about the CanaSoft model and default modeling
parameters for sugarcane is found in Bonomi et al. [45].

Table 1. Main parameters of conventional sugarcane and energy-cane production systems.

Parameter
Unit Conventional Sugarcane (CS) Energy-Cane (EC)

Value Reference Value Reference

Fiber content 1 % 12.7 2 [36] 21.3 3 [36]

Yield t/ha/year 80 4 [45] 140 5
Average yield,

based on
[38,52–54]

Number of cuts per
cycle 5 [55] 10 [36]

Straw recovery % 50 Assumption 100 Assumption
Spatial dispersion
factor 6 % 6 [45] 6 Based on [45] 7

Urea-planting kg N/ha/year 30 [55] 30 Based on [55] 7

Single
superphosphate-
planting

kg
P2O5/ha/year 180 [55] 180 Based on [55] 7

Potassium
chloride-planting kg K2O/ha/year 120 [55] 200 Based on [56] 8

Urea-ratoon kg N/ha/year 120 [55] 180 Based on [56] 9

Single
superphosphate-
ratoon

kg
P2O5/ha/year 0 [55] 40 Based on [56] 10
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Table 1. Cont.

Parameter
Unit Conventional Sugarcane (CS) Energy-Cane (EC)

Value Reference Value Reference

Potassium chloride-
ratoon kg K2O/ha/year 150 [55] 220 Based on [56] 11

Vinasse application m3/ha/year 220 [57] 330 Assumption 12

1 Mineral impurities not included.2 Stalks fiber content (fiber content at mills, including vegetal impurities, is 14%).
3 Integral composition (stalks + straw). 4 Stalks yield (wet basis). 5 EC yield refers to the total biomass, including
stalks and straw, which are not separated in the harvesting process. 6 The spatial dispersion factor represents the
concentration of biomass in the circular area around the mill [45]. 7 Assumed the same as CS. 8 For high sugarcane
yield. 9 Calculated based on the crop nutrient export, considering the export of 0.9 kg N per tonne of material,
and the application of an excess of 20% in relation to the export. 10 Calculated based on the crop nutrient export,
considering the export of 0.2 kg P2O5 per tonne of material, and the application of an excess of 20% in relation to the
export. 11 Calculated based on the crop nutrient export, considering the exportation of 1.1 kg K2O per tonne of
material, and the application of an excess of 20% in relation to the export. 12 Assumed to maintain the sugarcane
cultivation area that receives vinasse similar to that of CS, since vinasse derived from EC is more diluted in terms of
potassium than CS and potassium extraction in the case of EC is also higher.

Table 2. Main parameters of the eucalyptus production system.

Parameter Unit Value Reference

Yield (including bark) m3/ha 323 [58]
Production cycle years 7 [58]
Effective harvest days per year - 350 Assumed
Basic density t/m3 0.39 [58]
Bark content % v/v 14.4 [58]
Spatial dispersion factor % 5.3 Based on industry information
Single superphosphate–planting kg P2O5/ha 330 [59]
NPK 04-30-10–planting kg/ha 420 [59]
Potassium chloride-maintenance kg K2O/ha 0.28 [59]
Ammonium sulfate–maintenance kg N/ha 0.25 [59]

The amount of sugarcane straw is estimated as 140 kg (dry mass) per tonne of CS stalks. It is
considered 50% of straw recovery, of which 4.8% is collected with CS stalks as vegetal impurities
and the remaining is recovered compacted in bales. In the EC production system, all the sugarcane
straw is collected with the stalks using the integral harvesting system. Diesel is consumed in
agricultural mechanical operations, in the transportation of biomass from the field to industrial plant,
and transportation of industrial residues and agricultural inputs. It is considered that fossil diesel is
replaced by green diesel from FT synthesis when this technological pathway is considered.

2.3. Biomass Conversion Systems

For the 1G ethanol production process, scenarios for CS and EC previously simulated using the
software Aspen Plus® in the VSB context is taken as reference [36,45]. These scenarios are reduced in
complexity to a black box spreadsheet-model and linearly corrected to allow changes in sugarcane
capacity and other key modeling parameters. In both CS or EC processing, a modern autonomous
distillery processing 4 million tonnes of cane per year and producing hydrous ethanol (92.6–93.8%
w/w) is considered, as described by Bonomi et al. [45]. A season is assumed to consist of 200 working
days. After cane reception, electric drivers are employed for milling, thus separating bagasse and juice.
Juice receives a chemical treatment to remove impurities. The clarified juice is concentrated and sent to
the fermentation unit, in which sugar is converted to ethanol and carbon dioxide by yeasts. Ethanol is
recovered from wine in the distillation process, where vinasse is produced and sent back to the field
for fertirrigation. The 1G plant’s steam and electricity requirements are supplied by bagasse and straw
combustion in cogeneration systems (CHP) in scenario 1G-CS and by the integrated thermochemical
plant in scenarios 1G2G-CS and 1G2G-EC. In these integrated 1G2G scenarios, the utilities area is
also shared by the combined plants. Sugarcane dry cleaning is not considered. Bagasse from the
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extraction section is directed to the thermochemical process, as well as the sugarcane straw. When EC is
processed instead of CS, as the straw is mixed with the stalks, straw is fed in 2G process together with
bagasse. The required capacity of the milling drivers depends on the amount of fiber processed. Sugar
extraction is around 95% for CS milling and 87% for EC, which is estimated based on the assumption
that the bagasse composition is approximately the same in both cases.

The modeling of 2G thermochemical technologies comprises the development of detailed
spreadsheet-based calculations of mass and energy balances. Such models describe a set of unit
operations and are based on literature data from commercial and pilot scale of this technology. During
the sugarcane season, besides residual LCM from cane (bagasse for both CS and EC biomass and
straw for CS), an additional 0.3 million tonnes of eucalyptus wood chips feeds the thermochemical
conversion route to ensure the production energy to supply process requirements, including the 1G
unit. In sugarcane off-season, assumed as 130 working days, a sufficient amount of eucalyptus is used
in the plant to keep equal LCM hourly processing capacity compared to the season period. Advanced
liquid transportation biofuels are produced by combining gasification, FT catalytic synthesis, and
refining technologies. Steam and electricity are produced to supply the process energy demand or
sold to the market in the case of surplus electricity. Figure 2 illustrates the main unit processes for the
considered biorefinery scenarios for advanced liquids biofuels production via biomass gasification and
FT synthesis integrated to a 1G sugarcane biorefinery.
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Figure 2. Block flow diagram for first-generation (1G) process integrated to the 2G thermochemical
conversion of lignocellulosic materials to advanced Fischer–Tropsch (FT) biofuels.

The thermochemical processes can be divided in the preprocessing, gasification, syngas cleaning
and conditioning, fuel synthesis, and hydroprocessing areas. Steam and power generation and the
utilities areas are also considered. Technical information about these areas are summarized below,
while the detailed assumptions are further presented in the Supplementary Material.

2.3.1. Preprocessing Area

Eucalyptus LCM passes through a chipper for size reduction. Straw coming from the fields in bales
(in the case of CS processing) is unbaled, chopped, and sieved. The sugarcane bagasse is produced in
the sugar extraction step in a 1G ethanol plant and is assumed to be the proper size for gasification.
The feedstock is dried to 10% wt. moisture in a direct-contact steam rotatory dryer [17,18,60].
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2.3.2. Gasification Area

After preprocessing, the dried biomass is gasified in a low-pressure indirectly heated circulating
fluidized bed gasifier [17,22,30,61–68], operating at 869 ◦C and 2.3 bar [68]. The gasification area
includes parallel gasifier trains, each one with a capacity up to 2000 tonnes of dry biomass per day
(83.3 t/h). Steam is injected into the gasifier as reactant and fluidizing medium. The biomass is partially
oxidized to a gas mixture (syngas) and a solid char. The heat needed for gasification reactions is
supplied indirectly by the circulation of a synthetic sand (olivine) pre-heated in a char combustor. The
hot flue gas from the combustor is employed for heat integration.

2.3.3. Syngas Cleaning and Conditioning Area

Operations in this area comprise the reforming of tars, methane, and other light hydrocarbons into
carbon monoxide and hydrogen in a fluidized catalytic reactor [68,69]. The water–gas shift reaction also
occurs in the reformer to achieve the optimal 2.1 H2/CO molar ratio for the FT process [18]. The residual
coke from reforming reactions is removed from tar reformer catalyst by combustion. Hot catalyst
flows back to the tar reformer to provide energy for reforming reactions [68]. Hot flue gases from the
regenerator are used for heat integration. This catalytic step is followed by syngas cooling, where steam
is generated. The next steps are quenching and scrubbing of the syngas for removing particulates and
other contaminants [68,69]. Syngas is then compressed, and the acid gas is removed via an amine
system [69,70]. The sweet syngas feeds fuel synthesis area while the acid gas is treated in a LO-CAT®

system, through hydrogen sulfide oxidation, that isolates carbon dioxide and recovers solid sulfur [69].

2.3.4. Fuel Synthesis Area

Steps involved in this area include gas polishing in zinc oxide (ZnO) bed [69] and hydrogen
separation via pressure swing adsorption (PSA) [18], that is directed to hydroprocessing. Then,
advanced biofuels are produced via FT catalytic synthesis. The low-temperature (200–240 ◦C) FT
process (LTFT) is conducted in a multi-tubular fixed bed reactor, at 25 bars with a cobalt catalyst [18,71,72].
Heat removal is accomplished by steam generation on the reactor shell side [73]. The FT product carbon
number distribution is estimated using the Anderson–Schulz–Flory distribution [72,74]. The FT exiting
effluent is cooled, and a gaseous product, liquid water, and liquid FT hydrocarbons are separated.
Liquid FT products are sent to refining processes in hydroprocessing area. The gaseous product is split
into three fractions. The first portion is a supplemental combustion gases stream sent to the catalytic
regenerator in syngas cleaning and conditioning area; the second part is a stream to the gas turbine,
enough to satisfy process steam demand (including 1G steam demand). The remaining amount is
directed to the FT reactor as a recycle flow.

2.3.5. Hydroprocessing Area

After initial FT liquid distillation, the high molecular weight waxes are cracked using hydrogen
from PSA [75]. FT liquid biofuels are obtained: green diesel, green gasoline, and renewable jet fuel.
Part of the fuel gases from the hydroprocessing blend are burned in fired heaters to meet thermal
demand of this area. The remaining part of these fuel gases from hydroprocessing is sent to a gas
turbine [18].

2.3.6. Steam and Power Generation and Utilities Areas

Steam and electricity are produced to attend the process energy demand or for sale, in case of
surplus electricity. Gaseous product from FT synthesis and fuel gas from hydroprocessing drive
the gas turbine in the combined cycle cogeneration system. The high-temperature exhaust from gas
turbines provides thermal energy for steam production in heat recovery steam generators (HRSG).
Steam is also produced by recovering heat from the high-temperature syngas after reforming and in
FT reactor cooling. Steam at 90 bar and 25 bar drive steam turbines, producing shaft work. Steam at
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the process required conditions is extracted and the remaining steam is directed to the condensing
stages to produce more electric power. Thus, Brayton (gas turbine) and Rankine (steam turbines)
thermodynamic cycles are combined, improving overall efficiency [76,77]. The utilities area encompass
air systems; cooling water system; flue gas scrubbing system; purge water treatment area; and the
storage of chemicals [68].

2.4. Climate Change Impacts

The climate change impacts are determined using the life-cycle assessment (LCA)
methodology [78,79]. LCI are constructed based on the modeling of the use of resources and
emission of GHG to air considering all the biomass production, conversion, and use stages. Therefore,
the analysis can be referred as a cradle-to-grave (or well-to-wheel) analysis. Energy allocation is
used since multiple outputs are obtained in the biorefinery scenarios. Climate change impacts are
calculated including the 100-year time horizon global warming potentials (GWP 100) according to the
Fifth Assessment Report (AR5) from the Intergovernmental Panel on Climate Change [80]. Emission
factors from RenovaBio/RenovaCalc [81] are considered to estimate the impact related to biofuels
distribution (by road transportation) and use, and to calculate the avoided GHG emissions compared to
fossil equivalent scenarios. Hydrous ethanol is compared to fossil gasoline in terms of energy content.
Avoided GHG emissions refer to the difference between the biofuel and the corresponding fossil fuel,
considering fossil diesel, jet, gasoline, and natural gas GHG emissions same as in the RenovaBio policy
(i.e., 86.5, 87.5, 87.4, and 153 gCO2eq/MJ, respectively) [82].

2.5. Economic Assessment

The economic assessment is based on a cash flow analysis for the biorefinery scenarios, considering
the investment required to build the plant and all expenses (outflows) and revenues (inflows) for an
expected project lifetime. The revenues are calculated based on the historical product’s average prices
for a decade [83,84] or, in the case of electricity, the average of 10 years energy auction prices [85].
The potential additional revenues from avoided GHG emissions for liquid biofuels, based on the
decarbonization credits from the newly launched RenovaBio policy are also explored in the economic
analysis, considering the carbon price as US$10 per tonne of CO2eq avoided [82]. Based on the values
of revenues and operating costs (OPEX), as well as capital costs (CAPEX), the cash flow model for
financial evaluation is structured. The main economic parameters used to compare biorefinery projects
are the net present value (NPV) and internal rate of return (IRR), calculated based on economical
engineering tools [86]. Minimum attractive rate of return (MARR) is assumed to be 12% per year [87].
An exchange rate of 3.29 R$/US$ is employed. Other important parameters assumed in the cash flow
analysis are provided in the Supplementary Material (Table S4). Capital costs of equipment and areas
are scaled based on the process stream and scaling size factor. Streams calculated for season operation
are taken as the basis for sizing equipment, except for eucalyptus chipper and condensing turbine,
which are based on off-season data. When the stream reaches the maximum equipment capacity,
it is split into parallel trains. The plant cost location factor of 1.3 [88] is used to convert investment
estimates from the US to Brazil. Prices are inflated to December 2017 using the General Market Price
Index (IGP-M) for Brazilian estimates and Chemical Engineering Plant Cost Index (CEPCI) for US data.
The total installed costs are calculated using an installation factor over the total purchased equipment
costs. Detailed information on capital cost estimates is presented in the Supplementary Material for
each process area (Table S3). Project contingency of 5% of total installed costs is also assumed. Annual
variable operating costs are determined from material stream flows. The biomass production costs are
estimated using the CanaSoft model and is an input to the industrial cash flow analysis. Other raw
material costs are inflated to December 2017 and detailed in Supplementary Material (Table S5). Fixed
operating costs comprise employee salary costs [89], maintenance [68], and insurance [68] (Table S4 in
Supplementary Material). Benefits and overhead are estimated as 90% of salaries [68].



Energies 2020, 13, 4576 9 of 22

2.6. Uncertainty Analysis

An uncertainty analysis is applied to address the risk associated with the uncertainties and
variabilities in key modeling assumptions considered in our study. Uncertainties related to biomass
yields, CAPEX, and costs related to industrial inputs, labor, biomass, and products are considered.
The Latin Hypercube method inserted in @Risk 6.2® software is employed to assess the impact of
uncertainties on IRR and climate change impacts. The parameters considered for risk analysis are
detailed in the Supplementary Material (Table S6). A total of 5000 simulations are performed to
estimate the uncertainties regarding the integrated scenarios (1G2G-CS and 1G2G-EC).

3. Results and Discussion

3.1. Techno-Economic Assessment of Biorefinery Scenarios

The main technical results of biorefinery scenarios are detailed in the Supplementary Material
(Tables S7 and S8) and Table 3 summarizes selected technical results of the evaluated scenarios.
Regarding biomass production systems, diesel consumption in agricultural machinery is lower for EC
than CS. It occurs mostly because of the higher yield of EC (see Table 1) and its lower fuel consumption
in planting operations, since its cycle lasts 10 years, while the CS lasts 5 harvesting cycles. On the other
hand, fuel consumption in biomass transport is slightly higher for EC because of its lower loading
density in the trucks. In addition, EC has a higher fiber content than CS (Table 1), presenting greater
difficulty of extraction in the mills. Therefore, more imbibition water is required (see Table S8 in
Supplementary Material), which makes the juice even more diluted and affects the final concentration
of potassium in the vinasse. EC leads to lower production costs and lower GHG emissions compared
to CS, mostly due to the higher yield of the former variety. There is a reduction on GHG emissions
related to CS feedstock in the integrated scenario (1G2G-CS) when compared to CS in the 1G-CS
scenario primarily due to the replacement of fossil diesel used in agricultural machinery and transport
by green diesel.

Overall CO conversion in the FT reactor depends on the recycle ratio (amount of recycle stream
per fresh syngas input) and is different in each scenario since energy requirements also varies. Besides
steam produced in syngas cooling and the FT reactor, an expressive amount of steam is generated by
heat recovery from the hot flue gas exiting the gas turbine. The integrated 1G sugarcane mill consumes
a significant amount of the produced steam. In scenario 1G2G-EC, EC processing in the 1G facility
demands larger amounts of steam in comparison to CS. Therefore, a bigger fraction of gaseous product
from FT synthesis should be directed to the gas turbine to provide the plant energy requirements.
Consequently, the amount of gaseous product available to recycle to the FT reactor is lower (lower
recycle ratio) and so is the overall CO conversion.

The energy efficiency of the global process, including ethanol 1G process, is superior in the
integrated configuration processing CS (scenario 1G2G-CS) due to higher sugar extraction in the CS,
lower steam consumption in the 1G ethanol production process, and higher FT liquid fuels conversion.
The calculated energy efficiencies are slightly superior than those reported in literature for similar
thermochemical systems, such as 47.6% [24], 47–48% [72], 40% [17], and 42.7% [18]. This can be justified
by the fact that integrated scenarios have the contribution of 1G process efficiency.
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Table 3. Selected technical results of the evaluated scenarios.

Technical Results Unit 1G-CS 1G2G-CS 1G2G-EC

Biomass delivered to
industrial plant
(per year)

CS (stalks) Million t (wet basis) 4 4 -
CS straw1 (bale + vegetal
impurities)

Million t (dry basis) 0.28 0.28 -

EC Million t (wet basis) - - 4
Eucalyptus Million t (dry basis) - 0.80 0.86

Total area for biomass production ha 52,632 97,107 76,985
Diesel consumption 2 m3/year 15,495 25,816 23,981
Biomass cost 3 CS (stalks) US$/wet t 23.32 19.74 -

CS straw US$/dry t 26.70 21.46 -
EC US$/wet t - - 14.44
Eucalyptus US$/m3 - 26.17 26.18

Biomass production system
greenhouse gas (GHG)
emissions

CS g CO2 eq/wet kg 40.3 28.6 -

EC g CO2 eq/wet kg - - 21.6
Eucalyptus g CO2 eq/wet kg - 7.7 7.7

Product output (per year)

Hydrous ethanol million L 360 360 234
Green diesel sold to market 4 million L - 71 46
Renewable Jet Fuel million L - 116 84
Green Gasoline million L - 145 104
Electricity GWh 751 286 1194

Global efficiency 5 % (LHV basis) 45.4 57.7 50.9
FT reactor recycle ratio (mole of recycle per

mole of fresh feed)
- 3.5 0.6

Overall FT reactor CO conversion (season) 6 % - 96.1 63.4
1G facility steam demand t/h 260.2 260.2 399.2

1 Including bales and vegetal impurities. 2 Including agricultural machinery and transport of inputs, industrial
residues, and biomass. For detailed information regarding diesel consumption, see Supplementary Material
(Table S7). 3 Including biomass transportation to the biorefinery. 4 Already discounting diesel consumption.5 Energy
output (MJ per year) per energy content in biomass including 1G and 2G processes, calculated according to Furtado
Júnior et al. [33]. 6 For off-season data, see Supplementary Material (Table S8).

Figure 3 illustrates fixed capital investment per area of production, while Table 4 presents total
CAPEX, that includes fixed capital investment of 1G and 2G units and working capital (10% of fixed
capital costs for both units) and other parameters for the economic analysis. The distribution of fixed
capital costs per area is generally in line with literature data considering a similar 2G thermochemical
plant [17]. Major capital costs contribution is attributed to 2G thermochemical processes since
gasification plants are complex and expensive to build. A 2G CAPEX is estimated at US$951 million for
scenario 1G2G-CS and US$1030 million for scenario 1G2G-EC (considering fixed capital investment and
working capital sum), considering LCM processing capacities of 948 MWth and 1044 MWth (or 203.6
and 224.0 t dry LCM/h), respectively (Supplementary Table S8). These results are in accordance with the
literature range [18,20–22,24,30,90]. For example, Haarlemmer et al. [20] present capital investments of
gasification and FT processes published by several studies with an extrapolation to project the reported
results on a 400 MW thermal unit (biomass input of 80 t/h) capacity. Updating their cost analysis to
2017, the range is between US$280 and 1103 million (data adapted from Tock et al. [91] and Festel [92]
studies), and there is also a wide range of 2G biofuel cost estimates depending on specific situations.
Van Vliet et al. [90] report a study of a two-stage entrained flow gasifier and FT synthesis at a 2000 MW
thermal plant. The required investment is US$1340 million (updated to 2017). However, it is important
to mention that 2G thermochemical associated CAPEX includes the shared units, such as the steam
and power generation and utilities areas, that also provides 1G plant requirements. Fixed capital
costs associated to 1G unit slightly increases in 1G2G-EC (US$134.28 million) compared to 1G2G-CS
(US$132.45 million) despite the decrease in the volume of hydrous ethanol produced, maintaining
approximately the same relative share (12–13%) in both scenarios. This minor absolute increase in the
1G2G-EC scenario is justified by the higher fiber content (requiring more capital costs in the extraction
area for the mills) and higher equipment volumes to process a more diluted juice.
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Figure 3. Fixed capital investment shared by area in (a) 1G2G-CS and (b) 1G2G-EC scenarios.

Comparing Figure 3a,b, the participation of fuel synthesis and the hydroprocessing areas is lower
for 1G2G-EC due to lower recycle ratio to FT reactor and liquid biofuel production. It implies a smaller
FT reactor volume (Supplementary Material, Table S8) and smaller required capacities for the following
separation stages and hydroprocessing area operations. However, electricity production is favored,
increasing the capital costs related to its generation (steam and power generation area). Fixed capital
costs of the 2G unit in scenarios 1G2G-CS to 1G2G-EC are US$864.45 and 936.24 million, respectively.
The EC scenario requires more CAPEX due to the higher amount of LCM processed and the increase in
capacity in the steam and power generation area, which proved to be more impactful on capital costs
than the increase of syngas cleaning and conditioning and fuel synthesis areas in scenario 1G2G-CS.

The minimum selling prices (MSP) that enable the venture are between 30–32% higher than
fossil selling prices (price to the producer, without marketing taxes) in the scenario 1G2G-EC. For
1G2G-CS, MSP are between 10–12% superior to the fossil ones, contributing to its better economic
performance. OPEX (Table 4) decreases in scenario 1G2G-EC because EC production costs are lower
than CS. However, EC variety has a higher fiber and lower sugar content than CS. Thus, the biorefinery
scenario processing EC shows a decrease in the amount of 1G ethanol production from the fermentation
of sucrose. As a result, a reduction in the share of ethanol revenues is observed in 1G2G-EC. In addition,
the lower recycle ratio in 1G2G-EC reduces the production of FT biofuels, contributing to the lower
revenue. The lower revenue from carbon credits is also observed due to the reduction of FT biofuels
production. These aspects, in addition to the superior CAPEX for the scenario 1G2G-EC, contribute to
the lower IRR in comparison to 1G2G-CS.



Energies 2020, 13, 4576 12 of 22

Table 4. Economic outputs of evaluated scenarios.

Parameter 1G-CC 1G2G-CC 1G2G-EC

CAPEX (million US$) 408.77 1096.58 1177.57
Fixed capital investment 1G (million

US$)
371.60 132.45 134.28

Fixed capital investment 2G (million
US$)

- 864.45 936.24

Working capital (million US$) 37.16 99.69 107.05
OPEX (million US$ per year) 118.03 231.26 207.28

Feedstock 98.18 136.59 115.76
Other inputs 3.33 51.66 45.67

Employee costs 2.77 6.13 6.24
Maintenance 11.15 29.51 32.12

Insurance and others 2.60 6.98 7.49
Revenue (million US$ per year) 221.90 387.65 323.95

Electricity 45.46 17.33 72.30
Hydrous ethanol 171.41 171.41 111.68

Gasoline - 74.27 53.55
Jet fuel - 69.61 50.19
Diesel - 40.01 25.81

Carbon credits 5.03 15.02 10.40
Minimum selling price

Electricity (US$/MWh) 51.62 67.61 79.46
Hydrous ethanol (US$/L) 0.41 0.53 0.63

Gasoline (US$/L) - 0.57 0.67
Jet fuel (US$/L) - 0.67 0.79
Diesel (US$/L) - 0.63 0.74

Net present value (NPV) (million US$) 131.87 −179.55 −404.35
NPV/CAPEX 0.32 −0.16 −0.34
IRR (% per year) 16.4 9.4 6.2
Return of investment (years) 4.9 8.0 10.6

IRR results for both integrated biorefinery scenarios are lower than the minimum acceptable
rate of return (MARR). These results are somehow expected since thermochemical processes are not
yet a commercial technology at current biomass and fossil fuel prices. In addition to the substantial
thermochemical plant’s CAPEX and OPEX, fuel marketing prices must compete on the market with
fuels from petroleum. However, it is expected that FT biofuels production costs will decline in the future
due to the proceeding on the learning curve for this process [18,19,93]. In addition, thermochemical
plants implementation in Brazil may take advantage of its integration with the well-established 1G
plants, which provides a crucial participation on revenues (from hydrous ethanol) at much lower
investment and operational costs.

3.2. Climate Change Impacts of Biorefinery Scenarios

Figure 4 presents the breakdown of GHG emissions related to the three assessed biorefinery
scenarios, including hydrous ethanol (HE), green diesel (GD), renewable jet fuel (RJF), green gasoline
(GG), and electricity (EE). The complete life-cycle inventories including all the inputs and airborne
emissions for these biorefinery scenarios are presented in the Supplementary Material (Table S9).
The assessed thermochemical processes are highlighted in the literature in terms of climate mitigation
potential when compared to other similar processes, such as for renewable jet fuel production [26,29,30].
The additional benefits of replacing fossil diesel by green diesel in agricultural machine operations and
for the transport of biomass is also considered. In the 1G2G biorefinery scenarios, the 1G process is
promoted by diesel substitution and industrial process efficiency increased by the thermochemical
route integrated. As a result, HE presents lower GHG emissions (10.2 gCO2eq/MJ in 1G2G-CS) than our
estimates for a Brazilian autonomous 1G distillery (about 20.9 gCO2eq/MJ in 1G-CS). This beneficial
effect of replacing fossil with GD in the 1G2G scenarios is more evident by comparing GHG emissions
from biomass production systems. In scenario 1G2G-CS, the biomass production system contributes
79% (72% from CS and straw and 7% from eucalyptus) to the emission of the production stages, which
includes biomass production and its industrial processing, excluding emissions associated with the
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distribution and use of biofuels. In 1G2G-EC, GHG emissions from the biomass production systems
account for about 71% (62% from EC and 9% from eucalyptus) of all the total production stages. These
contributions in 1G2G biorefinery scenarios are significantly lower than the 85% presented in the
scenario 1G-CS. Besides the contribution of diesel replacement, the introduction of another biomass
apart from CS also contributes to lower climate change impacts of biomass production systems in
1G2G scenarios compared to the 1G biorefinery. EC presents a lower contribution to the total impact
than CS because its production system presents higher yield and lower GHG emissions per mass unit
of biomass (Table 3). Finally, there is an increase in the amount of processed eucalyptus in scenario
1G2G-EC compared to scenario 1G2G-CS, since EC has superior fiber content, increasing the amount of
LCM necessary to keep the same capacity during sugarcane off-season. Thus, due to the less expressive
participation of both sugarcane varieties in GHG emissions and higher amount of LCM processed,
eucalyptus contribution to total GHG emissions is higher in the 1G2G-EC scenario.
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Despite the higher participation of the biomass production systems in the GHG emissions,
a decrease in the contribution from the industrial production system in scenario 1G2G-CS is observed
when compared to scenario 1G2G-EC. There is an increase in the overall process energy efficiency
(Supplementary Table S8) and the industrial emissions proportionally decrease. As a result, the total
production stages emissions are remarkably close in both assessed biorefinery scenarios (7.6 gCO2eq/MJ
in 1G2G-CS and 7.8 gCO2eq/MJ in 1G2G-EC). Since energy allocation is employed, GHG emissions
from the production stages, i.e., discounting distribution and use emissions, are equal for all products
in the same scenario. Since there are no distribution and use emission factors associated to electricity,
only the production stages contribute to electricity impacts, resulting in the best performance among
the considered products.

Figure 5 presents the climate mitigation of the assessed biorefinery scenarios considering the
use of biorefinery products to replace fossil fuels. Figure 5a shows the reduction in GHG emissions
related to each product compared to the fossil equivalent. Both 1G2G biorefinery scenarios show larger
GHG emission reduction compared to 1G-CS. Reductions between 85–95% are found for integrated
1G2G scenarios, while 1G-CS present reductions of 76–88% in comparison to fossil fuels. 1G2G-CS
presents a slightly larger mitigation potential because of the higher process efficiency (Supplementary
Table S8) and consequent more products per unit of biomass feedstock. Scenario 1G2G-CS present
about 13% reduction in total energy output in comparison to 1G2G-EC. Despite the energy output
disparity, the differences between total annual GHG avoided emissions in the scenarios (Figure 5b)
are no longer remarkable because the results will also be affected by the assumptions of what the
products are replacing and also if products distribution and use are included. In general, scenario
1G2G-CS favors the production of liquid biofuels, while the 1G2G-EC favors electricity. There is a
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higher volume of 1G hydrous ethanol production in scenario 1G2G-CS since sugar content in CS is
superior than in EC, and so is its extraction in mills. In the same scenario, liquid biofuels are favored
by the higher recycle ratio and consequent superior CO conversion obtained (Table 3). The higher
the recycle ratio, the lower the fraction of gaseous product directed to the gas turbine and the lower
the steam and power generated. Therefore, electricity contribution is less expressive in 1G2G-CS.
In 1G2G-EC, electricity is favored due to the lower recycle ratio, which is necessary to attend the higher
steam demand of 1G unit processing EC (see Table 3). Electricity share in energy outputs vary from
5–24% in 1G2G-CS and 1G2G-EC, respectively, and its impact is very significant due to the higher
GHG impacts of electricity from natural gas. A fossil scenario equivalent to integrated scenarios emits
on average 87.2 gCO2eq per MJ of liquid biofuels and 153 gCO2eq per MJ of electricity (considering
natural gas combustion on thermoelectric plants). This means that the production, distribution, and use
of 1 MJ of liquid biofuels avoids the emission between 66–77 gCO2eq (Figure 5a) while the production
of 1 MJ of electricity avoids between 135–145 gCO2eq. Thus, by increasing the production of 1 MJ of
electricity contributes to increase avoided GHG emissions by a factor of almost 2 in comparison to the
increase that occurs per unit of energy of liquid biofuels production. Therefore, the increased electricity
share in output replacing natural gas offsets the efficiency reduction in scenario 1G2G-EC. As a result,
total avoided GHG emissions per year are remarkably close in the considered 1G2G scenarios. It is
important to highlight that the combustion of natural gas in thermoelectric plants does not represent
the Brazilian energy matrix reality, but the intention is to compare with the fossil equivalent, in case
of a possible expansion of thermoelectric plants to supply increasing energy demand. The result of
avoided emissions per cultivated area (Figure 5c), however, tends to favor scenario 1G2G-EC and
EC cultivation abruptly, as land use decreases due to its high productivity (see Table 3). Avoided
emissions from 1G-CS and 1G2G-CS per area are very close since there is an increase in avoided
emissions in the integrated scenario, however there is also an increase in total cultivated area due to
eucalyptus cultivation.

3.3. Uncertainty Analysis of Biorefinery Scenarios

Tornado diagrams presented in Figure 6 represent the risk and uncertainty analysis performed for
IRR and climate change impacts in the 1G2G scenarios. As the emissions from production stages are
the same for all fuels and electricity (considering energy allocation), that is the assessed response. IRR
results strongly depends on the hydrous ethanol price and CAPEX in 1G2G scenarios. The expressive
dependence on ethanol revenues confirm the advantage of integrating the thermochemical route to
the well-established 1G process. There is a more significant contribution of carbon prices in 1G2G-CS
than in 1G2G-EC, as this credit is attributed to liquid biofuels for transport sector only, as stablished
in RenovaBio program. 1G2G-CS scenario favors FT liquid biofuels production; while the share of
electricity in revenues is more expressive in scenario 1G2G-EC, placing it in a more prominent position
in the uncertainty analysis. Besides EC presenting lower production costs, IRR remains lower in
scenario 1G2G-EC than 1G2G-CS. Therefore, the impact of revenues on IRR are more significant than
biomass costs. The results are promising, but there is still the possibility of process improvements to
bring the IRR closer to MARR in future scenarios. The variation of the parameters is made individually
in the analysis but accumulating its effects may improve the result. The learning curve over time can
lead to lower production costs (lower industrial inputs for example). Even though it is less significant
in IRR uncertainty analysis than other parameters, risk associated to costs can also be reduced by
lowering the cost of raw materials as a result of increased yield or by other factors. CAPEX can be
reduced by the maturity of equipment manufacturing in the country itself. In the case of RenovaBio,
only carbon credits avoided were considered, but this is a very simplified estimate. The mechanism of
the program is more complex and could further favor biofuels prices in competition with fossil fuels.
The impact of several factors together may become the route viable. Regarding climate change impacts,
the uncertainties for fertilizer use was performed only for EC, as the uncertainties are greater regarding
a crop not yet established. Cane productivity, regardless of variety, is the most impactful parameter
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for uncertainty in both 1G2G scenarios. However, the general variations are slight, not exceeding
the 8.8 g CO2 eq even in the scenario with the highest probable emission, the one with the lowest
EC productivity.
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(GD), renewable jet fuel (RJF), green gasoline (GG) and electric energy (EE) in g CO2 eq/MJ (solid bars)
and their percentage of reduction compared to fossil equivalent fuels (N); (b) total annual avoided
GHG emissions broken down into each biofuel contribution and (c) per area of biomass cultivated.
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4. Final Remarks

Biomass gasification followed by FT synthesis may provide renewable gasoline, diesel, and jet fuel
with high mitigation potential, contributing towards Brazil’s targets assumed at COP21. Integrated
1G2G biorefinery scenarios processing CS (or EC) and eucalyptus provide GHG emission reduction
between 85–95% compared to the fossil equivalent, depending on the considered product, higher
than the mitigation expected by the typical sugarcane 1G biorefinery. However, 2G thermochemical
processes take advantage of its integration with the well-established 1G process, a process with crucial
participation in revenues (from hydrous ethanol) and much lower risk associated with investment
and operational costs. RenovaBio may also contribute to the increase in revenues related to liquid
biofuels production proportionally to avoided GHG emissions. Economic parameters can, therefore,
be improved by the start of the technological learning curve for 2G thermochemical processes,
making possible a reduction on CAPEX and production costs.

This study shows that when using EC instead of CS, the typical 1G process requires more process
energy. Therefore, more gaseous product from the FT reactor must be directed to the gas turbine and
consequently the recycle ratio to the FT reactor and liquid fuels global conversion is lower, favoring
electricity production. In this scenario, a lower amount of hydrous ethanol is produced because of a
lower amount of sugar available for 1G fermentation. Comparing the emissions of a product with those
of the fossil one that it would replace, an increase in the share of electricity production seems beneficial
when it replaces electricity from natural gas. On the other hand, the process efficiency, in this case, is
lower and the emissions of each product on an energy basis are higher. As a result, considering the
assumptions of this study, the difference between the total annual GHG avoided emissions of the two
1G2G scenarios is not significant. However, when we evaluate the avoided emissions standardized by
the cultivated area in each scenario, the area requirements for 1G2G-EC are lower, since EC shows
superior yield. Despite the benefit of lower land use, economic performance is impaired. In the
1G2G-CS biorefinery scenario, the revenues from hydrous ethanol and carbon credits are essential,
besides higher biomass production costs. Thus, IRR is higher for 1G2G-CS in comparison to 1G2G-EC.
Further studies on the optimization of economic and climate benefits of these biorefinery scenarios
might help to better address these issues and inform researchers and policy makers regarding better
biorefinery value chain design before its large-scale deployment.
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industrial chemicals variable operating costs, Table S6: Ranges in parameters (triangular distributions) considered
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CEPCI Chemical Engineering Plant Cost Index
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DME Dimethyl ether
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GG Green gasoline
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GWP Global warming potential
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MARR Minimum attractive rate of return
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PSA Pressure swing adsorption
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