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Abstract: The development of sustainable biofuels can help to reduce the reliance on fossil fuels
and mitigate the impact of climate change. This study analyzes bioethanol production from agro-
forestry residual biomass, namely eucalyptus residues and corn stover. The study includes process
simulation using Aspen Plus software, followed by economic analysis and life cycle assessment (LCA)
with the help of SimaPro software and by applying the environmental footprint (EF) 3.0 method.
The economic analysis on the biorefinery’s economic viability, equipment, and production costs
reveals a positive decision for bioethanol production from eucalyptus residues due to logistical and
transportation costs. The minimum ethanol selling price (MESP) obtained was 2.19 €/L and 2.45 €/L
for eucalyptus residues and corn stover, respectively. From the LCA with a functional unit of 1 MJ of
ethanol, bioethanol production from eucalyptus residues results in a single score impact of 37.86 uPt,
whereas for corn stover, it is 33.47 uPt. In the climate change impact category, the eucalyptus residues
scenario has an impact of 0.264 kg CO; eq/M] ethanol while corn stover leads to 0.254 kg CO, eq/M]
ethanol. In-situ enzyme production, heat integration, and the use of renewable energy sources were
also analyzed. Combining in situ enzyme production with renewable energy sources lowers CO,
equivalent emissions by 89% for both feedstocks, in comparison to the base-case scenario.

Keywords: 2G bioethanol; techno-economic analysis; life cycle assessment; Aspen Plus; SimaPro

1. Introduction

Global energy consumption has risen mainly due to population growth, technological
progress, and economic development, stimulating greater use of non-renewable resources.
This amplified demand has mainly focused on fossil fuels, significantly contributing to the
acceleration of global warming. In 2022, direct primary energy consumption from natural
gas, oil, and coal was 39,413 TWh, 52,970 TWh, and 44,854 TWh respectively worldwide,
with 57,733 TWh of this occurring in China and the United States combined [1]. As a result,
this has caused severe consequences, including climate change, environmental degradation,
and harmful consequences on human health and biodiversity. Given these environmental
concerns, biofuels have emerged as a promising alternative to reduce the negative effects
of fossil fuel consumption, mitigate greenhouse gas emissions, and reduce reliance on
non-renewable energy sources [2].

Biofuels are a category of bio-based fuels derived from biomass, capable of serving as
substitutes or additives to conventional fossil fuels such as gasoline and diesel. Between
2023 and 2028, biofuel demand is projected to surge by 38 billion liters, a near-30% increase
from the previous five years. By 2028, overall demand is expected to reach 200 billion
liters, with renewable diesel and ethanol driving two-thirds of this growth. Emerging
economies such as Brazil, Indonesia, and India lead in demand, propelled by robust biofuel
policies and rising transport fuel needs. Meanwhile, advanced economies like the European
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Union, United States, Canada and Japan focus on transport policy enhancements, with
renewable diesel and biojet-fuel as primary growth segments amidst factors like electric
vehicle adoption and biofuel cost challenges [3].

Biomass, derived from organic matter found in animals and plants, serves as a valuable
resource for energy (electricity and heat) and biofuel production. It includes a wide range
of sources, including agricultural residues, forestry byproducts, food crops, and dedicated
energy crops [4].

Lignocellulosic biomass consists of three primary components: cellulose, hemicellu-
lose, and lignin. Cellulose, comprising 40% to 60% of biomass, is a crystalline, rigid polymer
of glucose monomers linked by -1,4 linkages, making it resistant to enzymatic degrada-
tion [5]. Hemicellulose, constituting 20% to 40% of biomass, is an amorphous, branched
polymer of pentoses and hexoses, making it hydrolysable due to its less-structured nature.
Lignin, accounting for 10% to 25% of biomass, is a phenylpropanoid polymer, providing
structural strength and resistance to degradation, and its phenolic by-products can inhibit
enzymatic action [5]. Additionally, biomass also contains pectic compounds, proteins, other
phenolic compounds, water, minerals, and ash in its composition.

In this work, agricultural and forestry residual biomass are studied. Forest in mainland
Portugal is primarily comprised of species like eucalyptus, cork oak, and maritime pine,
making up about 69.4% of the country’s territory. Thus, annual production of forest-based
residual biomass (including residues from the pulp and paper industry) reaches around
three million tons [6]. Eucalyptus, as a dominant forest species, offers significant waste and
by-products suitable for energy generation. Agricultural residual biomass, which arises
from farming and agri-food industry by-products, comprises materials such as cereal straw,
olive tree cuttings, olive pruning, and pomace. In mainland Portugal, the focus is corn
cultivation, predominantly located in central regions. Corn cultivation produces abundant
residues, e.g., corn stover rich in cellulose and hemicellulose, making them ideal for biofuel
or bio-products production [7].

Biofuels are commonly classified into first and second generations based on their
feedstocks. First-generation biofuels (1G) are derived from food crops or edible feedstocks
like sugarcane, corn, wheat, and vegetable oils. While they are widely implemented,
using food crops for biofuel production raises concerns about potential impacts on food
security and competition with food production [8]. Second-generation biofuels (2G) are
produced from non-food feedstocks, including agricultural residues (e.g., corn stover, wheat
straw), dedicated energy crops (e.g., switchgrass, miscanthus), non-edible parts of plants
(e.g., leaves, stems), and from autotrophic microalgae. In general, these biofuels are
produced using more advanced technologies and aim to avoid the competition between
fuel and food.

Bioethanol is a renewable fuel derived from the fermentation of biomass sugars into
ethanol. Commonly blended with gasoline, these blends can range from low-level, for
example, E10 with up to 10% ethanol, to high-level, like E85 with around 85% ethanol and
15% gasoline [9], being the E5 blends the most common in Portugal. Ethanol enhances fuel
oxygen content with 35% of oxygen and combustion, reducing greenhouse gas emissions
and promoting cleaner combustion [9]. Ethanol has a high-octane number of 108, indicating
resistance to engine knocking and early ignition. This contributes to improved engine per-
formance and efficiency. When compared to gasoline, ethanol significantly reduces carbon
emissions by over 80% and eliminates the release of sulfur dioxide, which contributes to
acid rain formation [10].

Biorefineries are commercial and emerging plants that process bio-based feedstock
into biofuels, biochemicals, and bioenergy. They significantly contribute to sustainability
and the growth of clean energy economies through their emphasis on high energy effi-
ciency and zero-waste production, optimizing resource use while minimizing waste [11].
Second-generation feedstocks are commonly used in biorefineries as they are abundant and
do not interfere with the food chain. However, 2G biorefineries are still in development
due to the advanced technology and complex process integration required. Technological
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development aims to enhance efficiency and scalability by updating processes. Integrated
biorefining is considered the preferred approach in future bioeconomic models, producing
a wider range of bio-based products such as food, chemicals, and biofuels [12]. Currently,
given the commitment to reduce dependence on fossil fuels and to reduce GHG emis-
sions, some countries have adopted policy measures to encourage renewable fuels. These
measures include the strategic definition of biofuel production, tax exemptions for biomass-
based systems, financing for biomass and renewable source projects, and reduced tariffs
for biomass suppliers [13].

Several techno-economic and life cycle assessment of 2G biorefineries have been per-
formed in the past decades, for different types of feedstock and geographic location, such
as spruce logging residues in Sweden [14], palm empty fruit bunches [15] or integrated
sugarcane-based biorefineries [16,17] in Brazil, bioethanol production from corncob in
different locations [18], corn stover in Mexico [19] and in Belgium [20], among others.
This study involves the simulation of 2G bioethanol production in Portugal, using two
different lignocellulosic residues (corn stover and eucalyptus residues) through a four-stage
biochemical route: biomass pretreatment, enzymatic hydrolysis, fermentation, and ethanol
recovery. Subsequently, after implementing the process model, a comprehensive economic
analysis was conducted to evaluate the economic viability of 2G bioethanol production
using this feedstock. Additionally, a life cycle assessment (LCA) of the bioethanol produc-
tion process was carried out to estimate and evaluate environmental impacts. This work
aims to contribute new insights into bioethanol production from residual lignocellulosic
biomass, specifically comparing two types: eucalyptus residues (including branches, leaves
and bark) and corn stover. The following section outlines the methodology, elucidating the
research design and analytical techniques employed to address these objectives.

2. Materials and Methods
2.1. Process and Simulation

The process simulation was carried out using the Aspen Plus v11 (Aspentech, Inc.,
Bedford, MA, USA) software, applying the thermodynamic non-random two-liquids model.
The physical and thermodynamic properties of biomass and raw materials for the process
were obtained from the National Renewable Energy Laboratory (Golden, CO, USA) [21].
The initial composition of eucalyptus residues and corn stover, determined by the National
Laboratory of Energy and Geology (LNEG, Lisboa, Portugal) for samples provided by the
private company Florecha, Forest Solutions, SA. (Chamusca, Portugal), is shown in Table 1.
An initial moisture content of 15% was considered for both feedstocks. Glucan, xylan,
arabinan, and lignin are considered solids and were defined as conventional solids (CIPSD,
in Aspen Plus). The acetyl groups, the extractives, and the water content were defined as
constituents of the mixture, as Mixed. Finally, ash is defined as a non-conventional solid
(NCPSD, in Aspen Plus) due to its heterogeneous composition.

Table 1. Composition on dry basis of biomass (LNEG experimental data).

Composition * (g/100 g Dry Basis) Eucalyptus Residues Corn Stover
Glucan 320+29 31.6+13
Xylan 141+0.7 242+12
Arabinan 0.0+0.1 0.3+0.1
Acetyl groups 3.6+0.7 2.8+02
Klason lignin 25.6 £ 4.0 170+ 1.6
Soluble lignin 0.2+0.0 0.6 £0.1
Ash 24405 28+0.3
Others 221 20.7

* average values determined by LNEG team for samples received throughout the two years of the project’s
duration (with the corresponding standard deviation).

The biorefinery is considered to process 100,000 tons of dry biomass annually for
330 operational days, equivalent to 7920 h, on a semi-continuous schedule. The process
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model is divided into six sections: (i) milling, (ii) steam generation for pretreatment,
(iii) pretreatment, (iv) enzymatic hydrolysis, (v) fermentation, and (vi) bioethanol distilla-
tion and purification. The global flowsheet of the process is represented in Figure 1.
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Figure 1. Flowsheet of 2G bioethanol production from residual lignocellulosic biomass (STEX—steam
explosion; PSA—pressure swing adsorption).

2.1.1. Biomass Milling

The first step in bioethanol production from lignocellulosic biomass involves milling
the feedstock to reduce the particle size to ca. 20 mm to enhance its accessibility for
subsequent processing (pretreatment). The simulation on Aspen Plus was performed using
crusher equipment.

2.1.2. Biomass Pretreatment (PT)

Steam explosion (STEX), a variant of hydrothermal (physico-chemical) technology,
was chosen for pretreatment of lignocellulosic biomass. since it is recognized as one of the
most cost-effective processes for hardwoods (e.g., eucalyptus) and agricultural residues
(e.g., corn stover), being used in several demonstration units and in the first commercial
2G ethanol unit [22]. STEX involves exposing the biomass to high-pressure steam at
high temperatures, typically between 160-260 °C corresponding to 6.9—48.3 bar, followed
by rapid pressure release to atmospheric pressure. When biomass is subjected to high
pressure and temperature, it undergoes chemical reactions that break the chemical bonds
between cellulose, hemicellulose, and lignin molecules. These reactions also cause the
depolymerization of these components, which results in the creation of water-soluble
compounds like sugars and lignin derivatives [23].

The biomass pretreatment technology applied consists of proprietary steam explosion
technology, developed by the company SDTI (Porto, Portugal) in partnership with the
LNEG. Based on the previous experience with eucalyptus residues, to limit xylan degra-
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dation, a two-stage STEX pretreatment was considered in this study, operating at 206 °C
and 17.5 bar with a steam—to-wet biomass ratio of 0.4 (w/w) [24]. The first stage is uncat-
alyzed, whereas 1% (w/w) of N-based catalyst is added for the second stage. Between the
two stages, the biomass is washed with water to remove fermentation inhibitors potentially
produced from hemicellulose or lignin degradation. The total severity factor (log Ro),
following Overend and Chornet methodology [25], is 4.22 for the two-step pretreatment at
206 °C, as previously reported by the authors [26].

In order to simulate the pretreatment process in Aspen Plus, STEX reactors were
simulated by RYield reactors, by applying conversion factors for each component previously
determined by SDTI and LNEG team. The depressurization occurs in an expansion tank
and is simulated using a Flash separator at 100 °C and 1 bar, with no heat exchange with
the external environment.

After each batch, the mixture is divided into two streams: the liquid fraction, which
goes to waste treatment, and the solid fraction, which proceeds to enzymatic hydrolysis.

2.1.3. Steam Generation (SG)

The STEX pretreatment method employs high-pressure and high-temperature steam
to treat biomass. Steam is generated by burning natural gas in a boiler, which heats water
to the targeted pressure of 17.5 bar, resulting in steam production. This stage was simulated
in Aspen Plus using an RStoic reactor as a furnace and a Heater as a heat exchanger, which
transfers the heat from the furnace to the water flow.

2.1.4. Enzymatic Hydrolysis (EH)

In this study, the Separate Hydrolysis and Fermentation configuration was employed,
involving pre-liquefaction of biomass, followed by hydrolysis and fermentation in separate
reactors, without particle removal in between. Enzymatic hydrolysis was conducted at
50 °C and 1 bar, using the Cellic® CTec3 enzyme cocktail, applied at a 5% (w/w) dosage,
for 72 h for each biomass.

Based on the previous know-how of the team, in order to enhance enzymatic hydroly-
sis efficiency, pre-treated biomass was subjected to pre-liquefaction in a rotating drum for
1 h. Initially, 40% of the total enzyme was added, with the remaining 60% applied during
enzymatic hydrolysis under a fed-batch regime, and a 25% (w/v) solid load was considered.
Table 2 presents the reactions and the respective conversion fractions, based on LNEG
previous data, considered for both eucalyptus residues and corn stover. These sugars’
yields are quite close to those (69% for glucan and 79% for xylan conversion) previously
reported [26] for the enzymatic hydrolysis of eucalyptus bark, subject to the same steam
explosion pretreatment, by applying a lower enzyme dosage (3% (w/w)) to a lower solid
load (17.5% (w/v)) under a batch configuration. Also, Guigou et al. [27] reported efficiencies
of 66% for enzymatic hydrolysis of Eucalyptus grandis sawdust, at 15% (w/v) solid load,
following pretreatment by steam explosion (205 °C for 10 min).

Table 2. Reactions and conversion fractions for enzymatic hydrolysis of the two feedstocks.

Reactions Fractional Conversion * Component
Cellulose + Water — Glucose 0.80 Cellulose
Xylan + Water — Xylose 0.80 Xylan

*based on LNEG previous data.

The pre-liquefaction and enzymatic hydrolysis steps were simulated in Aspen Plus
with an RStoic reactor based on the reactions and respective conversions. The enzyme
and the required amount of water were introduced through a Mixer and the cooling of the
biomass up to 50 °C was simulated through heat exchangers (Heaters).
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2.1.5. Fermentation (FERM)

Fermentation takes place at 30 °C with inoculation of 5 g/L of Saccharomyces cerevisiae.
In the eucalyptus residues scenario, only Cé6 sugars are fermented for 24 h, while for corn
stover, both C5 and C6 sugars are fermented for 48 h. The fermentation reactions and
conversions factors based on LNEG previous data were considered for eucalyptus residues
and corn stover, and are presented in Tables 3 and 4, respectively.

Table 3. Fermentation reactions and respective conversions for eucalyptus residues.

Reactions Fractional Conversion * Component
Glucose — 2 Ethanol + 2 CO, 0.90 Glucose
Glucose + 0.02 SO4 2 + 1.37 NH,* — 5.96
Yeast + 3.79 H,O 0.02 Glucose

* based on LNEG previous data with industrial Cé6-fermenting S. cerevisiae.

Table 4. Fermentation reactions and respective conversions for corn stover.

Reactions Fractional Conversion * Component
Glucose — 2 Ethanol + 2 CO, 0.80 Glucose
3 Xylose — 5 Ethanol + 3 CO, 0.80 Xylose
Glucose + 0.02 SO, 2 + 1.37 NH* — 5.96
Yeast + 3.79 H,O 0.02 Glucose

* based on LNEG previous data with laboratorial genetically engineered C5/C6-fermenting S. cerevisiae.

In Aspen Plus, the fermentation stage was simulated using an RStoic reactor, a Mixer
to introduce the inoculum, and a Heater to cool the hydrolysate to 30 °C. The fermentation
gases, such as CO,, are released in the simulation with the Separator equipment after the
fermentation reactor. Additionally, in the simulation, it was necessary to add another piece
of Separator equipment to consume the fermentation ions since it is not possible to adjust
the chemical reactions stoichiometrically [24].

Following fermentation, solid compounds are removed before product recovery using
a Separator in the Aspen model. The solid fraction of the fermentation broth contains lignin
since it is inert and resistant to the enzymatic action of hydrolysis and the fermentation step.
After separation, the fermented product undergoes ethanol distillation and purification.

2.1.6. Bioethanol Recovery (BR)

Distillation is one of the techniques used to separate ethanol from other solutions such
as fermentation broth [28]. Given the ethanol/water azeotrope, distillation is based on
the difference in volatilities at the boiling point of ethanol at 78.2 °C. The purification of
ethanol is achieved through pressure swing adsorption (PSA), a process that uses adsorbent
zeolites to dehydrate ethanol. This method enables ethanol to be purified to a concentration
of 99.5% (v/v).

Ethanol purification is simulated by the Separator equipment and after purification,
the ethanol is subjected to a heat exchanger to decrease the temperature from 116 °C to
77.9 °C at 1 bar. In the separator, gaseous water is released into the atmosphere.

2.2. Methodology of Heat Integration

Heat integration is intended to reduce energy consumption by strategically combining
processes that require heat, steam, or electricity, enabling the practice of responsible and
efficient resource management.

The analysis of the heat transfer equipment and the utilities employed in the process
illustrates an effective strategy of utilizing available energy from exothermic reactions to
meet the heat requirements of other processes. Enzymatic hydrolysis and fermentation
involve exothermic reactions that occur at 50 °C and 30 °C, respectively, releasing available
energy. This available energy, regardless of specific reactions, can be redirected to other pro-
cesses requiring additional heat, such as biomass pretreatment. The biomass pretreatment
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involves high temperatures and requires a high amount of utility, with the biomass heated
from 100 °C to 206 °C for this stage. In the Aspen Plus simulation, two heating processes
of similar magnitude occur for the two batches. Therefore, the heat exchangers for this
heating may receive available energy from the enzymatic hydrolysis and fermentation
reactors, thus minimizing the use of hot utility.

2.3. Methodology of Economic Analysis

The economic analysis considers parameters such as capital expenditure (CAPEX),
operational expenditure (OPEX), production costs, net present value (NPV), and minimum
ethanol selling price (MESP). The CAPEX includes process equipment and all components
needed for the operation, such as piping, instrumentation and control, electrical systems,
land, and buildings, and also the indirect costs related to the project supervision, construc-
tion, and contingency. The components that constitute the total CAPEX were determined
as fractions of the purchased equipment’s cost [29]. The OPEX are the total costs to operate
the industrial unit including production costs, product sales, and corporate functions [30].
The production costs (in €/ton or €/L of product) are obtained from OPEX.

The analysis assumed a 20-year project lifetime and an initial total investment of
three years, an annual interest rate of 2% [31], stamp duty on interest of 4% [32], and an
income tax value of 21% [33]. The discount rate used for the NPV calculation is a specific
rate for energy industries calculated by the weighted average cost of capital (WACC) with
a value of 5.86% [34]. The analysis was based on Portugal’s market prices with reference to
2019, to mitigate the impact of the COVID-19 pandemic and the Ukraine/Russia conflict
on inflation rates. The raw materials, products, and utility costs are presented in Table 5.

Table 5. Market prices for raw materials, products, and utilities.

Item Cost Unit Reference
N-based catalyst 227.70 €/md [35]
Enzyme 157.27 €/ton [36]
Process water 1.78 €/md [37]
Bioethanol 824.00 €/ton [38]
Natural gas 9.08 €/G] [39]
Cooling water 0.07 €/md [40]
Low pressure steam 5.23 €/G] [40]
Medium pressure steam 7.13 €/G] [40]
High pressure steam 14.41 €/G] [40]
Electricity 0.14 €/kWh [39]

2.4. Methodology of Life Cycle Assessment

LCA is a method for assessing environmental impacts by systematically analyzing
industrial processes and products in terms of their energy and material inputs, as well as
their generated residues and emissions [41]. According to the International Organization
for Standardization (ISO 14040 standards [41]), this tool is divided into four steps: (i) goal
and scope definition; (ii) life cycle inventory analysis; (iii) life cycle impact assessment, and
(iv) results interpretation.

LCA was conducted in SimaPro v9.1 (PRé Sustainability, Amersfoort, The Nether-
lands) software, utilizing the Ecoinvent v3.6 database, and by applying the Environmental
Footprint (EF) 3.0 method, recommended by the European Commission Joint Research
Center (EC-JRC).

The first step in the LCA is to identify the purpose and scope of the study, which
should clearly state the intended application and specify the system being studied. The
life cycle inventory analysis consists of collecting data from all inputs and outputs of the
system and allows the creation of a comprehensive inventory of the environmental flows
within the defined system boundaries. The life cycle impact assessment involves four main
stages: classification, characterization, normalization, and weighting. In the classification
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and characterization stages, the inventory is assigned to the selected impact categories and
subsequently characterized for a specific unit designated as a category indicator. In the
normalization and weighting stages, the magnitude of the results of the category indicators
is calculated under a normalization factor and a unified single score through weighting.

The EF method has 16 impact categories: climate change, ozone depletion, human
toxicity (cancer and non-cancer), particulate matter, ionizing radiation, photochemical
ozone formation, acidification, eutrophication (terrestrial, freshwater, marine), ecotoxicity
freshwater, land use, water use, resource use (minerals, metals, and fossils). The main
goal is to assess the environmental impacts of 2G bioethanol production from residual
lignocellulosic biomass, with a functional unit of 1 MJ of ethanol. The system boundary is a
cradle-to-gate approach, starting with biomass collection and concluding as the product
exits the biorefinery gate.

3. Results and Discussion
3.1. Mass and Energy Balances

The mass and energy balances, obtained from the software Aspen Plus, for eucalyptus
residues and corn stover are presented in Table 6.

Table 6. Mass inputs and outputs, and energy consumption for eucalyptus residues and corn
stover (SG—steam generation; PT—pretreatment; EH—enzymatic hydrolysis; FERM—fermentation;
BR—bioethanol recovery).

Eucalyptus Residues Corn Stover
Mass Flow (ton/h) Mass Flow (ton/h)
Inputs
Biomass 14.85 14.85
Air (SG) 21.24 19.17
Steam (SG) 19.80 17.79
Washing water (PT) 9.25 9.02
N-based catalyst (PT) 0.09 0.09
Enzyme (EH) 0.44 0.33
Water (EH) 26.45 22.90
Yeast (FERM) 1.87 1.74
Nutrients (FERM) 0.16 0.12
Outputs
Molasses (PT) 1.80 5.50
Off-gas (FERM) 1.54 1.44
Solids (FERM) 9.53 7.13
Stillage (BR) 24.90 24.79
Water (BR) 0.08 0.07
Ethanol (BR) 1.41 1.31
Utilities (unit) Usage
Cooling water (MW) 8.30 10.02
Low pressure steam (kW) 6724.76 8231.13
Medium pressure steam (kW) 26.64 24.49
High pressure steam (kW) 3979.83 4 605.03
Natural gas (GJ /h) 66.63 59.88
Electricity (MWh) 20.70 23.61

In the eucalyptus residues scenario, 1.41 ton/h of bioethanol was produced from
12.62 ton/h of dry biomass, resulting in a yield of 0.11 ton of bioethanol per ton of dry
biomass. This yield corresponds to 152 L of bioethanol per ton of dry biomass considering a
density of 734.86 kg/m? at 77.9 °C. For corn stover, 1.31 ton/h of bioethanol was produced,
with a yield of 0.10 ton of bioethanol per ton of dry biomass, equivalent to 141 L of
bioethanol per ton of dry biomass. This is in accordance with other studies that report
yields of 0.14 ton of bioethanol per ton of dry biomass for corn, whereas co-fermentation of
both pentoses and hexoses has the potential to enhance this yield to 0.20 ton of bioethanol
per ton of dry biomass [42].

The utilities consumption (e.g., cooling water and steam) is primarily attributed to
the initial biomass pretreatment stage and the final bioethanol purification and recovery
process. The significant consumption of cooling water and steam during pretreatment is a
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result of the STEX reactors operating at high temperatures and pressures. In the bioethanol
purification and recovery step, both the distillation columns and molecular sieve make
extensive use of these utilities. Electricity is primarily utilized in the enzymatic hydrolysis
and fermentation stages, mainly due to the use of stirred reactors.

3.2. Heat Integration

In this study, heat generated during enzymatic hydrolysis and fermentation steps can be
supplied to a heat exchanger. These exchangers raise the temperature of steam and biomass
from 100 °C to 206 °C in two batches. As a result, this integration effectively saves on the
high-pressure steam utility that would otherwise be required in these heat exchangers.

With this heat integration, there was an energy saving of approximately 99% in the
hot utility for the heat exchanger of the first batch and about 45% in the heat exchanger of
the second batch. The representation of the heat integration carried out in Aspen Plus is
shown in Figure 2 and the energy saving results are in Table 7.
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Figure 2. Representation of the heat integration in Aspen Plus. Dashed colored arrows depict the
heat transfer between reactors with available heat and the heat exchangers that will utilize it.

Table 7. Heat integration results between the fermentation and hydrolysis reactors and the pretreat-
ment heat exchangers.

Heat Exchanger (HE) Base-Case Heat Duty (GJ/h)  Integration Heat Duty (GJ/h)
HE1 11.68 0.05
HE2 2.65 1.45

3.3. Economic Analysis

Table 8 displays the results for capital and operational expenditures for eucalyptus
residues and corn stover scenarios.

Table 8. CAPEX and OPEX for each feedstock for the scenario without heat integration.

Eucalyptus Residues Corn Stover
Cost (M€)
Purchased equipment 21.35
Total CAPEX 75.66
Cost (M€/year)

Raw materials 1.34 1.11
Utilities 6.66 6.61
Direct costs 10.15 9.87
Indirect costs 0.93 0.93
Fixed costs 2.88 2.88
General expenses 0.81 0.82
Logistics and transportation 2.78 4.06

Total OPEX 17.54 18.56
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The equipment used in the process is the same for both feedstocks, and its high cost
is primarily attributed to the number and price of the process reactors. Additionally, the
cost of raw materials and utilities depends on the process requirements for each feedstock,
with lower costs associated with the corn stover feedstock. The OPEX costs are given
by the sum of direct, indirect, and fixed costs, general expenses, and the logistical and
transport costs associated with the biomass. The total OPEX costs are higher for corn
stover feedstock, primarily due to logistics and transportation expenses. Logistic costs
for biomass encompass activities such as harvesting, initial crushing, baling, and loading.
In comparison to agricultural corn stover biomass, eucalyptus residues involve lower
logistical and transportation costs [43].

The bioethanol production is 10,744 ton/year using eucalyptus residues feedstock,
with production costs of 1.66 €/kg (1.31 €/L). In contrast, the annual production is
9925 ton/year when using corn stover, resulting in production costs of 1.90 €/kg (1.50 €/L).
These production costs are in accordance with studies reported for wheat straw and agro
waste [44] and sugarcane bagasse [17]. In the OPEX, direct manufacturing costs are the
predominant expenses, primarily driven by raw material and utility costs. For eucalyptus
residues and corn stover, utilities account for about 66% and 67% of direct costs, respec-
tively, with natural gas for the boiler in the steam-generation step being the most expensive
due to its flow rate and cost. An effective approach to reduce utility expenses is heat
integration, which can lead to a reduction in utility usage. The heat integration between
the hydrolysis and fermentation reactors and pretreatment heat exchangers resulted in a
21% utility cost reduction and an 8% decrease in operational expenditure.

The production cost of bioethanol for both biomass is higher than the considered
market price of 824 €/ton (0.65 €/L), making it infeasible to sell the product at this price.
In order to assess project feasibility, the MESP was determined to achieve a positive NPV
to obtain a payback time of 10 years. The project’s NPV reaches zero when the price of
bioethanol obtained from eucalyptus residues is 2.77 € /kg (2.19 €/L), which corresponds
to a 1.54 €/L increase in the selected selling price. Similarly, for the corn stover scenario,
the NPV is zero at a bioethanol selling price of 3.11 €/kg (2.45 €/L), reflecting a 1.80 €/L
increase over the considered market price.

Sensitivity analysis was carried out on the NPV’s effect of the utility cost reduction
across a range of bioethanol selling prices. The analysis considered reductions of 20%,
30%, and 40%. For the eucalyptus residues, a 30% reduction in utility costs would result
in a positive NPV at a bioethanol selling price of 2600 €/ton (2.1 €/L), corresponding to
an increase of 1.45 €/L compared to the considered market price. A positive NPV in the
corn stover scenario was achieved with a bioethanol selling price of 3.00 €/kg (2.4 €/L),
which represents a 1.75 €/L increase compared to the market price considered and a 20%
reduction in utility costs.

In addition to the utility cost analysis, the impact of reducing purchased equipment
costs on NPV at various bioethanol selling prices was also examined. Reductions of 10%,
20%, and 30% were applied to equipment costs. It was observed that a 20% reduction in
equipment costs makes the eucalyptus residues bioethanol scenario with a positive NPV
at 2.60 €/kg. In addition, for the eucalyptus residues scenario, a 10% reduction will be
adequate when the bioethanol cost exceeds 2.60 €/kg. This price corresponds to an increase
of 1.4 €/L compared to the reference market price. In the corn stover scenario, a positive
NPV is obtained with a 30% reduction in equipment costs at a bioethanol selling price of
2.60 €/kg. Smaller reductions in equipment costs can be implemented with selling prices
exceeding 3.00 €/kg.

Additional scenarios, including heat integration, the sale of molasses from biomass
pretreatment, and in situ enzyme production, were explored to enhance revenue and
minimize production costs. The heat integration between the heat from hydrolysis and
fermentation reactors integrated into the pretreatment heat exchangers resulted in an MESP
of 2.08 €/L and 2.34 €/L for eucalyptus residues and corn stover, respectively. The molasses
sales reduced the MESP to 2.04 €/L and 1.95 €/L for eucalyptus residues and corn stover,
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respectively. The last scenario analyzed is the in situ enzyme production, instead of their
purchase, reduced the MESP to 2.15 €/L and 2.42 €/L for eucalyptus residues and corn
stover, respectively.

3.4. Life Cycle Assessment

The studied system was divided into five subsystems: transportation of biomass (SS0);
steam generation for pretreatment (551); pretreatment of biomass (SS2); ethanol production
(SS3); and ethanol purification (554). The mass and energy inputs and outputs of the five
subsystems were obtained from Aspen Plus simulations and converted to the functional
unit. In order to relate these inputs and outputs to the functional unit, the enthalpic flow
rate of ethanol was calculated using its lower calorific value (26.8 M]/kg) and the produced
flow rates (1413 kg/h for eucalyptus residues and 1305 kg/h for corn stover).

Figure 3 illustrates the contribution of each impact category obtained from the char-
acterization of the life cycle inventory for eucalyptus residues. The SS3 subsystem pre-
dominates in most categories, with a greater weight in water use, and minerals and metals
resource use. Conversely, the SS1 subsystem has a greater contribution to the ozone deple-
tion and fossil resource use categories. In the climate change category, the SS3 subsystem
has a contribution of 59% followed by the 554 subsystem with a share of 19%. Additionally,
the ozone depletion category presents a contribution of 45% for the SS3 subsystem fol-
lowed by the S51 subsystem with a share of 29%. In fossil resource use, the SS3 subsystem
contributes 40% followed by the SS51 subsystem with an impact of 33%.
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Figure 3. Characterization of LCA results for eucalyptus residues scenario.

In the corn stover scenario, Figure 4 presents similar results, with the SS3 subsystem
consistently leading in all categories.

Notably, in the climate change category, the SS3 subsystem contributes 51%, followed
by the 554 subsystem with an impact of 26%. In the ozone depletion category, the SS1
subsystem accounts for 29%, while the SS3 subsystem contributes a share of 38%. For
fossil resource use, the SS3 subsystem holds 34%, closely followed by the SS1 subsystem
contribution of 33%. The SS1 subsystem’s impact results from natural gas usage for steam
generation, leading to combustion emissions. In the SS3 subsystem, enzymatic hydrolysis
and fermentation have a significant environmental impact due to enzyme use, nutrients,
energy consumption, and the emission of CO, during fermentation, and from the produced
solid fraction. The results of the impact categories for eucalyptus residues and corn stover
were graphically represented in percentages, as illustrated in Figure 5, allowing comparison
between the two feedstocks.
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Figure 4. Characterization of LCA results for corn stover scenario.
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Figure 5. Environmental impact results for eucalyptus residues and corn stover feedstocks.

The eucalyptus residues scenario has a higher environmental impact in all categories
compared to corn stover. In the climate change category, the bioethanol from eucalyptus
residues results in an impact of 0.264 kg CO, eq/M] ethanol, while the bioethanol pro-
duction from corn stover scenario results in 0.254 kg CO, eq/M] ethanol. Regarding the
minerals and metals resource use category, the eucalyptus residues scenario leads to an im-
pact of 5.78 x 1076 kg Sb eq/M]J ethanol while the corn stover scenario results in an impact
of 4.81 x 10 kg Sb eq/M]J ethanol. The simulation of the bioethanol production process
from eucalyptus residues requires a greater amount of raw materials, water, enzymes, and
nutrients due to the process requirements, resulting in higher quantities of waste, including
solid fraction after hydrolysis and fermentation, and vinasse after distillation. As a result,
it has a more significant environmental impact.

The LCA weighting results involve multiplying the obtained results by weighting
factors that express the relative importance of each category. The weighting creates a single
score unit, enabling a more accessible comparison of environmental impacts [45]. Figure 6
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presents the weighting results for each impact category of the bioethanol production from
eucalyptus residues and corn stover, with a total impact of 37.86 uPt and 33.47 pPt for
eucalyptus residues and corn stover, respectively.
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Figure 6. Weighting results in a single score unit.

Additionally, four alternative scenarios were examined to assess environmental im-
pacts related to identified hotspots: (i) enzyme production in situ scenario; (ii) heat in-
tegration scenario; (iii) renewable energy scenario; (iv) renewable energy and enzyme
production in situ scenario. The enzyme production scenario involves in situ enzyme
production, without environmental impacts associated with transportation and large-scale
production. In the heat integration scenario, the focus was on minimizing the heat required
as a utility in biomass pretreatment heat exchangers, considering the energy integration
strategies between the hydrolysis and fermentation reactors. The renewable energy sce-
nario assumed that all energy used in the process came from renewable sources, with no
associated environmental impacts. The last scenario combined in situ enzyme production
with the use of renewable energy sources. The presented scenarios do not consider any
potential increases in equipment or operational costs, and modifications in the process.
Their aim is to assess environmental impact changes for the two feedstocks.

Figure 7 illustrates the climate change category for the examined scenarios. Enzyme
production results in a 48% reduction in CO, equivalent emissions for eucalyptus residues
and a 40% reduction for the corn stover scenario. The renewable energy scenario leads to a
more pronounced impact on corn stover, achieving a 49% emissions decrease, compared to
a 40% reduction in eucalyptus residues. Combining renewable energy with in situ enzyme
production results in a reduction of 89% in CO; equivalent emissions for both feedstocks. In
this scenario, eucalyptus residues exhibit a significantly reduced impact of 30 g CO,eq/MJ
ethanol, and corn stover reaches 27 g CO,eq/M] ethanol.
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Figure 8 illustrates the ozone depletion impact category expressed in CFC-11 equiv-
alent emissions. The use of renewable energy leads to a reduction of 51% for eucalyptus
residues and 58% for corn stover in emissions. The most favorable scenario is the combina-
tion of this change with enzyme production, resulting in a 92% reduction in these emissions.
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Figure 8. Ozone depletion category for the selected scenarios.

Enzyme production in situ has the most influence on the minerals and metals resource
use category. Figure 9 demonstrates a reduction of 55% and 53% for eucalyptus residues
and corn stover, respectively, in the Sb equivalent emissions.
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Figure 9. Minerals and metals resource use category for the selected scenarios.

In the fossil resource use category, as depicted in Figure 10, the use of renewable
energy has a more pronounced impact, given the switch of energy from fossil sources to
renewable sources.
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The transition to renewable energy sources yields a 59% reduction for eucalyptus
residues and a 66% reduction for corn stover in fossil resource use. Once again, the most
advantageous scenario is the combination of renewable energy with enzyme production,
resulting in a remarkable 95% decrease in this category for both feedstocks.

Figure 11 displays the single score weighting for the alternative scenarios and the
base scenario. The enzyme production scenario has the most significant impact reduction,
decreasing impacts by 64% for eucalyptus residues and 58% for corn stover. The scenario
combining renewable energy and enzyme production emerges as the most environmentally
advantageous option, with an 85% reduction in environmental impacts compared to the
base scenario for both feedstocks.
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Figure 11. Single score weighting of the four alternative scenarios for the two feedstocks.

The analyzed scenarios lead to the conclusion that the significant impact of enzymes
in the base scenario can be mitigated through in situ production. While cost considerations
have been excluded, this approach effectively lessens the environmental impacts associated
with the process. Furthermore, the utilization of renewable energy significantly reduces
environmental impacts, particularly emissions and fossil resource usage.

3.5. Alignment with Sustainable Development Goals (SDGs)

The findings of this simulation-based study align closely with several sustainable
development goals (SDGs) outlined by the United Nations. The pursuit of sustainable
biofuels, as explored in this research on 2G bioethanol production from residual lignocellu-
losic biomass, resonates strongly with SDG 7 (Affordable and Clean Energy) and SDG 13
(Climate Action).
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Bioethanol production from agroforestry residual biomass, particularly eucalyptus
residues and corn stover, addresses key aspects of sustainability outlined in SDG 12 (Re-
sponsible Consumption and Production). By utilizing Aspen Plus software for process
simulation, conducting economic analysis, and employing life cycle assessment (LCA)
methodologies, this study contributes to the understanding of sustainable production
practices and resource efficiency, namely in Portugal.

The comparison of economic viability between eucalyptus residues and corn stover
reflects considerations of SDG 8 (Decent Work and Economic Growth) and SDG 9 (Industry,
Innovation, and Infrastructure), emphasizing the importance of assessing the feasibility and
potential impacts of alternative energy sources on local economies and industrial development.

Moreover, this study underscores the significance of mitigating climate change impacts,
as evidenced by the evaluation of CO; equivalent emissions in the climate change impact
category. These findings are in line with SDG 13, which emphasizes urgent action to combat
climate change and its impacts.

Furthermore, this research also complements the work of Solarte-Toro and Alzate
(2021) [46], which highlights the potential of lignocellulosic biomass for bioethanol produc-
tion, emphasizing similar themes of sustainability and environmental impact mitigation. By
integrating insights from their work into this discussion, it shall be underscored the impor-
tance of interdisciplinary collaboration and knowledge sharing in advancing sustainable
development objectives.

4. Conclusions

This study aimed to analyze a stand-alone advanced bioethanol production plant using
eucalyptus residues and corn stover as feedstock. The study involves process simulation,
equipment design, economic analysis, and a LCA to compare the economic costs and
environmental impacts of bioethanol production with different feedstocks. According to
the literature, the typical MESP from lignocellulosic biomass can vary between 0.22 € /L
and 1.11 €/L [47,48]. In this study, the economic analysis indicates that the biorefinery’s
profitability is compromised due to high production costs compared to revenue from selling
bioethanol at the reference market price of 824 €/ton or 0.65 €/L. Specifically, production
costs are 1663 €/ton (1.31 €/L) for eucalyptus residues and 1902 €/ton (1.50 €/L) for
corn stover.

However, there is still scope for optimizing processes, thereby potentially reducing
production costs. The biorefinery process for both residual feedstocks was initially de-
veloped based on steam explosion conditions used for eucalyptus bark [24]. Subsequent
studies on corn stover have revealed its lower recalcitrance, enabling simplification of pro-
cessing steps. This includes eliminating the initial milling stage and reducing the severity of
steam explosion, such as by lowering temperature and condensing the process into a single
stage. Moreover, improvements could involve recycling enzymes or employing anaero-
bic digestion to produce biogas/methane from liquid streams generated during steam
explosion and vinasse production. Additionally, the recovery of biorefinery co-products
(e.g., xylo-oligosaccharides—XOS, acetic acid, lignin-derived products) might enhance
process revenues and thereby significantly decrease MESP.

In the current scenario, the minimum ethanol selling price is 2.19 €/L for eucalyptus
residues and 2.45 €/L for corn stover. The economic evaluation also indicated that corn
stover has higher logistical and transport costs when compared to eucalyptus residues.
Various scenarios, including heat integration, molasses sales, and enzyme production,
were examined to assess their economic effects on minimum selling price. Molasses sales
involved the direct sale of by-products, while enzyme production expenses were not
considered. Heat integration has a positive impact, lowering utility costs and production
costs. All three scenarios were economically beneficial, leading to cost reduction and a
lower minimum ethanol selling price.

LCA, using SimaPro software and the EF 3.0 method, analyzed 16 impact categories
for bioethanol production in a cradle-to-gate approach. This assessment demonstrated that
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corn stover has lower environmental impacts in several categories when compared with
eucalyptus residues, resulting in a single score of 37.86 uPt for eucalyptus residues and
33.47 uPt for corn stover.

Four alternative scenarios were also analyzed to study the possible hotspots in the
process with significant environmental impacts. The in situ production of enzymes, as
opposed to purchasing them, significantly influenced the reduction of most environmental
impacts due to its high environmental burdens. Particularly, in the minerals and metals
resource use category, enzyme production showed a decrease of 55% for eucalyptus and
53% for corn stover compared to the base scenario. Transitioning to renewable energy had
a notable impact on the climate change and ozone depletion categories. The most effective
approach for reducing environmental impacts involves a combination of renewable energy
and in situ enzyme production, resulting in a reduction of 89% on the CO; equivalent
emissions for each biomass, and a single score results of 5.54 uPt for eucalyptus residues
and 4.86 pPt for corn stover feedstock.

The choice between feedstocks should align with specific objectives, available re-
sources, and conditions. Future work may involve by-product valorization, including
heat and power cogeneration, vinasse treatment, and oligosaccharide sales. Additionally,
it could include studies of feedstock processing and the flexible use of various biomass
types. Small-scale biorefineries offer adaptability to changing biomass supplies, reducing
risks and logistical costs. Cogeneration will decrease energy costs and environmental
impact. Valorizing by-products shall enhance economic and environmental sustainability.
Improvements will enhance the efficiency of 2G bioethanol production, making it more
optimized and sustainable, consequently fostering the development of the local economy.

In conclusion, this study underscores the crucial role of 2G bioethanol production
from residual lignocellulosic biomass in advancing multiple sustainable development
goals (SDGs), particularly SDG 7 (Affordable and Clean Energy), SDG 12 (Responsible
Consumption and Production), and SDG 13 (Climate Action), emphasizing the importance
of sustainable practices, economic viability, and environmental stewardship in shaping a
more sustainable future.
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