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ABSTRACT

A comprehensive techno-economic assessment was undertaken to determine the viability
of bioethanol production from sugarcane bagasse in Thailand through organosolv fractionation,
incorporating three distinct catalytic systems: sulfuric acid, formic acid, and sodium methoxide. Rigorous
process simulations were executed using Aspen Plus, facilitating the derivation of detailed mass and
energy balances, which served as the foundational input for downstream cost modeling. Economic
performance metrics, including the total annualized cost and minimum ethanol selling price, were
systematically quantified for each scenario. Among the evaluated configurations, the formic acid-
catalyzed organosolv system exhibited superior techno-economic attributes, achieving the lowest unit
production costs of 1.14 USD/L for ethanol and 1.84 USD/kg for lignin, corresponding to an estimated
ethanol selling price of approximately 1.14 USD/L. This favorable outcome was attained with only
moderate capital intensity, indicating a well-balanced trade-off between operational efficiency and
investment burden. Conversely, the sodium methoxide-based process configuration imposed the highest
economic burden, with a TAC of 15.27 million USD/year, culminating in a markedly elevated MESP of
5.49 USD/kg (approximately 4.33 USD/L). The sulfuric acid-driven system demonstrated effective
delignification performance. Sensitivity analysis revealed that reagent procurement costs exert the
greatest impact on TAC variation, highlighting chemical expenditure as the key economic driver. These
findings emphasize the critical role of solvent choice, catalytic performance, and process integration in
improving the cost-efficiency of lignocellulosic ethanol production. Among the examined options, the
formic acid-based organosolv process stands out as the most economically viable for large-scale

implementation within Thailand’s bioeconomy.
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CHAPTER 1

INTRODUCTION

Rationale and Significance of the Study

At present, the world is facing a critical energy crisis due to the depletion of
natural fuel resources, particularly non-renewable energy sources such as crude oil
and natural gas. These fuels serve as the primary energy sources for global economic
and transportation sectors. This situation highlights the imbalance between the
limited availability of energy reserves and the continuously rising demand for energy
driven by population and economic growth. Consequently, this leads to significant
risks in energy security at both national and global levels, especially for countries
that heavily rely on energy imports, such as Thailand.

According to the Energy Policy and Planning Office (EPPO), Ministry of
Energy, Thailand’s final commercial energy consumption in 2023 averaged
approximately 2,007 thousand barrels of oil equivalent per day, representing an
increase of 0.8% compared to the previous year. This growth reflects the recovery of
economic and service sector activities following the gradual easing of the COVID-19
pandemic, particularly in the tourism industry, which directly impacts energy demand
in the transportation sector. For instance, the consumption of aviation fuel increased
significantly by 50.0% compared to 2022, driven by a substantial rise in both
domestic and international tourist arrivals [1].

In terms of energy consumption structure, refined petroleum products remain
the most consumed energy source. In 2023, daily consumption of refined oil was
approximately 153 million liters, an increase of 0.7% from 2022. The main contributors
to this increase included gasoline, aviation fuel, and liquefied petroleum gas (LPG),
while the consumption of diesel and fuel oil declined. Nevertheless, Thailand still
relies heavily on the importation of refined petroleum. In 2023, the average daily

import volume was 11 million liters, a decrease of 8.5% from the previous year. This



may indicate improvements in domestic refining capacity or be influenced by global
economic conditions and market prices.

This situation underscores the challenges Thailand faces in managing
sustainable energy security, particularly in reducing reliance on imported energy and
developing domestic renewable energy sources to meet the increasing future energy
demand.

The use of fossil fuels such as petroleum, natural gas, and coal, although
long regarded as the world’s primary energy sources, has significantly impacted the
environment. These impacts include greenhouse gas emissions, particulate matter,
and various other pollutants. Furthermore, fossil fuel prices tend to rise continuously
due to uncertainties in production sources and geopolitical tensions in different
regions. As a result, many countries have increasingly turned their attention to the
development and promotion of clean and sustainable alternative energy sources.

In Thailand, the energy development direction has been outlined in the
Alternative Energy Development Plan 2015-2036 (AEDP2015), which emphasizes
three key aspects: Energy Security, focusing on diversifying energy sources to reduce
dependence on imported energy; Economy, promoting efficient energy use, cost
reduction, and appropriate energy pricing structures; and Ecology, which supports the
domestic production of renewable energy and the adoption of clean technologies to
mitigate environmental impacts [2].

Thailand is an agricultural country with an abundance of agricultural
residues, such as rice straw, sugarcane bagasse, corn cobs, and oil palm residues.
These materials are classified as lignocellulosic biomass and can be efficiently
converted into biofuels such as bioethanol. Due to their high cellulose and sugar
content, they can be processed at a lower cost compared to food-based sugar
sources such as corn or cassava [3], [4]. Among these residues, sugarcane bagasse a
byproduct of the sugar industry contains a high proportion of cellulose, along with
hemicellulose and lignin. These components can be pretreated and biologically
hydrolyzed into fermentable sugars, which are then converted into ethanol using
microorganisms such as Saccharomyces cerevisiae, a common yeast used in

fermentation processes [5]. The conventional bioethanol production process from



licnocellulosic biomass comprises four principal stages: (1) pretreatment, (2)
enzymatic hydrolysis (saccharification), (3) fermentation, and (4) product recovery and
purification. This process is inherently complex and involves a series of
interdependent operations conducted in a continuous or semi-continuous manner. It
commences with the sourcing and transportation of lignocellulosic feedstock,
followed by pretreatment to increase the accessibility of cellulose and
hemicellulose to enzymatic action. Subsequently, polysaccharides are enzymatically
hydrolyzed into fermentable sugars, which are then converted into ethanol through
microbial fermentation. The resulting ethanol is recovered and purified to meet fuel-
grade specifications. In addition to the core processing steps, the system requires
effective management of products, by products, and waste streams. Moreover, the
process depends on a wide range of inputs, including labor, equipment, utilities, and
chemical reagents, all of which must be carefully integrated to ensure technical and
economic feasibility [6], [7].

Although the production of bioethanol from biomass has been extensively
studied at the laboratory scale, there are still limitations in scaling up the process to
the industrial level, particularly in terms of appropriate process design and economic
feasibility assessment. This study aims to develop a mathematical model to
investigate the optimal conditions for bioethanol production from sugarcane bagasse.
The simulation and analysis focus on the pretreatment, saccharification, and
simultaneous saccharification and fermentation (SSF) stages. In addition, a techno
economic evaluation is conducted to provide insights and guidelines for the

development of pilot scale or industrial scale bioethanol production in the future.

Research Hypothesis

This study is based on the hypothesis that the integration of mathematical
modeling with laboratory scale experimental data can be effectively used to
develop, analyze, and simulate the bioethanol production process from agricultural
biomass waste, specifically sugarcane bagasse. It is assumed that such integration can
provide both technological and economic insights, particularly for the Simultaneous

Saccharification and Fermentation (SSF) process, which involves complex enzyme



and microbial kinetics. The research hypothesizes that a kinetic model developed
from experimental data can accurately predict ethanol yields under varying
operational conditions. Furthermore, it is believed that a techno-economic analysis
using indicators such as Total Annual Cost (TAC) and Minimum Selling Price (MSP)
derived from process modeling can assess the feasibility of scaling up the process to
pilot or industrial levels. This approach is expected not only to provide technically
sound information, but also to reflect the relevance and applicability within the

context of Thailand’s bioeconomy and sustainable agricultural development.

Research Objectives

1. To design and simulate the pretreatment process of sugarcane bagasse
using mathematical modeling, aiming to enhance the breakdown efficiency of the
licnocellulosic structure for ethanol production at the laboratory scale and to
promote the efficient utilization of biological resources.

2. To develop a kinetic model of the Simultaneous Saccharification and
Fermentation (SSF) process for converting cellulose into ethanol, based on
experimental data, in order to accurately predict ethanol yields and analyze process
performance.

3. To evaluate the potential and economic feasibility of ethanol production
from sugarcane bagasse using Total Annual Cost (TAC) and Minimum Selling Price
(MSP) as key performance indicators derived from mathematical simulation, with the
aim of industrial-scale application.

4. To support the sustainable development of bioenergy technologies from
agricultural waste materials in alignment with Thailand’s national development

strategies and the United Nations Sustainable Development Goals (SDGs).

Scope of the Study

1. This study focuses on the design and development of an ethanol
production process from lignocellulosic biomass, specifically sugarcane bagasse, a
byproduct of the sugar industry. The research considers the potential of bagasse as a

low-cost feedstock for renewable energy production.



2. The study investigates lignin fractionation processes to enhance cellulose
accessibility. It evaluates the effects of key pretreatment parameters—such as
solvent type, temperature, and residence time based on previous experimental data
to identify optimal conditions for maximizing ethanol yield and purity.

3. Mathematical modeling is integrated with Aspen Plus simulation software
to model the ethanol production process. Experimental data are linked with process
modeling analysis to examine process behavior at a level that enables scale-up to
industrial applications.

4. The economic feasibility of ethanol production from sugarcane bagasse is
assessed using model outputs to calculate Total Annual Cost (TAC) and Minimum
Selling Price (MSP) of ethanol. These indicators support the commercial viability
assessment of the process within the context of sustainable alternative energy

development.

Expected Benefits of the Research

1. To obtain in-depth information on the optimal conditions for the
pretreatment of sugarcane bagasse to effectively separate lignocellulose, based on
mathematical model analysis. This will support the engineering design of ethanol
production processes.

2. To understand the optimal conditions for ethanol production from
sugarcane bagasse using the Simultaneous Saccharification and Fermentation (SSF)
process, aiming to enhance ethanol yield through the application of kinetic modeling
as an analytical and predictive tool.

3. To determine the recycling rates and solvent recovery efficiency within
the production process, which are critical parameters for improving process
performance and conducting economic feasibility analysis at the industrial scale.

4. To generate techno-economic evaluation results that demonstrate the
feasibility of the ethanol production process from sugarcane bagasse, using indicators
such as Total Annual Cost (TAC) and Minimum Selling Price (MSP). These findings can
serve as a foundation for decision-making in future pilot or commercial-scale project

development.



CHAPTER 2

REVIEW OF RELATED LITERATURE AND RESEARCH

Sugarcane

Sugarcane (Saccharum officinarum L.) is a monocotyledonous plant
belonging to the genus Saccharum within the family Poaceae, which is the same
family as maize and sorghum. It is a tropical crop that thrives in hot and humid
climates, particularly in areas with abundant sunlight, adequate rainfall, and well-
drained soils. In Thailand, sugarcane can be cultivated in almost all regions, except
for certain areas in the southern part of the country where excessive rainfall makes
the environment unsuitable for its growth. Propagation of sugarcane is commonly
done using stem cuttings. Generally, sugarcane cultivated in Thailand is classified into
two main types: thick skinned varieties, which are predominantly used in the sugar
manufacturing industry, and thin skinned varieties, which are mainly grown for fresh
consumption in the form of sugarcane juice.

Sugarcane cultivation remains a significant agricultural activity in many
countries, particularly in tropical and subtropical regions that provide favorable
climatic conditions for its growth. According to the Food and Agriculture Organization
of the United Nations (FAO), as presented on the Our World in Data platform (2023),
the top sugarcane producing countries in 2022 were Brazil, India, China, and Thailand,
respectively. As shown in Figure 1, Brazil reported the highest production volume,
reaching approximately 724.4 million tonnes, accounting for about 37.7% of the
world’s total sugarcane output. This was followed by India with 439.4 million tonnes,
China with 103.4 million tonnes, and Thailand with 92.1 million tonnes. These figures
highlight the crucial role of Latin American and Asian countries in the global
sugarcane industry.

In the 2023/24 production year, Brazil is expected to maintain its position as
the world's leading sugarcane producer, with an estimated output of 661.4 million

tonnes an increase of approximately 6-7% compared to the previous year. This



growth is attributed to favorable weather conditions and the implementation of
efficient agricultural technologies. Notably, over half of Brazil's sugarcane output is
utilized for ethanol production to meet the country's renewable energy demand.
Additionally, Brazil maximizes the value of by products such as molasses and
bagasse for biomass energy and electricity generation, aligning with the principles of

circular economy and sustainable resource management.

Sugar cane production, 2023

Sugar cane production is measured in tonnes.
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Data source: Food and Agriculture Organization of the United Nations (2025) OurWorldinData.org/agricultural-production | CC BY

Figure 1 Global sugarcane production by country in 2023 (measured in tonnes)

Source: H. Ritchie et al., 2023

In Thailand, although the production volume is relatively lower than that of
Brazil and India, the country remains a key producer in Southeast Asia, with a total
output of approximately 92.1 million tonnes in 2022. The growth in Thailand’s
sugarcane production is primarily driven by improvements in yield per unit area
rather than an expansion of cultivated land, due to increasing land-use competition

with other economic crops and limited land availability. Sugarcane typically matures



for harvesting within 12-18 months after planting and can be ratooned (regrown from
stubble) multiple times over a span of 4 to 6 years. This practice allows farmers to
reduce production costs over the long term, thereby enhancing economic viability.

The sugarcane cultivation situation in Thailand for the 2024/2025 crop year
reflects the structural development of the agricultural sector, particularly in major
economic crops such as sugarcane. Sugarcane serves as a key raw material for various
industries, including the production of refined sugar, bioethanol, and downstream
industries such as biomass-based electricity generation, organic fertilizers, and
biochemicals. The expansion in cultivation area demonstrates farmers’
responsiveness to price structures, government policies, and the overall growth trend
of the bio-industry market. According to the Office of the Cane and Sugar Board [9]
and as illustrated in Figure 2 (a), the total sugarcane cultivation area nationwide in
the 2024/2025 crop year reached 11,161,324 rai, representing an increase of
approximately 30,023 rai or 0.27% from the previous year. The Northeastern region
recorded the largest cultivated area, totaling 4,999,222 rai equivalents to about 45%
of the national sugarcane area and exhibited the highest growth rate among all
regions. The Central and Northern regions followed, with approximately 2.9 and 2.6
million rai, respectively. In contrast, the Eastern region had the smallest cultivation
area, accounting for only 6% or approximately 647,128 rai. Regarding regional
sugarcane yield, as illustrated in Figure 2 (b), the pattern closely corresponds with
the cultivated area. The Northeastern region remained the highest producer,
accounting for approximately 50% of the total national sugarcane yield, or more than
46 million tons. The Central and Northern regions followed, with yields of
approximately 20.4 million tons and 20.8 million tons, respectively. In contrast, the
Eastern region recorded the lowest yield, producing around 4.6 million tons or about
5% of the national total.

These findings highlight the crucial role of the Northeastern region as
Thailand’s primary sugarcane production zone. Its significance contributes not only to
the agricultural sector but also to the long-term development of the country's bio-

based industries.
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Figure 2 Sugarcane production data by region in Thailand for the 2024/2025 crop

year: (a) Sugarcane plantation area by region (unit: rai); (b) Sugarcane yield

by region (unit: ton).

Source: Office of the Cane and Sugar Board, 2024a
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In quantitative terms, Thailand reported a total sugarcane supply to factories
of 92.04 million tons in the 2024/2025 production year, an increase from 82.17
million tons in the previous year, representing a growth rate of 10.73%. The national
average yield was 9.56 tons per rai, which is consistent with the long-term decadal
average. Provinces with the highest average yield per rai included Khon Kaen and
Udon Thani, both at 9.92 tons per rai, reflecting the effectiveness of field
management systems, the selection of appropriate sugarcane varieties, and favorable
environmental conditions such as water availability and climate. In addition, policies
promoting the reduction of sugarcane field burning have been implemented to
address PM2.5 air pollution. These include government support for 100% fresh cane
harvesting, with a subsidy of 69 baht per ton of fresh cane, and incentives for
purchasing sugarcane tops and leaves at 1,200 baht per ton for biomass energy
production [9]. These measures not only help reduce environmental costs but also
increase farmers’ income by an average of 85 baht per ton, thereby contributing to

the establishment of a tangible circular economy at the farm level.

Bagasse

Thailand’s sugar industry has long been a crucial pillar of the country’s
agricultural economy, contributing significantly to income generation, employment,
and the development of an integrated agricultural supply chain. According to the
2024/2025 production performance report [10], a total of 58 sugar mills were in
operation nationwide, collectively producing approximately 13.09 million tons of
sugar, comprising raw sugar, white sugar, and refined sugar. The average sugar yield
was 137.18 kilograms per ton of cane, with an average Commercial Cane Sugar
(C.C.S.) value of 12.60, reflecting stable production efficiency and effective feedstock
management across the sector.

At the regional level, the Northeastern region continues to play a dominant
role, accounting for 5.34 million tons or 53.11% of the total sugar output. This was
followed by the Northern (2.16 million tons, or 21.50%), Central (2.05 million tons, or
20.38%), and Eastern regions (0.50 million tons, or 5.01%). The total amount of fresh
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sugarcane processed nationwide reached 92.04 million tons, with regional distribution
aligning with the sugar production trends.

Bagasse, a byproduct generated from the cane-crushing process, constitutes
approximately 29.13% of the fresh cane weight. This resulted in a total estimated
bagasse volume of 26.80 million tons for the 2024/2025 season. However, as
illustrated in Figure 3, around 3.31 million tons of bagasse remain unutilized or are
inefficiently managed. The majority of this loss occurs in the Northeastern region (1.54
million tons), followed by the Northern and Central regions (approximately 0.80 million
tons each), and the Eastern region (0.17 million tons). The open burning or improper
disposal of such a substantial volume of residual bagasse not only represents a
significant loss of potentially valuable resources but also contributes to environmental
degradation through air pollution and greenhouse gas emissions.

In the context of sustainable development, it is increasingly essential to
restructure the agricultural and industrial sectors toward high-efficiency resource
utilization. Thailand has embraced the Bio-Circular-Green Economy (BCG Model) as a
key strategy to drive a bio-based economy built upon the principles of bioeconomy,
circular economy, and green economy. Utilizing bagasse in biorefinery processes such
as the production of bioenergy, biochemicals, and biomaterials serves as a prominent
example of transforming agricultural waste into high-value products under the BCG
framework.

Moreover, this approach directly aligns with several United Nations
Sustainable Development Goals (SDGs), including SDG 7: Affordable and Clean
Energy; SDG 9: Industry, Innovation and Infrastructure; SDG 12: Responsible
Consumption and Production; and SDG 13: Climate Action. These goals emphasize
the importance of sustainable industrial development, efficient resource use, and
climate change mitigation. Designing an integrated bagasse management system not
only reduces waste and enhances the value chain but also stimulates local
economies, reduces dependency on external raw materials, and promotes the
adoption of clean technologies at the industrial scale.

Therefore, integrating bagasse utilization into the bio-based and circular

economy represents a strategic pathway to achieving Thailand’s long-term economic,



12

environmental, and social sustainability objectives. It also contributes to
strengthening the agro-industrial sector and enhancing the nation’s competitiveness

on the global stage.
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Figure 3 Sugarcane Crushing Input and Bagasse Loss by Region in Thailand

for the 2024/2025 Production Season

Source: Office of the Cane and Sugar Board, 2024b

In summary, Thailand’s sugarcane and sugar production system continues to
play a vital role in the country’s agricultural economy, reflecting positive trends in
production efficiency and biomass resource management. In particular, bagasse an
abundant byproduct of sugarcane processing holds substantial potential for
conversion into value-added products such as bio-based chemicals, renewable
energy, and sustainable materials within the framework of a bioeconomy. However,
the management of residual bagasse at the regional level remains a significant
challenge. In many high-production areas, inefficient practices such as open burning

persist, leading to the loss of valuable resources and negative environmental



13

impacts. Therefore, the development of systematic approaches to bagasse
utilization, aligned with clean technology adoption and strategic policy planning, is
essential. The BCG Model centered on Bioeconomy, Circular Economy, and Green
Economy has emerged as a strategic framework for transitioning from conventional
monoculture-based agriculture to an integrated biorefinery system. This model aligns
closely with several United Nations Sustainable Development Goals (SDGs),
particularly those related to clean energy, sustainable industrial development,
responsible resource consumption, and climate action. Consequently, promoting the
economic and environmental utilization of bagasse, in tandem with research and
innovation that addresses local and community-specific needs, is a critical strategy
for advancing Thailand’s agricultural industry toward long-term sustainability and

enhancing the nation’s global competitiveness.

Bioethanol Production Process

Thailand is an agricultural country endowed with abundant natural
resources and high potential for crop production, especially in the cultivation of
major economic crops such as sugarcane, rice, and cassava. These crops not only
yield products for consumption and processing industries but also generate
substantial agricultural residues such as bagasse, rice straw, and rice husk. In the past,
such by-products were often regarded as waste with little to no value. However, a
study by Awoyale and Lokhat [11] revealed that agricultural biomass residues can be
efficiently utilized to produce economically valuable products through the
application of advanced scientific knowledge and processing technologies.

One of the key approaches to utilizing agricultural biomass residues is the
production of biofuels, particularly bioethanol, which is a type of alternative energy
derived from the conversion of biomass or sugar- and starch-rich crops such as
molasses, cassava, and sugarcane. Bioethanol is a liquid biofuel with physical and
energetic properties similar to gasoline, making it suitable for direct substitution or
blending with petroleum fuels at various ratios for use in internal combustion
engines. Moreover, bioethanol is considered a form of clean energy, as its

combustion emits significantly fewer greenhouse gases than fossil fuels and does not
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produce harmful air pollutants, thereby gaining widespread interest as a sustainable
and environmentally friendly energy alternative.

Therefore, research and development of technologies aimed at enhancing
the efficiency of converting agricultural biomass residues into biofuels represent a
highly promising direction. This approach offers economic benefits, waste reduction,
and support for achieving the Sustainable Development Goals (SDGs), particularly
those related to clean energy and the efficient use of resources.

Ethanol, also known as ethyl alcohol, is a hydrocarbon compound belonging
to the hydroxyl group (-OH), which is bonded to a hydrocarbon chain, classifying it as
an organic compound. Ethanol can be utilized as a solvent, a beverage ingredient,
and as a renewable fuel alternative in internal combustion engines. Its molecular
formula is CH;CH,OH, with a molecular weight of 46.07 ¢/mol. Ethanol is a colorless
liquid with a boiling point of 78.32°C, characterized by high flammability, high
volatility, and a high-octane number. Generally, ethanol can be produced via
petrochemical synthesis or fermentation processes, as outlined below.

1. Chemical synthesis

Ethanol can be synthesized from ethylene (C,H,), a petrochemical-
derived feedstock, through a process known as hydration, in which water is added to
ethylene under specific catalytic conditions. The ethanol produced from this method

is referred to as synthetic ethanol.

C2H4 + HzO w — CH3CH20H (1)

2. Microorganism fermentation process
Microbial fermentation is the most widely adopted method for ethanol
production due to its low cost, operational simplicity, and the availability of
abundant feedstocks such as cassava, molasses, and sugarcane. In this process,
ethanol (or ethyl alcohol) is produced through the metabolic activity of
microorganisms under anaerobic conditions, typically at a temperature range of 32—

35°C and a pH between 4.2 and 4.5 (Jacques et al., 2003). The key biochemical
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reactions involve the conversion of hexose and pentose sugars such as glucose and

xylose into ethanol, as illustrated below:

CgH1204 (aq) — 2C,HsOH(1) + 2 CO, (g) .. (2
3CsH105 (aC{) b 5C2H5OH(1) + 5 CO, (g) .. (3)

According to the theoretical principles of fermentation stoichiometry, the
conversion of one gram of hexose sugar under ideal anaerobic conditions, such as by
the yeast Saccharomyces cerevisiae, can theoretically yield approximately 0.51
grams of ethanol and 0.49 grams of carbon dioxide. However, in practical
fermentation processes, the actual ethanol yield often falls short of the theoretical
maximum due to various limitations, including incomplete substrate utilization,
cellular maintenance energy demands, the formation of metabolic by-products, and
environmental stress factors encountered during fermentation [12].

3. Biomass pretreatment process

The production of ethanol from lignocellulosic biomass requires a
pretreatment step to disrupt the complex and rigid structure of the lignocellulosic
matrix. This process enhances the accessibility of enzymes or microorganisms to the
biomass, facilitating its subsequent degradation. In the hydrolysis step, cellulose is
converted into fermentable sugars, particularly reducing sugars such as glucose and
xylose. Following hydrolysis, the fermentation step converts these sugars into
ethanol [13]. The main types of pretreatment methods are outlined as follows:

1) Physical Pretreatment

Physical pretreatment aims to reduce the particle size of
lignocellulosic biomass in the bioethanol production process. This size reduction
helps to decrease the crystallinity of cellulose and increase the specific surface area,
thereby enhancing enzyme accessibility. One common physical pretreatment
approach is mechanical comminution, which involves the application of mechanical
forces to reduce the size of biomass particles. Techniques include crushing, grinding,

and milling, all of which contribute to the disruption of cellulose crystallinity and an
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increase in reactive surface area. After size reduction, the resulting particle sizes
typically range from 0.2 to 2 millimeters [14].
2) Chemical Pretreatment

Chemical pretreatment aims to reduce the crystallinity of cellulose by
removing solid components such as lignin and hemicellulose. Enzymes alone are
incapable of converting lignocellulosic biomass into fermentable sugars without prior
chemical treatment. Various chemical agents can be used for pretreatment, including
alkaline solutions (e.g., sodium hydroxide (NaOH), hydrazine (N,H,)), acids (e.g.,
sulfuric acid and hydrochloric acid), as well as oxidizing agents and other chemicals.
These treatments effectively disrupt the lignin-carbohydrate complex, enhancing the
accessibility of cellulose to enzymatic hydrolysis.

2.1) Alkaline Pretreatment

Alkaline pretreatment involves the use of alkaline solutions such

as sodium hydroxide (NaOH) or potassium hydroxide (KOH) to remove lignin and part
of the hemicellulose from lignocellulosic biomass, thereby increasing enzyme
accessibility to cellulose. This pretreatment method can be carried out at low
temperatures, but typically requires extended reaction times and high alkali
concentrations. The effectiveness of alkaline pretreatment depends on the nature of
the lignocellulosic material, particularly the lignin content, which influences the
degree of biomass deconstruction during the process. Alkaline treatment has been
shown to significantly alter the structural integrity of biomass, enhancing its
susceptibility to enzymatic hydrolysis [15].

2.2) Acid Pretreatment

Acid pretreatment of lignocellulosic biomass has been widely

applied to enhance the efficiency of hydrolysis by effectively removing
hemicellulose and lignin with minimal degradation of cellulose. Various types of
acids, such as hydrochloric acid (HCU), sulfuric acid (H,SQ,), nitric acid (HNOs), and
phosphoric acid (H;PO,), have been employed for this purpose. Both concentrated
and dilute acid solutions can be used to facilitate the breakdown of complex
biomass structures and increase the yield of fermentable sugars. Among these

approaches, dilute acid pretreatment is particularly popular and has been extensively
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studied due to its operational feasibility and scalability (Mussatto et al., 2005).
Typically, dilute sulfuric or phosphoric acid is applied at controlled temperatures to
hydrolyze the hemicellulosic components of lignocellulose into soluble sugars, while
cellulose remains available for subsequent enzymatic hydrolysis into glucose. This
method can be implemented in two operational modes: (1) low solids loading (5-10%
w/w) at high temperatures (above 433 K), or (2) high solids loading (10-40% w/w) at
lower temperatures (below 433 K). The choice of method depends on the type of
feedstock, process conditions, and desired sugar yield for downstream fermentation
[16].
2.3) Pretreatment with the Oxidizing Agent
Pretreatment of lignocellulosic biomass using oxidizing agents,
such as hydrogen peroxide (H,0,) or peracetic acid (C,H403), has been investigated as
an effective method for the removal of hemicellulose and lignin. These oxidizing
compounds are typically applied in aqueous suspension to facilitate the oxidative
breakdown and solubilization of lignin. Hydrogen peroxide, in particular, promotes
oxidative delignification by generating reactive oxygen species that attack lignin
structures, thereby disrupting the lignocellulosic matrix. This disruption enhances
enzyme accessibility and improves the efficiency of enzymatic hydrolysis in
subsequent steps. The oxidative pretreatment process can significantly improve the
digestibility of biomass, contributing to higher sugar yields in bioethanol production
[17].
3) Biological Pretreatment
Biological pretreatment is considered an environmentally friendly
method, characterized by low chemical input and low energy requirements.
However, it is often difficult to control due to its reliance on microbial degradation
processes. In this method, specific microorganisms are employed to modify the
structure of lignocellulosic biomass and enhance its susceptibility to enzymatic
hydrolysis. Biological pretreatment facilitates the partial degradation of solid
components such as lignin and hemicellulose, thereby improving the overall
digestibility of the biomass. Several microbial strains have been identified for their

high efficiency in biological pretreatment, including Phanerochaete chrysosporium,
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Ceriporia lacerata, Cyathus stercoreus, Ceriporiopsis subvermispora, Pycnoporus
cinnabarinus, and Pleurotus ostreatus. These organisms are known for their
ligninolytic enzyme systems, which play a key role in the breakdown of complex
lignin structures, contributing to improved enzymatic conversion in downstream
processes [18].
4) Physicochemical Pretreatment
Physicochemical pretreatment integrates both physical and chemical
mechanisms to enhance the digestibility of lignocellulosic biomass. The primary
objectives are to reduce the particle size of the raw material and to disrupt structural
components such as hemicellulose and lignin. By combining mechanical and
chemical actions, this approach improves enzyme accessibility and facilitates
subsequent hydrolysis and fermentation processes. Common physicochemical
pretreatment methods include steam explosion (SE), which involves rapid
depressurization after high-pressure steam treatment; hot compressed water (HCW),
which uses subcritical water to hydrolyze hemicellulose; ammonia fiber explosion
(AFEX), which employs liquid ammonia under high pressure; and carbon dioxide
explosion (CO, explosion), which utilizes supercritical or pressurized CO, to disrupt
biomass structure. These methods have shown promise in enhancing the efficiency
of biomass conversion while minimizing the formation of fermentation inhibitors [19].
4.1) Steam Explosion
Steam explosion is a widely used pretreatment technique for the
disruption of lignocellulosic biomass. This method involves heating the biomass at
high temperature and pressure, followed by a sudden decompression, which causes
the material to undergo structural rupture. The rapid pressure release facilitates the
breakdown of the biomass matrix, significantly increasing the surface area and
improving enzyme accessibility for subsequent enzymatic hydrolysis. Steam
explosion is typically conducted at temperatures ranging from 160°C to 260°C, under
pressures of 0.69 to 4.82 MPa. It is particularly effective for pretreating lignocellulosic
materials, as it partially removes hemicellulose and alters the lignin structure,
thereby enhancing the digestibility of cellulose without extensive use of chemicals

[20], [21].
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4.2) Hot Compressed Water (HCW)

Hot compressed water (HCW) pretreatment is a suitable method
for enhancing the hydrolysis of lignocellulosic biomass. The process is typically
conducted at temperatures ranging from 150°C to 260°C for short residence times,
usually between 5 to 20 minutes. The primary objective of HCW pretreatment is to
solubilize hemicellulose into oligosaccharides, which remain in the liquid phase, and
to disrupt the structural integrity of cellulose, hemicellulose, and lignin. This
structural breakdown significantly increases the enzyme accessibility to cellulose in
subsequent enzymatic hydrolysis steps. HCW operates without the use of added
chemicals, relying on the unique properties of water under subcritical conditions to
act as a reactive medium, making it an environmentally friendly alternative within
physicochemical pretreatment strategies [22], [23].

4.3) Ammonia Fiber Explosion (AFEX)

Ammonia Fiber Explosion (AFEX) is a physicochemical pretreatment
method that involves exposing lignocellulosic biomass to liquid ammonia at
temperatures ranging from 60°C to 100°C under high pressure for a defined period. The
process is followed by a rapid depressurization step, which disrupts the biomass
structure. AFEX significantly increases sugar yields, particularly by enhancing the
digestibility of cellulose, but has limited effect on hemicellulose removal and is less
effective for biomass with high lignin content. One of the advantages of this method is
that ammonia can be recovered and reused, making the process more sustainable and
economically viable. Furthermore, unlike some other pretreatment methods, such as
steam explosion, AFEX does not produce significant levels of inhibitory compounds
that interfere with enzymatic hydrolysis. While steam explosion typically results in a
slurry consisting of separable solid and liquid fractions, AFEX-treated biomass is
recovered primarily as a solid fraction [24], [25].

4.4) Carbon Dioxide Explosion

Carbon dioxide explosion is a physicochemical pretreatment
method that employs carbonic acid, generated from pressurized CO, and water, to
disrupt the lignocellulosic structure of biomass. The process is often carried out in

conjunction with organic solvents such as ethanol, which facilitate the selective



20

solubilization and removal of lignin from the biomass matrix. Although the overall
sugar yields obtained from CO, explosion are typically lower compared to those
achieved via steam explosion or ammonia fiber explosion (AFEX), this technique offers
a significant advantage in minimizing the formation of inhibitory compounds that may
hinder enzymatic hydrolysis. In contrast to steam explosion, which often generates
degradation products such as furfural and hydroxymethylfurfural (HMF), the CO,
explosion process is considered milder and more environmentally benign.
Consequently, it is regarded as a promising alternative for biomass pretreatment,
particularly in applications where the preservation of enzyme activity and downstream
fermentation efficiency is critical [26].
4. Enzymatic Hydrolysis

Enzymatic hydrolysis of lignocellulosic biomass is a critical step involving
the degradation of cellulose and hemicellulose structures by specific enzymes such
as cellulases and hemicelluloses. This process converts the complex polysaccharides
present in pretreated biomass into simple monosaccharides and disaccharides (as
illustrated in Figure 3), which serve as fermentable carbon sources for subsequent
fermentation processes. Compared to acid or alkaline hydrolysis, enzymatic
hydrolysis is generally more cost-effective due to its substrate specificity and lower
chemical requirements. The optimal conditions for enzymatic hydrolysis typically lie
within a temperature range of 45-55°C and a pH range of 4.8-5.3, which correspond
to the ideal activity ranges for cellulase and hemicellulase enzymes. After hydrolysis,
cellulase enzymes primarily yield glucose, whereas hemicellulases produce a mixture
of sugars including glucose, galactose, mannose, xylose, and arabinose. These sugars
can be further utilized as substrates for microbial fermentation, particularly by yeast

species capable of metabolizing both hexose and pentose sugars [27], [28], [29].
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5. Ethanol Fermentation Process
Fermentation refers to the metabolic process by which microorganisms
such as bacteria, yeasts, and fungi convert sugars into other chemical products. In the
case of ethanol production, specific microorganisms, most notably Saccharomyces
cerevisiae are employed to convert fermentable sugars into ethanol and carbon
dioxide under anaerobic conditions. Ethanol fermentation can be carried out using
various process configurations, depending on the nature of the feedstock, desired
yield, and economic or operational constraints. Examples of commonly employed
fermentation processes include batch fermentation, fed-batch fermentation,
continuous fermentation, and simultaneous saccharification and fermentation (SSF).
Each method offers distinct advantages in terms of productivity, process control, and
suitability for large-scale bioconversion systems.
1) Separated Hydrolysis and Fermentation (SHF) Process
The concept of the Separated Hydrolysis and Fermentation (SHF)
process involves conducting hydrolysis and fermentation in separate units. In the first

unit, pretreated biomass is enzymatically hydrolyzed by cellulase enzymes to
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convert polysaccharides into monomeric sugars. These sugars are then fermented

into ethanol in a second, separate fermentation unit, as illustrated in Figure 5.
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Figure 5 Process of bioethanol production via separated hydrolysis and

fermentation (SHF)

The primary advantage of this approach is that both hydrolysis and
fermentation can be performed under their respective optimal conditions. Cellulase
enzymes have been shown to exhibit maximum efficiency at temperatures between
45-50°C during enzymatic hydrolysis, whereas the optimal temperature range for
most fermentative microorganisms is typically between 30-37°C. Another benefit of
SHF is the potential to recycle microbial cells for continuous fermentation processes.
However, a major drawback is the need for two separate reactors, which increases
system complexity and capital cost.

2) Simultaneous- Saccharification and Fermentation (SSF)

The concept of Simultaneous Saccharification and Fermentation (SSF)
refers to the integration of enzymatic hydrolysis of starch or cellulose and microbial
fermentation of the resulting sugars into ethanol, carried out concurrently in a single

bioreactor. This approach differs from the Separated Hydrolysis and Fermentation
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(SHF) process, in which hydrolysis and fermentation are performed in separate steps.
SSF is particularly suitable for lignocellulosic materials such as sugarcane bagasse,
rice straw, or other agricultural residues with high cellulose content. The combined
use of cellulase enzymes and yeast under the same operating conditions helps
prevent the accumulation of glucose in the system, which is beneficial to enzymatic
activity, as cellulases are often inhibited by their own hydrolysis products in SHF
processes. Therefore, SSF can enhance the efficiency of sugar conversion to ethanol
while also reducing operational costs. This is because SSF requires only one reactor
throughout the process, simplifying the system and lowering initial capital investment
in equipment construction.

However, SSF presents several important limitations. One major
challenge is the difficulty of separating yeast from the system after fermentation,
which limits the feasibility of yeast recycling in subsequent fermentation cycles,
particularly in industrial-scale operations where economic viability is crucial.
Furthermore, SSF faces process condition constraints due to the significant difference
between the optimal temperatures for enzymatic hydrolysis (approximately 45-50°C)
and yeast fermentation (around 30-35°C). This necessitates a compromise in
temperature selection, which may adversely affect overall process efficiency. To
address these challenges, the development of SSF technologies requires the
selection of enzymes and microbial strains that can tolerate suboptimal conditions,
or the adjustment of process parameters to achieve a balance between hydrolysis
and fermentation. Such optimization is essential to maximize ethanol yield in both
technological and economic terms [31].

The process illustrated in Figure 6 represents the conversion of
cellulosic biomass into ethanol using technology developed by the National
Renewable Energy Laboratory (NREL). This approach has been developed to enhance
the efficiency of biofuel production from agricultural residues in a sustainable
manner. The process begins with cellulosic biomass, such as sugarcane bagasse, rice
straw, or corn stover, which undergoes a pretreatment step to disrupt the lignin and
hemicellulose structures that encase cellulose and hinder enzymatic access. This

pretreatment facilitates better enzymatic hydrolysis in subsequent stages.
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Figure 6 A simplified process of biomass-to-ethanol conversion technology

developed by the National Renewable Energy Laboratory (NREL)

Following pretreatment, cellulase enzymes are produced using
suitable microorganisms, such as Trichoderma reesei. These enzymes are then fed
into a Simultaneous Saccharification and Fermentation (SSF) system. In this step, the
pretreated cellulose is enzymatically hydrolyzed and fermented into ethanol in a
single reactor. The main advantage of the SSF process is its ability to reduce sugar
accumulation, which can inhibit enzyme activity, while simultaneously improving
overall ethanol yield. Additionally, SSF reduces equipment costs and shortens the
production timeline compared to separated hydrolysis and fermentation systems.
Once fermentation is complete, the resulting broth is transferred to an ethanol
recovery unit, typically involving distillation, to separate ethanol from the
fermentation mixture. The final product is ethanol, which can be used directly as a
biofuel or blended with gasoline to produce gasohol. The residual by-products from
the process are sent to a waste treatment system for proper management. These
wastes may be utilized for energy recovery, heat generation, or organic fertilizer
production. With its integrated process design, the NREL approach serves as a viable

model for sustainable ethanol production from biomass. It is particularly suitable for
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agricultural countries like Thailand, where abundant agricultural residues provide
strong potential for renewable energy development in the future.
6. Kinetic model for Simultaneous Saccharification and Fermentation (SSF)
The study of chemical kinetics involves the investigation of the rate at
which chemical reactions occur, which is influenced by the concentration of the

reactants. Therefore, a chemical reaction can be represented by the following

equation.
A — Products . (@)
(-ra) = k(CY)" .. (5)
Where: A is the reaction rate of compound A
K is the reaction rate constant or kinetic constant
Ca is the concentration of reactant A
n is the exponent of Cy

1) Kinetic Model of SSF process
The kinetics of the SSF process for lignocellulosic materials is described
by an unstructured kinetic model developed by Kroumov [32]. The model

corresponds to the following equations:
Cellulose ——» Glucose —2 2 Ethanol + Cell mass + CO, ... (6)

The reaction mechanism in Equation (6) represents the mass balance
of the reactions and the associated enzyme kinetics. The kinetic equations can be

expressed sequentially as follows:

dcC

Cellulose balance; d_ =-r .. (7
t
dG

Glucose balance; — = 1.111rr, .. (8)

dt
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The coefficient “1.111” in Equation (8) is defined as the theoretical

yield or stoichiometric coefficient (YGC = 1.111)

Biomass balance:

Product balance:
dE

Z Lo
dt "

Enzymatic rate of cellulose hydrolysis; r:
k x Enz x C

r =

G C
Km(1+K)+Ksub+C

Glucose formation and consumption rate; ry) (¢/L-h):

1 dX 1 dE
fg=——+——
Yoo dt  Ye dt

Biomass growth rate; r, (g/L-h):
e = uX

Specific ethanol production rate; g (h)

—]

max

1dp apnG[1 -

= = = =
% X dt (Ks1 + G) (kpsl +E +—)
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2) Microbial growth kinetics

.. (9)

.. (10)

.. (11)

.. (12)

Kinetics play a crucial role in providing information related to biomass

growth and product formation. The relationship between the specific growth rate (u)

of microorganisms and the glucose concentration (G) can be described by the Monod

model (Equation 15), which illustrates the influence of substrate concentration on

the cell growth rate.
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H = o .. (15)

Where: u is the specific growth rate (h™)
Umex  is Maximum specific growth rate (h™)
G is Glucose concentration (g/L)

K, is Saturation constant (g/L)

To estimate the values of U, and K, the Monod equation can be

linearized by taking the reciprocal of both sides, as shown in Equation (16).

The values of U, and Ks can be determined by plotting a graph of

1 1 Ks 1
= versus ~. This yields a straight line with a slope equal = and a y-intercept of ——
y2) G Hiox Hiox

Biomass yield (¢ cells per g cellulose) is expressed by Equation (17).

dx
dt (X - Xo)
Yxc =7dC = .7
— (Co- Xf)
dt

Ethanol yield (g ethanol per g cellulose) is expressed by Equation (18).

dE
dt (Ef - Eo)
Yec =7aC = ... (18)
— (Co- Cr)
dt

Process Simulation and Applications of Aspen Plus
The integration of mathematical modeling with chemical process simulation
software such as Aspen Plus plays a crucial role in systematically analyzing the

production of bioethanol from lignocellulosic biomass. Aspen Plus serves as a virtual
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process modeling tool, comprising various unit operations connected through a
flowsheet, representing key steps such as feedstock preparation, chemical reactions,
separation, distillation, and ethanol purification. This simulation enables precise
calculation of mass and energy balances, while also allowing for the evaluation of
the effects of process variables on the overall efficiency and economic feasibility. For
example, changes in solid loading during the hydrolysis step directly influence sugar
concentration, thereby affecting ethanol yield during fermentation. Aspen Plus also
supports the design and analysis of advanced distillation systems, such as multi-
effect distillation or extractive distillation, to enhance the separation efficiency of
ethanol from water. Additionally, it facilitates the assessment of total energy demand
and the potential for energy integration, promoting sustainability from both
economic and environmental perspectives. On a global scale, a key institution
contributing to the development of process models and data for lignocellulosic
ethanol production is the National Renewable Energy Laboratory (NREL) [33], under
the U.S. Department of Energy. NREL has developed standardized baseline models
and technical reports covering engineering assumptions, kinetic parameters, and
operating conditions for various unit operations. These resources can be flexibly
adapted to different types of biomass feedstocks.

Moreover, NREL provides tools for conducting techno-economic analysis
(TEA) alongside process simulations, enabling comprehensive assessment of
production costs and competitiveness of biofuels at the industrial scale. Applying
NREL’s models to agricultural residues in Thailand such as rice straw, cassava peels,
or sugarcane bagasse enhances the credibility of research findings and facilitates
systematic comparison with international data. The combined use of Aspen Plus and
NREL baseline models reduces the time required to develop new simulations,
supports mass and energy balance analysis, and helps optimize ethanol yield. This
approach serves as a powerful decision-making tool for shaping national bioenergy
policies effectively and sustainably.

Aspen Plus is a chemical process simulation software developed by Aspen
Technology, Inc. [34], widely used in both industrial sectors and academic research in

chemical and bioenergy engineering. It is particularly effective for designing, analyzing,
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and optimizing the production systems of biofuels derived from lignocellulosic
biomass, such as ethanol production from sugarcane bagasse, rice straw, or cassava
peels. In version 11, Aspen Plus has been improved to offer a more user-friendly
interface, allowing users to construct process flowsheets and connect unit operations
such as reactors, mixers, separators, and distillation columns efficiently. This facilitates
the accurate and systematic simulation of complex production processes. One of the
key features of Aspen Plus v11 is its extensive chemical property database containing
more than 20,000 components, along with various thermodynamic models such as
NRTL, UNIQUAC, Peng-Robinson (PR), and Soave-Redlich-Kwong (SRK), which are
suitable for simulating systems involving vapor, liquid, and solid phases. The software
also includes essential unit operations for bioprocesses, such as RCSTR (Continuous
Stirred-Tank Reactor) for fermentation, RPlug (Plug Flow Reactor) for kinetic reactions,
and RadFrac for multi-stage distillation used to efficiently separate ethanol from water.

For the simulation of lignocellulosic biomass conversion, Aspen Plus version
11 fully supports the application of comprehensive bioprocess modeling. Biomass
materials such as sugarcane bagasse and rice straw are typically defined as non-
conventional components, which require additional configuration according to the
guidelines provided by NREL, as illustrated in Figure 7. Users can input compositional
data for the biomass such as the proportions of cellulose, hemicellulose, and lignin
based on laboratory analyses. The RYield module is then used to simulate thermal
or chemical decomposition during pretreatment or pyrolysis. The resulting products
are subsequently converted into conventional components (e.g., glucose, xylose) to
be used in the subsequent enzymatic hydrolysis and fermentation stages.

Users may define custom kinetic rate expressions or adopt standard models
published by institutions such as the National Renewable Energy Laboratory (NREL).
A typical simulation workflow for bioethanol production in Aspen Plus includes four
main stages: (1) feedstock preparation and pretreatment, (2) enzymatic hydrolysis, (3)
fermentation, and (4) ethanol separation and purification. The software also allows
users to evaluate the influence of key process variables, such as solid loading,

temperature, pH, residence time, and ethanol yield, across individual unit operations.
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Figure 8 Simulation of lignocellulosic bioethanol production process

using Aspen Plus version 11

Furthermore, Aspen Plus allows for total system energy demand analysis
and energy integration through the Heat Exchanger Network (HEN) module to
improve energy efficiency. It can also interface with cost evaluation tools such as
Aspen Process Economic Analyzer (APEA) for preliminary economic assessment. In
addition, process models and kinetic data from standard NREL reports can be
integrated with localized feedstock simulations, helping reduce model development
time and enhancing the reliability of technical and economic analyses for biofuel
production. Overall, Aspen Plus v11 is a powerful tool for analyzing and designing
bioethanol production processes from lignocellulosic biomass. It is valuable not only
for technical and bioenergy engineering applications but also for informing strategic
planning and policymaking in clean energy development. An example of a process
flowsheet developed in Aspen Plus is shown in Figure 8, illustrating the

implementation of this software in the present study.



CHAPTER 3

MATERIALS AND METHODS

Process synthesis and design

The present study applied mathematical modeling and process simulation
using Aspen Plus v11 (Aspen Technology, Inc., Bedford, MA, USA) to examine the
fractionation of sugarcane bagasse, a key agricultural residue in Thailand. Aspen Plus
is an industry-standard tool widely used by institutions like the National Renewable
Energy Laboratory (NREL) for biorefinery design. Its strong thermodynamic features,
especially the Non-Random Two-Liquid (NRTL) model, support accurate simulation of
non-ideal liquid systems in biomass pretreatment. The software’s extensive property
database, unit operations, and flexible modeling environment allow for scalable
process development and detailed techno-economic analysis, enhancing the
reliability of the results. The chemical composition (Table 1) with comparison of
sugarcane bagasse in different countries was analyzed based on prior studies
conducted by Suriyachai et al. [35] and Weerasai et al. [36]. This case study was
divided into three categories according to the type of catalyst used in the organosolv
fractionation process: (1) H,SO4-based organosolv (Industrial-grade, Qingdao Hisea
Chem Co., Ltd., China), (2) CH,0,-based organosolv (Industrial-grade, Feicheng Acid
Chemicals, China), and (3) CH;ONa-based organosolv (CH;Ona-based organosolv
(Zhengzhou Clover Chemical Co., Ltd., China). All simulations were performed using
the Non-Random Two-Liquid (NRTL) thermodynamic model for phase equilibrium
calculations. Component property data were sourced from the Aspen Plus database
and supplemented with information from the National Renewable Energy Laboratory

(NREL) to ensure greater simulation accuracy [33].



33

Table 1 Comparison of chemical compositions of sugarcane bagasse from different

countries.
Composition Brazil [37] China [38] Thailand [36]"
Cellulose 42.19 39.52 38.30
Xylan 27.60 25.63 20.70
Lignin 21.56 30.36 23.70
Ash 2.84 1.45 4.20
Other 5.63 1.72 13.00

Note:  This research is based on the following data

The Non-Random Two-Liquid (NRTL) model is commonly applied to
estimate activity coefficients, especially in liquid-liquid (LLE) and vapor-liquid
equilibrium (VLE) systems [39]. Its strength lies in capturing non-ideal behaviour by
accounting for molecular interactions and the uneven distribution of molecules
within the liquid phase. This makes it particularly effective for systems with strong
polar interactions or non-random mixing. The activity coefficient of each component

in @ multicomponent mixture is calculated using the NRTL equations, as illustrated in

Eg. 19.
N
ny. = Z/\/ TG p ZN XGjj [T m=1 ijijXm] (19)
i T Ldj=1 N i=1 N\ i N
/ / k=1 OkiXk D NITCE R W GriXk

Where:

Si~ 8. . . . .
o T; =— s the interaction parameter between components / and j.
RT

Gj =% is a weighting factor.

x; is the mole fraction of component ;.

Q; is a non-randomness parameter (typically between 0.2 and 0.47).

In the NRTL equation provided, k and m are dummy indices used for

summation over components in the system:
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e Kk typically indexes all components in the denominators to normalize the
interactions with respect to component j or j.

e m is used similarly to k, but specifically for summing interactions
between component j and all other components m (inside the inner bracket) in the
second term of the equation.

Roles:

k appears in:
. Q:J GiXc : Denominator of the first term (normalizing
interaction contributions to component ).
. Q:J Gy xi: Denominator inside the brackets in the second term
(normalizing interactions related to component j).
m appears in:
. Zﬁﬂ T,y Gy Xm: Numerator inside the bracket (weighted average
interaction toward j from all m).
In essence, k and m are used to iterate over all components in the
mixture, similar to j, but serve distinct roles depending on where they appear in the

formula.

Process setup for organosolv fractionation

In this study, the biomass feed rate was set at 20,000.00 kg/day, and the
solvent recycling efficiency was assumed to be 95%. Figure 1a and 1b present the
process flowsheet for biomass fractionation using the organosolv technique,
employing sugarcane bagasse an agricultural residue from Thailand’s sugar industry
as the primary feedstock.

The diagram outlines the ethanol production process from sugarcane
bagasse, involving a series of integrated unit operations. The process starts with the
introduction of sugarcane bagasse (BAG) and catalysts into reactor R1, a Recirculating
Continuous Stirred-Tank Reactor (RCSTR), which ensures uniform mixing and
enhances reaction efficiency. The output from R1 proceeds to unit F1, a membrane

filtter press, for solid-liquid separation. The resulting cellulose pulp (PULP) is
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transferred to the HYDRO unit, an agitated hydrolysis reactor with temperature and
pH control, where water (WT-RH) is added to depolymerize cellulose into glucose.
The glucose solution is then sent to the FERMEN unit for anaerobic fermentation with
yeast (YEAST), converting glucose into ethanol and CO,. Ethanol is collected in the
END unit, while the liquid stream from F1 goes to the distillation column (F2) for
solvent recovery. Recovered ethanol is partially recycled (S-RCY), and the residue is
processed in the PRECIP unit to extract primary solids (P-SOLID). The remaining liquid
is concentrated in the EVAP unit to recover additional solids (RE-SOLID), followed by
filtration (FILTER) to isolate lignin (LIGNIN) as a by-product. The leftover sugar solution
is directed to the SUGAR unit for further use. In the HYDRO unit, cellulose (C¢H;0Os),

is hydrolyzed with water to produce glucose (C4H1,04), as represented in Eq. 20.

(CgH1005)y + NH,O  —»  n CgH1,05 .. (20)

From the hydrolysis process, 1 gram of cellulose can theoretically produce
around 1.11 grams of glucose due to water incorporation during the reaction.
However, actual yields typically range between 80% and 95%, influenced by the
catalyst type and operating conditions. The glucose-rich hydrolysate is then fed into
the FERMEN unit, an anaerobic fermentation reactor operating at 30-35°C. Yeast is

added to convert glucose into ethanol and carbon dioxide, as shown in Eq. 21.

CeH1,0g —» 2C,HOH + 2CO, + ATP .. (21)

The final product obtained from the ENDPRO unit is ethanol, which is ready
for subsequent separation and purification processes.

Scenario 1 involves organosolv fractionation using a 70:30 %v/v ethanol-
water solvent mixture, with 2% w/v H,SO,4 as the catalyst. The process was carried
out at 170°C, 20 bar, and a 60-minute residence time (This study). Scenario 2 depicts
organosolv fractionation using CH,O, as the catalyst. The reactor conditions were
159°C, 20 bar, and a 40-minute residence time. The solvent mixture comprised water,

ethanol, ethyl acetate, and CH,O, in a 43:20:16:21 %v/v ratio. [35]. Scenario 3
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describes organosolv fractionation using 5.1% w/v CH30ONa as the catalyst. The
process runs at 150°C, 20 bar, with a residence time of 63.9 minutes. [36]. This study
assumes 7,920 hours of annual plant operation and a 95% solvent recycling rate, a
common value in Organosolv processes. Reported recycling efficiencies vary, with
studies noting values as high as 99% [40] and as low as 68.9% [41]. Efficient solvent
recycling is vital for lowering costs and environmental impact, though repeated use
may degrade performance. Thus, advancing solvent regeneration methods and
improving biomass preparation are key to enhancing process efficiency and economic

viability.
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Figure 1. Flowsheet setup for ethanol production from sugarcane bagasse via
the organosolv process; a) feed rate per day and b) scenario
for organosolv fractionation

In the Organosolv process, lignin is efficiently extracted from lignocellulosic
biomass through the use of organic solvents such as ethanol, methanol, or formic
acid in combination with water and either acidic or alkaline catalysts. This process
facilitates the cleavage of lignin—carbohydrate linkages within the plant cell wall
matrix, particularly targeting the 8-O-4 ether bonds, which are the most abundant
interunit linkages in native lignin. Under acidic conditions, the chemical mechanism of
lignin depolymerization begins with the protonation of the hydroxyl group at the a-
position (a-OH), leading to the formation of a stable benzylic carbocation
intermediate. This intermediate plays a crucial role in promoting the cleavage of the
B-O-4 ether bond. The representative reaction mechanism is shown as follows

(Equation (22)):
Ar-CH(OH)-CH,-O-Ar + HY —> Ar-CH*-CH,-O-Ar" —> Ar-CHO + HO-CH,-Ar’ .. (22)
In this equation, Ar and Ar’ represent aromatic rings in the lignin polymer;

CH(OH) denotes the hydroxyl group at the a-position; and CH,~O corresponds to the
B-O-4 ether linkage. The products Ar-CHO and HO-CH,—Ar" are aromatic aldehydes
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and alcohols, respectively, indicating the effective depolymerization of lignin. Once
dissolved into the solvent phase, lignin can be recovered by precipitation through
water addition or solvent evaporation. The resulting lignin is characterized by its
sulfur-free composition, low ash content, and low molecular weight, making it highly
suitable for the production of high-value bioproducts such as resins, carbon fibers,
and bio-based composite materials. Nevertheless, the Organosolv process presents
economic limitations, primarily due to the high cost of organic solvents and the need
for efficient solvent recovery systems to ensure the process’s overall economic and

environmental sustainability

Economic analysis

The factorial estimation method, utilizing parameters specified by Gavin and
Ray [42], was employed to calculate the costs associated with both liquid and solid
processing systems in this analysis. All cost calculations in this study were conducted
using United States dollars as the base currency as shown in Table 2.

The Total Annual Cost (TAC), calculated using the Capital Recovery Factor
(CRF), is a common method in techno-economic analysis (TEA) to estimate the

annualized cost of industrial-scale processes, as outlined in Eq. 23.

TAC = (TCIl x CRF) + OC .. (23)

Where, TCl is Total Capital Investment, which includes the cost of plant
construction, equipment, and installation. OC refers to the Operating Cost, which
encompasses annual expenses such as raw materials, chemicals, energy, and labor.
The Capital Recovery Factor (CRF) serves to convert a one-time initial investment
into an equivalent annual cost that accounts for the time value of money or the

expected rate of return (e.g., 10% per year), as shown in Eq. 24.

i(1+i)"
G+i)-1
Where:

CRF = .. (24)



39

e /= interest rate or desired rate of return (per year)

e n = project lifetime or payback period (years)

Table 2 Feedstock, chemicals, and utilities prices

Input Unit Price Reference
Bagasse USD/ton 14.00 [43]
GHO USD/L 0.80 [44]
H,0O USD/L 0.00028 [45]
H,SO4 USD/L 0.16 [44]
CH,0, USD/L 0.49 [44]
C4HgO; USD/L 1.30 [44]
CH;ONa USD/kg 0.60 [44]
CH5OH USD/L 0.28 [44]
Electricity USD/KV 2.1 [46]

Sensitivity analysis

Sensitivity analysis helps assess a project's robustness by examining how
cost and performance respond to changes in key variables. In this study, it evaluates
the economic impact of varying biomass conditions and catalyst reaction rates,
highlighting the effects of process parameter shifts. The analysis also considers future
technological developments, focusing on factors like raw material properties,
chemical prices, and utility costs. Key variables tested include solvent type, catalyst
amount, temperature, and pressure each adjusted independently to determine its

specific influence on system performance [47], [48], [49].



CHAPTER 4

RESULTS AND DISCUSSION

Scenario

The organosolv fractionation of sugarcane bagasse represents a promising
strategy for valorizing one of the most abundant lignocellulosic residues generated
by the sugar industry in Thailand. In this study, a feedstock input of 20,000 kg/day,
equivalent to 6.6 million kg/year, was considered as the basis for process simulation
across three scenarios. The compositional analysis of raw sugarcane bagasse
indicated the presence of 38.30% cellulose (2,527,800 kg/year), 20.70%
hemicellulose (1,359,600 kg/year), 23.70% lignin (1,564,200 kg/year), 4.20% ash
(277,200 kg/year), and 13.00% other minor components (871,200 kg/year).

The distribution of these chemical constituents highlights their potential
applications in biorefinery pathways. Cellulose, the primary structural polysaccharide,
can be hydrolyzed into fermentable sugars, serving as a key feedstock for the
production of bioethanol and other bio-based chemicals. Hemicellulose, with its
amorphous and highly branched structure, can be depolymerized into pentose and
hexose sugars, which are precursors for high-value products such as xylitol and
furfural. Lignin, traditionally treated as a low value by-product, has gained significant
attention in recent years as a renewable aromatic polymer that can be utilized in the
production of biopolymers, resins, adhesives, and renewable energy. Although ash
represents a relatively small fraction, it contributes to the mineral content of the
biomass and can influence combustion behavior if residues are used for energy
recovery. The remaining fraction, classified as other components, typically consists of
extractives, waxes, and water-soluble organics, which may pose challenges during
downstream processing but can also be valorized in specialty chemical markets.

Overall, this quantitative analysis underscores the importance of optimizing
the organosolv fractionation process to achieve maximum cellulose recovery,

enhanced enzymatic digestibility, and efficient utilization of all co-products. Such
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optimization not only improves the economic feasibility of bagasse-based
biorefineries but also strengthens their alignment with circular bioeconomy principles
and national sustainability goals.

For Scenario 1, Table 3 presents the detailed mass balance of the
organosolv fractionation process using H,SO,4 as the catalytic agent. During the
conditioning step of sugarcane bagasse, the solid fraction (pulp) that was
subsequently directed to hydrolysis and fermentation for ethanol production
contained 2,584,341.72 kg/year of cellulose, 55,377.74 ke/year of hemicellulose
(xylan), 158,931.96 kg/year of lignin, 53,139.49 kg/year of ash, and trace amounts of
other minor components. These values represent the partitioning of major biomass
constituents after catalytic fractionation and demonstrate the effectiveness of
sulfuric acid in selectively solubilizing lignin and hemicellulose while retaining
cellulose in the solid stream. The calculated performance indicators further reinforce
the efficiency of this process. Specifically, the organosolv system catalyzed by H,SO,
achieved a cellulose recovery efficiency of 92.37% and a lignin removal rate of
90.82%. These figures confirm that the majority of cellulose was preserved within the
pulp fraction, making it highly suitable for subsequent enzymatic hydrolysis and
fermentation. At the same time, the removal of over 90% of lignin suggests a
significant improvement in substrate accessibility, since lignin is well recognized as a
major barrier to enzymatic digestibility in lignocellulosic biomass. When compared
with laboratory-scale experimental results reported by [50], which documented
cellulose recovery efficiencies as high as 99%, the simulation results in this study
exhibited slightly lower cellulose retention. This discrepancy can be attributed to the
inherent limitations of process simulation in replicating ideal laboratory conditions,
where reaction severity and solvent penetration can be more precisely controlled.
However, it is noteworthy that the lignin removal efficiency obtained in the present
simulation (90.82%) exceeded the value of 86.4% reported in the same study. This
finding indicates that under industrial-scale assumptions, sulfuric acid catalysis may
enhance delignification beyond laboratory expectations, possibly due to the higher
solvent-to-solid ratios and extended mass transfer conditions modeled in the

simulation environment. These differences highlight the intrinsic variability between
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laboratory-scale experimentation and large-scale process simulation. While
laboratory data often represent optimized and controlled scenarios with limited
system complexity, industrial-scale simulations integrate broader process dynamics,
including fluid-solid interactions, heat and mass transfer constraints, and operational
heterogeneity. As a result, simulation outcomes may better reflect the realistic
challenges and opportunities of full-scale deployment. Importantly, such results
provide valuable insights into the techno-economic feasibility of sugarcane bagasse
valorization. From a broader perspective, the relatively high cellulose recovery
combined with substantial lignin removal demonstrates that sulfuric acid remains an
effective catalyst for biomass fractionation in organosolv systems. The cellulose -
enriched pulp stream represents a promising substrate for downstream conversion to
bioethanol, while the solubilized lignin fraction could be isolated and valorized in
biopolymer or energy applications. Moreover, the favorable balance between
cellulose preservation and lignin extraction under Scenario 1 underscores the role of
acid-catalyzed organosolv pretreatment as a scalable approach for integrating
sugarcane bagasse into the circular bioeconomy. In summary, Scenario 1 results
indicate that the use of H,SO, as a catalyst delivers efficient cellulose recovery and
strong delignification performance, with outcomes comparable to or surpassing
laboratory benchmarks in some respects. These findings emphasize the necessity of
integrating both experimental and simulation approaches to capture the full
spectrum of biomass fractionation behavior, bridging the gap between controlled
laboratory trials and the complexities of industrial application.

The Aspen Plus simulation of the organosolv-based biorefinery process
provided insights into the efficiency of ethanol production during the fermentation
stage. According to the simulation results, the fermentation stream received
2,297,087.79 kg/year of glucose from the hydrolysis step. This glucose was
subsequently converted into 1,057,365.16 kg/year of ethanol in the product unit. The
calculated glucose-to-ethanol conversion efficiency was approximately 46.04% by
mass, which is lower than the theoretical maximum of around 51% reported in the
literature [12]. This deviation highlights the inherent complexity of simulating

biological processes at a process scale, where empirical assumptions and process



a3

limitations must be integrated into mass and energy balances. The lower-than-
theoretical conversion efficiency can be explained by several mechanisms reflected
in the simulation. A portion of the glucose was diverted to by-product formation,
including organic acids, glycerol, and other soluble metabolites, which are often
modeled as loss factors in Aspen Plus. Additionally, the simulation accounted for the
inhibitory effects of compounds generated during fractionation and hydrolysis, such
as furfural, hydroxymethylfurfural (HMF), acetic acid, and phenolic derivatives. These
inhibitors are known to reduce yeast viability and metabolic efficiency, leading to
lower ethanol yields. Furthermore, ethanol losses during separation and distillation
were incorporated into the simulation, reflecting volatilization, azeotrope formation,
and incomplete recovery. Overall, the Aspen Plus simulation demonstrates that
ethanol production efficiency in lignocellulosic biorefineries is constrained not only
by theoretical biochemical pathways but also by operational and downstream
limitations. The results emphasize the importance of integrated optimization,
including pretreatment strategies to minimize inhibitor formation, fermentation
condition adjustments to enhance microbial tolerance, and improved separation
technologies to reduce ethanol losses. Addressing these challenges is essential to
bridge the gap between theoretical yields and practical performance, thereby
advancing the economic and environmental sustainability of sugarcane bagasse —
based ethanol production.

Although the organosolv fractionation process using H,SO4, demonstrated
high efficiencies in cellulose recovery and lignin removal, the ethanol production
results revealed certain limitations that require further improvement. The
fermentation stage, in particular, plays a decisive role in determining the overall
glucose-to-ethanol conversion efficiency, and the simulation indicated that its
performance fell below the theoretical maximum. Several factors may account for
this gap. One major issue is the presence of fermentation inhibitors such as furfural,
hydroxymethylfurfural (HMF), acetic acid, and phenolic derivatives, which are
commonly generated during fractionation and hydrolysis. These compounds can
suppress yeast activity, reduce cell viability, and alter metabolic pathways, leading to

lower ethanol yields. Additionally, slucose diversion into secondary metabolites such
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as organic acids and glycerol further reduces ethanol productivity. Ethanol losses
also occur during recovery and distillation due to volatilization, azeotrope formation,
and incomplete separation. These limitations highlight the need for process
optimization across multiple stages. Possible improvements include pretreatment
adjustments to minimize inhibitor formation, development of inhibitor-tolerant yeast
strains, optimization of fermentation operating conditions, and the design of more
efficient separation technologies.

In summary, addressing these issues is essential to enhance glucose-to-
ethanol conversion efficiency at the commercial scale, thereby strengthening both
the economic feasibility and environmental sustainability of sugarcane bagasse-based
biorefinery systems.

For Scenario 2, Table 3 and Figure 2(B) illustrate the mass balance of the
organosolv fractionation process using CH,0, as the catalyst. During the sugarcane
bagasse conditioning step, the solid stream (Pulp) designated for subsequent
hydrolysis and fermentation consisted of 2,644,494.74 kg/year of cellulose,
153,342.18 kg/year of hemicellulose (xylan), 328,771.02 kg/year of lignin, 131,498.77
kg/year of ash, and 94,979.61 kg/year of extractives. In summary, organosolv
fractionation using CH,0, achieved a cellulose recovery efficiency of 94.52% and a
lignin removal rate of 81.01%. The simulation results indicate that the cellulose
recovery rate is nearly identical to that reported in the study by [35], which observed
a recovery of 94.6%. However, the lignin removal in this simulation was slightly
higher 81.01% compared to 80.4% in the same study. These differences are likely
due to process efficiency variations under simulated industrial-scale conditions. The
Aspen Plus simulation of Scenario 2, which employed CH,0, as the catalyst,
produced results that align closely with reported experimental studies while also
providing additional insights into industrial-scale applications. The pulp stream
generated after sugarcane bagasse conditioning contained 2,644,494.74 kg/year of
cellulose, 153,342.18 kg/year of hemicellulose (xylan), 328,771.02 kg/year of lignin,
131,498.77 kg/year of ash, and 94,979.61 kg/year of extractives. These values
correspond to a cellulose recovery efficiency of 94.52% and a lignin removal rate of

81.01%. The high cellulose recovery achieved in this scenario demonstrates the
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ability of CH,O, to preserve the carbohydrate fraction in a form that is highly suitable
for enzymatic hydrolysis and subsequent ethanol production. At the same time,
lignin removal of 81.01% reflects a substantial reduction in biomass recalcitrance,
even though it is somewhat lower than the 90.82% removal observed in Scenario 1
with H,SO4. This difference highlights the trade-off between maximizing cellulose
recovery and achieving extensive delignification, suggesting that catalyst selection
strongly influences the balance between these outcomes. When compared to the
study by [35], which reported a cellulose recovery of 94.6% and lignin removal of
80.4%, the simulation results are remarkably consistent. The cellulose recovery
efficiency of 94.52% is nearly identical to the experimental benchmark, while the
lignin removal rate of 81.01% is slightly higher, suggesting that process assumptions
at an industrial scale may offer marginal advantages in delignification. Such
differences likely arise from improved solvent penetration and mass transfer
modeled under large-scale conditions. Overall, the results of Scenario 2 reinforce the
potential of CH,0, as an alternative catalyst for organosolv fractionation. The
combination of high cellulose recovery and effective lignin removal suggests that
formic acid-based processes can support efficient biorefinery operations, particularly
when integrated with downstream hydrolysis and fermentation. Moreover, the
consistency between simulation and experimental data enhances the reliability of
these findings and underscores the importance of simulation tools in bridging
laboratory-scale knowledge with industrial-scale feasibility.

The Aspen Plus v11 simulation of Scenario 2, which employed CH,0, as the
organosolv catalyst, provided detailed insights into the performance of hydrolysis
and fermentation processes as well as the downstream product distribution. The
hydrolysis stage successfully converted a significant portion of the cellulose fraction
into fermentable sugars, yielding 2,350,554.71 kg/year of glucose directed to the
fermentation unit. Subsequent fermentation resulted in an ethanol output of
1,081,976.34 kg/year in the product stream. This corresponds to a glucose-to-ethanol
conversion efficiency of 46.03% by mass. Although this value closely matches the
performance of Scenario 1, it remains below the theoretical maximum of 51.149%,

suggesting that process inefficiencies persist. The gap between experimental and
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theoretical efficiency highlights important areas for optimization, particularly in
relation to fermentation bottlenecks and downstream recovery losses. The lower
conversion efficiency can be attributed to several potential factors. First, a fraction of
glucose may have been diverted toward the synthesis of metabolic by-products
rather than ethanol, reflecting the inherent limitations of microbial fermentation
under industrially simulated conditions. Second, inhibitors such as furfural,
hydroxymethylfurfural (HMF), and weak organic acids are typically generated during
pretreatment and may have impaired microbial activity, leading to incomplete sugar
utilization. Third, losses during ethanol separation and purification particularly
evaporation, entrainment, and solvent recovery inefficiencies are likely to have
contributed to the suboptimal yield. These findings reinforce the importance of
integrating robust detoxification methods and improving separation efficiency to
enhance overall process performance.

A notable observation in Scenario 2 was the significantly higher cellulose
content in the solid pulp stream, recorded at 2,644,494.74 kg/year, which exceeded
that of Scenario 1. This indicates that CH,0O, is more effective in preserving cellulose
integrity under the simulated conditions, minimizing degradation during pretreatment.
Such preservation is advantageous for ensuring sustained glucose supply to the
hydrolysis stage and improving long-term process stability. However, this
improvement in cellulose retention came at the expense of lignin removal efficiency.
The pulp stream contained 328,771.02 kg/year of residual lignin, considerably higher
than in the H,SO4 based process. The reduced lignin solubilization efficiency suggests
that CH,0, is less effective at disrupting lignin—carbohydrate complexes, thereby
leaving behind structural barriers that limit enzyme accessibility during hydrolysis.
This limitation is critical because incomplete delignification directly hinders
enzymatic saccharification and reduces the fraction of cellulose that can be
converted into fermentable sugars.

From a biorefinery perspective, the trade off observed in Scenario 2
improved cellulose preservation but weaker lignin removal has important
implications for process development. While maintaining cellulose integrity ensures a

more reliable carbohydrate feedstock, the presence of residual lignin reduces overall
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process efficiency and may increase enzyme demand, raising operational costs.
Moreover, the ethanol yield achieved in this scenario is insufficient to justify
immediate commercial scale-up without further refinement. Strategies such as
optimizing catalyst concentration, extending residence time, or integrating hybrid
pretreatment methods could help achieve a more balanced outcome between
cellulose preservation and lignin removal. Additionally, metabolic engineering of
fermentation strains and advanced separation technologies could mitigate the
conversion losses observed.

In summary, Aspen Plus simulation results demonstrate that the CH,0,
based organosolv process offers certain advantages in cellulose recovery but faces
significant challenges in lignin removal and ethanol conversion efficiency. These
findings underscore the dual importance of catalyst selection and process integration
in organosolv fractionation and downstream fermentation. For industrial scale
biorefinery applications, further optimization is required to reduce inhibitory
compound formation, enhance delignification, and maximize ethanol yields. The
insights gained from this scenario highlight the value of process simulation in
identifying critical performance bottlenecks and guiding targeted improvements for
sustainable bioethanol production.

For Scenario 3, Table 3 presents the detailed mass balance of the organosolv
fractionation process using CH;ONa as the catalyst, with methanol as the solvent
system. During the conditioning step of sugarcane bagasse, the solid pulp stream,
which was directed to subsequent hydrolysis and fermentation, yielded 2,578,746.09
kg/year of cellulose, 1,081,069.87 kg/year of hemicellulose, 233,723.48 kg/year of lignin,
219,154.38 kg/year of ash, and 416,367.47 kg/year of other extractive components.
These values highlight the catalytic role of CH;ONa in preserving the carbohydrate
fractions, particularly hemicellulose, while ensuring effective delignification. The
cellulose recovery achieved was 92.17%, while lignin removal reached 86.50%.
Compared with the experimental findings reported in Weerasai et al. [36], which
observed cellulose recovery of 93.1% and lignin removal efficiency of 86.5%, the
simulation results showed only a slight deviation in cellulose recovery but an identical

lignin removal performance. This close agreement confirms the reliability and stability
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of the CH;ONa-based organosolv pretreatment under industrial-scale simulated
conditions.

One of the most notable features of Scenario 3 is the high hemicellulose
retention, with xylan recovery reaching 1,081,069.87 keg/year. This is significantly higher
than the values reported in Scenario 1 (H,SO4-based) and Scenario 2 (CH,O,-based).
Since hemicellulose is more susceptible to degradation during pretreatment due to its
amorphous structure and lower thermal stability, the ability of the CH;ONa-methanol
solvent system to maintain such a high fraction of hemicellulose is a remarkable
advantage. This preservation enhances the potential of the feedstock to yield a
broader spectrum of fermentable sugars, including both glucose from cellulose and
xylose from hemicellulose, which could be exploited through co-fermentation
strategies using engineered microorganisms. Such an outcome not only increases the
theoretical ethanol yield but also contributes to improving process economics and
sustainability in a biorefinery context.

In the fermentation stage, the hydrolysate stream provided 2,292,114.13
ke/year of glucose, resulting in an ethanol production of 1,055,075.74 kg/year. This
corresponds to a glucose-to-ethanol conversion efficiency of 46.04%, a value
consistent with those observed in Scenario 1 and Scenario 2. Although comparable,
this value remains below the theoretical maximum conversion efficiency of 51.14%.
This discrepancy suggests partial glucose losses, which may arise from the formation
of side-products such as organic acids, slycerol, or other metabolites during
fermentation, or from the inhibitory effects of residual solvents and salts, including
methanol and sodium compounds, on yeast metabolism. Therefore, while the
pretreatment performance of Scenario 3 is favorable for carbohydrate preservation,
careful consideration must be given to the downstream impacts of residual
chemicals on microbial activity and ethanol recovery efficiency.

When compared across all three scenarios, clear trade-offs emerge. Scenario 1
(H,SO4-based) exhibited the highest lignin removal efficiency (90.82%) but retained
lower amounts of hemicellulose. Scenario 2 (CH,0,-based) achieved the highest
cellulose recovery (2.64 million kg/year), though lignin removal was relatively modest

(81.01%). Scenario 3 (CHsONa with methanol) demonstrated the most balanced
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performance, combining high cellulose recovery (2.58 million kg/year), the highest
hemicellulose retention (1.08 million kg/year), and a moderate lignin removal
efficiency (86.50%). Despite these differences in pretreatment outcomes, all three
scenarios converged on similar fermentation efficiencies (~46%). This finding suggests
that the bottleneck for ethanol yield lies less in pretreatment differences and more in
fermentation constraints, particularly the presence of inhibitors and operational
limitations in microbial conversion.

In summary, Scenario 3 highlights the potential of sodium methoxide—based
organosolv pretreatment with methanol as a solvent system to provide a balanced
recovery of biomass components, particularly excelling in hemicellulose preservation
while maintaining high cellulose yields and consistent lignin removal. The advantages
of this approach could be maximized through integrated strategies that couple
effective  detoxification, inhibitor management, and advanced fermentation
technologies. Such integration is essential for translating the promising outcomes
observed in simulation into viable industrial scale biorefinery applications, ensuring

both technical efficiency and economic competitiveness.

Economic evaluation

Table 4 presents a comprehensive breakdown of the capital investment,
operating expenses, and raw material costs associated with ethanol production via the
organosolv process under three simulated scenarios. The results clearly indicate that
Scenario 1 incurred the highest overall costs compared to Scenarios 2 and 3.
Specifically, the total capital cost in Scenario 1 was estimated at USD 4,358,930.00,
while the annual operating cost reached USD 3,368,230.00. In addition, the total raw
materials cost was USD 1,957,890.00, which was slightly higher than that of Scenario 2
but markedly lower than Scenario 3. These findings suggest that the process
configuration and operating conditions applied in Scenario 1 may be more resource-
and energy-intensive, thereby necessitating higher investments in equipment and
utilities.

From a technical standpoint, the elevated capital cost in Scenario 1 could

be attributed to the requirements of H,SO4-based pretreatment, which often involves
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more robust materials of construction to resist corrosion, larger solvent recovery
units, and higher safety specifications. These design factors typically lead to greater
equipment complexity and higher procurement costs. Likewise, the relatively high
operating costs may stem from the intensive energy demand for heating,
neutralization, and solvent recovery steps inherent to the acid-catalyzed process.
Although the raw material cost in Scenario 1 was lower than that in Scenario 3, it was
still substantial, reflecting the additional chemicals and neutralizing agents required
during pretreatment.

When comparing the three scenarios, Scenario 1 illustrates a trade-off: while
achieving superior delignification performance, it does so at the expense of increased
capital and operating expenditures. This highlights the importance of conducting
techno-economic assessments that balance process efficiency with cost feasibility.
For industrial-scale implementation, the higher expenses observed in Scenario 1
could limit economic competitiveness unless offset by improved ethanol yields, co-
product valorization, or energy integration strategies. Therefore, while Scenario 1
demonstrates strong technical performance, its economic limitations underline the
necessity of exploring cost reduction strategies and optimizing process integration to

enhance overall feasibility.
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Table 4 TAC breakdown for the organosolv fractionation processes.

Cost analysis Unit Scenario 1 Scenario 2 Scenario 3

Total Capital Cost UsD 4,358,930 3,671,550 3,640,210
Total Operating Cost USD/Year 3,368,230 3,183,650 14,526,300
Total Raw Materials Cost USD/Year 1,957,890 1,791,750 12,292,500
Total Product Sales USD/Year 43,710,900 43,291,000 43,950,800
Total Utilities Cost USD/Year 94,615 92,066 92,288
Desired Rate of Return Year 20 20 20
Equipment Cost uUsD 295,500 242,900 262,300

Total Installed Cost UsD 1,391,500 1,066,700 1,079,100
Electricity rate kw 79.64 77.49 77.68
Electricity cost USD/H 11.94 11.62 11.65

TAC UsD 4,263,365 3,927,396 15,273,841

TAC  million USD 4.26 3.92 15.27

Scenario 2 demonstrates a reduction in overall costs compared with
Scenario 1, particularly in terms of raw materials and operating expenses. The raw
material cost in Scenario 2 was USD 1,791,750.00, while the annual operating cost
amounted to USD 3,183,650.00. The corresponding total capital investment was USD
3,671,550.00. Despite these relatively lower values, Scenario 2 incurred the highest
utilities cost among all three scenarios, at USD 92,066.00. This elevated utilities cost
may reflect the presence of energy-intensive process steps, such as heating and
solvent recovery, or the requirement for additional environmental control systems to
ensure safe operation. The results suggest that while Scenario 2 offers an advantage
in terms of reduced raw material consumption and operating expenditure, its higher
utility demand may offset some of these economic benefits. In contrast, Scenario 3
recorded the highest overall costs across all major categories, highlighting its less
favorable economic performance. Specifically, raw material expenses reached USD
12,292,500.00, significantly surpassing those of both Scenario 1 and Scenario 2.
Operating costs were also substantially elevated, at USD 14,526,300.00 per year,
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while the total capital investment and utilities costs were USD 3,640,210.00 and USD
92,288.00, respectively. Collectively, these values contributed to a Total Annualized
Cost (TAC) of USD 15,273,841.00, equivalent to 15.27 million USD, making Scenario 3
the most cost-intensive option.

Although Scenario 3 achieved the highest total product sales of USD
43,950,800.00 per year, its disproportionately high raw material and operating
expenditures suggest reduced economic viability. This outcome may be linked to the
reliance on expensive catalysts or solvents, along with more resource-intensive
operating conditions compared to the other scenarios. These findings underscore the
importance of balancing process efficiency and product revenue with the
sustainability of raw material supply and the cost of utilities. From an industrial
perspective, while Scenario 3 demonstrates superior product generation potential, its
high costs raise concerns regarding scalability and long-term competitiveness.

Based on the data presented in Table 4, a clear distinction in the Total
Annualized Cost (TAC) among the three scenarios can be observed. Scenario 2
demonstrates the lowest TAC, at USD 3.92 million, making it the most economically
favorable option despite recording the highest utilities cost among all scenarios. This
suggests that, although Scenario 2 requires greater energy consumption or
environmental control measures, its lower raw material and operating costs
compensate for this, resulting in superior overall economic performance. In contrast,
Scenario 1 exhibits the highest capital investment, amounting to USD 4.36 million,
which reflects the greater complexity of the process design. The reliance on H,SO,
for pretreatment likely necessitates the use of more robust equipment, corrosion-
resistant materials, and additional waste-handling systems, thereby driving up the
capital requirement. While Scenario 1 achieves strong technical performance,
particularly in lignin removal, its elevated investment and operating costs highlight
significant economic limitations when considered for industrial-scale applications.

Meanwhile, Scenario 3 recorded the highest TAC, reaching USD 15.27
million, which is considerably higher than the other two scenarios. This is largely due
to its significantly higher raw material cost (USD 12.29 million) and operating cost

(USD 14.53 million). Although Scenario 3 generated the highest annual product sales
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(USD 43.95 million), its disproportionately high expenditures undermine its economic
feasibility. The elevated costs may be attributed to the use of expensive chemicals,
higher solvent requirements, or more resource-intensive process conditions. As a
result, despite its technical advantages in carbohydrate preservation and high ethanol
yield, Scenario 3 faces substantial economic challenges that could limit its scalability.

In summary, the comparative analysis of the three scenarios reveals
distinct trade-offs between technical efficiency and economic viability. Scenario 2
stands out as the most economically viable configuration, offering the lowest TAC
while maintaining competitive technical performance. Scenario 1 provides strong
delignification results but at the expense of higher costs, whereas Scenario 3, despite
delivering the greatest product sales, demonstrates the weakest economic
competitiveness due to its high raw material and operational demands. These
findings emphasize the importance of integrating both technical performance and
economic feasibility into process design decisions to ensure long-term sustainability

of organosolv-based ethanol production at an industrial scale.
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Figure 9 TAC contributions from each fractionation method
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Figure 9 illustrates the percentage contributions of each cost component to
the Total Annualized Cost (TAC) for the three organosolv fractionation scenarios. The
analysis shows that the capital cost is the largest contributor in Scenarios 1 and 2,
accounting for 44.6% and 42.0%, respectively, while it is significantly lower in
Scenario 3 at only 11.9%. In contrast, the operating cost becomes the dominant
component in Scenario 3 (47.5%), and also contributes substantially in Scenarios 1
and 2 at 34.4% and 36.4%, respectively. The raw materials cost is highest in Scenario
3 at 40.2%, compared to 20.0% and 20.5% in Scenarios 1 and 2, respectively. The
utilities cost has the least impact in all scenarios, contributing less than 1.1% across
the board.

These findings confirm that operating and raw materials costs are significant
contributors to the Total Annualized Cost (TAC). Notably, the capital cost
contribution observed in this study varies significantly among the scenarios, ranging
from 11.9% in Scenario 3 to 44.6% in Scenario 1. In comparison, previous studies
reported relatively consistent and higher capital cost shares. For example, Cheng et
al. reported a capital cost share of 28.17% for liquid hot water pretreatment of
sugarcane bagasse [51]. Similarly, Sganzerla et al. noted that approximately 35% of
the fixed capital investment in subcritical water hydrolysis was attributed to the
reactor system [52], and a 34.7% capital cost share was reported for organosolv
pretreatment of olive leaves [53]. These comparisons suggest that the capital
intensity in the organosolv processes evaluated in this study can vary widely
depending on the specific process configuration, solvent system, and plant design,
with Scenario 3 demonstrating a notably lower capital burden.

Regarding operating costs, this study reports a substantial share ranging from
34.4% to 47.5%, which is slightly lower than the 54.78% previously reported for
organosolv pretreatment [53]. In contrast, the raw material costs in this study are
notably higher, accounting for 20.0% to 40.2%, compared to approximately 30%
reported in earlier research [54]. The increased share may be attributed to variations
in solvent systems, process design, or cost assumptions applied in the simulation. In
particular, the high raw material cost in Scenario 3 reflects the greater influence of

input chemical prices and usage rates in that configuration.
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Sensitivity analysis

A sensitivity analysis was conducted to evaluate the potential impacts of
future technological changes on the economic viability of the organosolv biomass
fractionation process, with a particular focus on the total annual cost (TAC), which
serves as a key indicator of economic feasibility at the industrial scale. In general,
sensitivity analyses in process simulation commonly adopt variation ranges of +10-
30% for operating and utility costs, +15-40% for capital investment, and up to +50%
for raw material and product prices [54], [55]. However, to ensure a consistent and
comparable assessment across all scenarios in this study, a fixed variation of +10%
was uniformly applied.

As shown in Table 5 and Figure 10, changes in chemical costs (Case 2)
exerted the most substantial influence on TAC. Scenario 2, which utilized CH,0,,
showed the highest TAC fluctuation at +0.18%, followed by Scenario 3 (CH;ONa) at
+0.12%, and Scenario 1 (H,SO,) at £0.01%. In contrast, fluctuations in raw material
costs (Case 1), utility costs (Case 3), utility consumption (Case 4), operating
temperature (Case 5), and pressure (Case 6) resulted in negligible changes in TAC,
typically within £0.01% or even 0.00% in several cases. Among the scenarios,
Scenario 1 exhibited the highest cost stability, as all parameters resulted in a TAC
variation of no more than £0.01%. These results confirm that chemical cost is the
most sensitive and economically influential parameter in organosolv fractionation,
particularly when employing CH,O, and CH;ONa as catalysts.

These findings align with previous studies such as Parascanu et al. [56], who
identified chemical and energy inputs as key cost drivers in lignocellulosic
biorefineries, and Gadkari et al. [57], who emphasized the significance of chemical
cost control in reducing the minimum product selling price. To improve the
economic viability of organosolv-based biorefineries, it is recommended to adopt
strategies such as low-cost or free lignocellulosic feedstock sourcing, solvent
recovery optimization, and scaling up production capacity to exploit economies of

scale.
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Figure 10 Sensitivity analysis of price fluctuations on TAC across different scenarios.

able 6 presents the annual ethanol production, total annual cost (TAC),
total product sales, and fractionation costs of cellulose, lignin, and ethanol across
three organosolv process scenarios. Among these, Scenario 2 demonstrates the most
favorable economic performance. It achieves the highest ethanol yield at 977,555.63
kg/year and the greatest total product sales revenue of 88,138,800.00 USD/year.
Although the TAC of Scenario 2 (23,493,394.47 USD/year) is slightly higher than that
of Scenario 3, it remains lower than Scenario 1, resulting in a competitive ethanol

unit cost.
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The value-based allocation approach was applied to distribute TAC between
the main products, ethanol and lignin. This method allocates costs according to the
economic value of each product rather than their mass proportions (as in mass-
based allocation). The economic value of each product was first calculated by
multiplying its annual production quantity (ke/year) by its respective market price
(USD/kg). The total value was then used to determine each product’s value fraction,
which was subsequently multiplied by TAC to derive the allocated cost for each
product. Finally, the allocated cost was divided by the product’s annual production
to obtain the unit production cost. This method improves economic accuracy,
especially in cases where the co-products differ significantly in market value. It has
been widely recognized in techno-economic assessments, such as the work by [58],
and in life cycle analysis (LCA) studies, including that of [59], as a standard and
appropriate method for cost allocation in biorefinery systems and product life cycle
evaluations [60].

Table 6 presents the value-based allocation of TAC for ethanol and lignin
production across three scenarios. Scenario 2 exhibits the lowest production costs for
both ethanol (1.45 USD/kg) and lignin (1.84 USD/kg), while maintaining comparable
total product sales to the other scenarios, indicating superior economic performance.
In contrast, Scenario 3, despite achieving the highest total product sales, incurs a
significantly higher TAC, resulting in markedly elevated unit production costs.
Scenario 1 shows intermediate values in terms of both costs and revenues. Overall,
the value-based allocation approach highlights Scenario 2 as the most cost-effective
option, offering the lowest unit production costs for both primary products.

Priadi et al. [61] reported an ethanol production cost of ~1.11 USD/L using
enzymatic hydrolysis, notably lower than the 1.14-4.32 USD/L range observed in Table
6. The discrepancy likely arises from differences in feedstock, process scale, and
regional costs. Similarly Gubicza et al. [62] and Kautto et al. [63] achieved lower MESPs
(~1.03 and 0.81 USD/L, respectively) through optimized organosolv pretreatment and
lignin valorization. These findings emphasize the impact of feedstock type,
pretreatment efficiency, and co-product recovery on production economics. Using a

value-based cost allocation approach, Scenario 2 showed the highest economic
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feasibility, with the lowest ethanol 1.14 USD/L (1.45 USD/kg) and lignin costs (1.84
USD/kg). Further cost reductions could be achieved through lignin valorization (e.g.,
eugenol production) and the fermentation of residual sugars such as xylose, enhancing
overall resource utilization and process viability in the Thai context.

A strategic evaluation of ethanol production efficiency under the three
proposed scenarios was conducted using Normalized 3D Vector Analysis in
combination with heatmap visualization. This integrated approach serves as a
systematic method for assessing multidimensional process performance. It applies
Min—-Max normalization to rescale variables with differing units into a common range

(0-1), enabling equitable comparisons. The normalized values are then represented

as three-dimensional vectors, V= ()g,);,é), typically corresponding to ethanol yield,
TAC, and total product sales. The direction and magnitude of each vector reflect the
overall efficiency and balance among key indicators. Simultaneously, the heatmap
visualizes the normalized values using a color gradient to highligsht the strengths and
weaknesses of each scenario. Together, these tools facilitate a comprehensive
techno-economic comparison, supporting strategic decision-making in complex
biorefinery systems.

Figure 5 presents a comparative techno-economic analysis of ethanol
production from sugarcane bagasse under three scenarios (Scenario 1-3). The
assessment incorporates both normalized three-dimensional vector plots (ranging
from 0 to 1) and heatmaps to evaluate strategic indicators, including ethanol and
lignin yields, total annual cost (TAC), total sales revenue, lignin production cost, and
ethanol production cost per unit. Based on the 3D vector analysis, Scenario 2
demonstrates the most outstanding performance, characterized by the longest
vector length indicating an optimal balance between high ethanol yield and
reasonable production cost. In contrast, Scenario 1, while achieving the highest lignin
output, exhibits higher TAC and ethanol cost. Scenario 3, although offering the lowest
TAC, yields minimal ethanol output, resulting in the weakest overall economic
performance. The heatmap further corroborates this trend. Scenario 2 achieves

superior values in key performance indicators (e.g., ethanol production, revenue, and
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low unit costs), whereas Scenario 3 records the lowest values in several critical
dimensions. From a strategic perspective, Scenario 2 emerges as the most favorable

option for ethanol production from sugarcane bagasse using the organosolv process.
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Figure 11 Comparative analysis of techno-economic performance for ethanol
production from sugarcane bagasse via the organosolv process using

normalized 3D vectors and heatmaps.
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Discussion

The evaluation of organosolv fractionation for ethanol production from
sugarcane bagasse underscores the pivotal influence of catalyst and solvent
selection on biomass deconstruction efficiency, ethanol yield, and overall process
economics at an industrial scale. Among the three catalytic scenarios examined,
distinct trade-offs were observed in terms of biomass component recovery,
conversion efficiency, and economic performance.

Scenario 1, employing H,SO,, achieved the highest lignin removal efficiency
at 90.82%, alongside a glucose-to-ethanol conversion efficiency of 46.04%, which was
comparable to the other scenarios. However, the corrosive nature of H,50, and the
associated environmental burdens, including intensive wastewater treatment,
contributed to elevated operational and maintenance costs, resulting in a higher TAC.
In contrast, Scenario 2, utilizing CH,0,, demonstrated superior cellulose preservation
with the highest recovery rate of 94.52%. When evaluated using a value-based cost
allocation approach, Scenario 2 yielded the most economically favorable outcome,
with unit production costs of 1.45 USD/kg for ethanol and 1.84 USD/kg for lignin,
corresponding to approximately 1.14 USD/L of ethanol. These results, combined with
moderate capital requirements, position Scenario 2 as the most viable candidate for
large-scale deployment. Scenario 3, based on sodium methoxide (CH3ONa) in
methanol, exhibited the strongest performance in retaining total carbohydrates,
particularly hemicellulose. Nevertheless, its economic viability was undermined by
the highest TAC of 15.27 million USD/year, primarily driven by elevated chemical and
operational expenditures, despite achieving the greatest total revenue from product
sales.

Parametric sensitivity analysis revealed that chemical costs were the most
influential drivers of TAC variability across all configurations, particularly in Scenarios
2 and 3. In contrast, other factors such as feedstock price, reaction temperature, and
pressure exerted minimal economic impact. These insights reinforce the necessity of
stringent chemical cost management to improve process economics. Strategic
performance benchmarking using Normalized 3D Vector Analysis and heatmap

visualization further validated Scenario 2 as the most balanced and robust
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configuration. It excelled across key performance indicators, including ethanol yield,
revenue generation, and production cost minimization, thus affirming its suitability for
industrial-scale implementation within Thailand’s emerging bioeconomy.

A comparative analysis (Table 7) with the existing literature highlights the
variation in minimum ethanol selling price (MESP) across different studies, shaped by
feedstock type, pretreatment strategy, and co-product valorization potential. This
work emphasizes the economic impact of catalyst selection in the organosolv
fractionation process. The catalyst CH,0, yielded the most favorable MESP at 1.14
USD/L, followed by H,SO4 at 1.20 USD/L and CH3ONa at 4.33 USD/L. These findings
indicate that organic acids present a more cost-effective pathway for lignocellulosic
ethanol production in Thailand. Gubicza et al. [54] and Martinez-Hernandez et al. [58]
reported MESPs as low as 0.50-0.63 USD/L through advanced fermentation
techniques and lignin valorization. Kautto et al. [62] demonstrated further cost
reduction with assumptions of high lignin market prices. Conversely, Correia et al. [66]
reported higher MESPs (2.41-2.70 USD/L) due to less favorable biomass and lower
conversion yields. Within this context, the MESP achieved in Scenario 2 (1.14 USD/L)
is competitive, while Scenario 3 reflects cost limitations despite technical strengths.
In conclusion, the findings emphasize that the integration of optimal catalyst-solvent
systems, effective co-product recovery (particularly lignin valorization), mitigation of
fermentation inhibitors, and comprehensive process optimization are essential for
enhancing the economic sustainability of lignocellulosic biorefineries. Such strategic
advancements are imperative for the successful transition of Thailand toward a high-

value, bio-based economy.
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CHAPTER 5

CONCLUSIONS

A comprehensive techno-economic evaluation was conducted to determine
the industrial viability of ethanol production from sugarcane bagasse via organosolv
fractionation, utilizing three catalytic systems: H,SO,4, CH,0,, and CH;ONa. Each
catalytic configuration exhibited specific advantages with respect to biomass
deconstruction, ethanol and lignin recovery, and cost efficiency. Among the
evaluated scenarios, the CH,0, catalyzed process demonstrated superior
performance, achieving the highest cellulose recovery (94.52%), a competitive
ethanol output of 1,081,976 keg/year, and the lowest production costs 1.14 USD/L for
ethanol and 1.84 USD/kg for lignin. Capital investment remained moderate at 3.67
million USD, while TAC was the lowest among all scenarios at 3.93 million USD/year.
Despite a slightly lower lignin removal efficiency (81.01%) compared to the H,SO,
based configuration (90.82%), the CH,0, pathway maintained higher cellulose
integrity and more favorable economic indices, which offset its minor limitations. In
contrast, the CH;ONa based system retained a larger proportion of hemicellulose but
incurred substantial raw material and reagent expenses, resulting in the highest
ethanol (4.33 USD/L) and lignin (6.96 USD/kg) production costs and TAC exceeding 15
million USD/year. Chemical input costs emerged as the dominant sensitivity
parameter, particularly for CH,0, and CH;ONa configurations, while variations in
feedstock prices, temperature, and pressure had negligible impacts on overall cost
structure. The sulfuric acid route, though efficient in delignification, was constrained
by corrosion risks and the need for extensive wastewater treatment, thereby raising
operating and maintenance costs. Strategic performance evaluation using normalized
3D vector analysis and heatmap visualization revealed that the CH,0, based process
offered the most balanced and economically viable solution, with favorable
alicnment across ethanol yield, revenue, and unit cost metrics. These findings

underscore the potential of formic acid-catalyzed organosolv pretreatment as a
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scalable and sustainable approach for lignocellulosic ethanol production in Thailand.
To enhance long-term viability, future process development should prioritize solvent
recovery optimization, inhibitor mitigation during fermentation, and lignin valorization
into higher-value bio-based chemicals. Such advancements will further strengthen
the role of sugarcane bagasse valorization in supporting Thailand’s transition toward
a circular, bio-based economy.

In the context of Thailand’s Bio-Circular-Green (BCG) economy, the
valorization of bagasse aligns with national goals for sustainable resource use and
clean energy. Converting bagasse to ethanol and lignin-derived bioproducts reduces
environmental impacts from open burning, supports local industry, and strengthens
energy security. This research supports key UN Sustainable Development Goals
(SDGs), including SDG 7 (Clean Energy), SDG 9 (Innovation and Industry), and SDG 12
(Sustainable Production). With Thailand being one of the world’s top sugarcane
producers, it has strong potential to advance second-generation biofuel technologies.
Targeted investments in R&D, along with policy and industry support, could position
Thailand as a regional biorefinery leader.

In conclusion, formic acid-based organosolv pretreatment by CH,0, shows
strong promise for industrial ethanol production. Future work should focus on
solvent recovery optimization, inhibitor reduction, and enhanced valorization of co-
products. Additionally, integrating efficient glucose fermentation via SSF or SHF could
further improve ethanol yield and reduce production costs, ensuring economic and

environmental sustainability in aliscnment with the BCG model and SDG framework.

Research Recommendations

Thailand possesses significant potential for utilizing its abundant agricultural
biomass residues to advance the development of bioethanol production and other
biotechnological innovations. With appropriate support from the government
particularly in the form of strategic investment in research and development (R&D),
formulation of conducive policies, and the promotion of collaboration among
academic institutions, industries, and local communities the country can position

itself as a regional hub for green energy and biorefinery technologies.
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Future research should emphasize the integration of biomass fractionation
processes with high-efficiency enzymatic saccharification, particularly focusing on
enhancing the conversion of cellulose to glucose and its subsequent fermentation
into ethanol. The application of Simultaneous Saccharification and Fermentation
(SSF) or Separate Hydrolysis and Fermentation (SHF) approaches offers promising
potential to reduce processing time, minimize enzyme usage, and increase ethanol
yield per unit of biomass.

A key strategy to reduce the overall production cost of ethanol involves
improving the efficiency of glucose fermentation. This can be achieved by developing
robust strains of yeast or microorganisms capable of tolerating fermentation inhibitors
generated during pretreatment and efficiently utilizing gslucose. In addition, optimizing
fermentation parameters such as temperature, initial sugar concentration, and pH can
significantly influence the fermentation rate and final ethanol concentration.
Research in this direction would contribute to higher ethanol yields from sugarcane
bagasse, lower unit production costs, and enhanced competitiveness of commercial-
scale bioethanol production systems.

In conclusion, the application of CH,0,; in the organosolv pretreatment
process demonstrates strong potential for industrial-scale deployment. Nevertheless,
future research should aim to enhance the performance of saccharification and
fermentation processes, improve solvent recovery systems, mitigate the formation of
fermentation inhibitors, and increase the market value of co-products such as lignin
and hemicellulose derivatives. These efforts are critical to achieving a sustainable
bioethanol production platform that is economically viable, environmentally sound,
and socially beneficial fully aligned with Thailand’s Bio-Circular-Green (BCG) Economy
Model and the global Sustainable Development Goals (SDGs).
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Abstract

Process simulation is a crucial tool for conducting techno-economic analyses of biomass fractionation processes,
providing insights into technical and economic aspects to optimize efficiency, reduce costs, and enhance the
viability of production. This study focuses on the development and comparison of three scenarios based on
organosolv fractionation methods. The mass balance analysis revealed significant differences in product yields,
with scenario 2 achieving the highest cellulose (7,240.23 kg/day) and lignin (900.13 kg/day) outputs, scenario 3
showing a balanced profile with high hemicellulose recovery (2,959.81 kg/day), and Scenario 1 offering
moderate outputs for cellulose and lignin. Economic evaluation indicated that scenario 3 was the most cost-
efficient, driven by reduced operating costs, while scenario 1 had the highest total capital and operating expenses.
Sensitivity analysis demonstrated minimal variability across scenarios but highlighted the need to study product
pricing and future returns. Toxicity evaluation identified scenarios 1 and 3 as safer options due to the lower
hazard classification of chemicals used compared to scenario 2. Overall, Scenario 3 emerged as the most
favorable for cost-efficient and safe production of cellulose and lignin, supporting its potential for industrial-
scale applications.

Keywords: Bagasse, Fractionation, Organosolv fractionation, Process simulation, Techno-economic analysis,
Toxicity evaluation

1 Introduction

The energy crisis caused by the depletion of natural
fuel sources such as petroleum and crude oil, which
are finite, is exacerbated by the escalating demands of
humanity for unlimited energy. This has led to a
significant energy shortage. According to the Energy
Statistics Report of Thailand published by the Energy

Policy and Planning Office (EPPO) of the Ministry of
Energy in 2023, the final commercial energy
consumption in Thailand for 2022 was 1,520 thousand
barrels of crude oil equivalent per day, an increase of
9.3 percent [1]. This rise was primarily due to the
utilization of refined oil products, which accounted for
53 percent of the final energy consumption.
Additionally, the overall consumption of refined oil

S. Khaowdang et al., “Comparative Study on Techno-Economic Analysis for Various Organosolv Fractionation of Bagasse in Thailand.”

82



Applied Science and Engineering Progress, Vol. 18, No. 4, 2025, 7794

products was 137 million liters per day, with oil
imports reaching 12 million liters per day, reflecting a
substantial increase of 123.9 percent. The use of
certain types of energy directly impacts the
environment on a significant scale, coupled with
continuously rising fuel prices. Therefore, many
countries are increasingly aware of the importance of
adopting various alternative energy sources. The
environmental impacts of using fossil resources have
further prompted the utilization of agricultural waste
materials as alternative energy sources, such as
cellulose-based materials from plants [2].

In agricultural countries such as Thailand,
economically important crops are extensively
cultivated, resulting in significant biomass waste.
Research has focused on utilizing this biomass waste
to produce bioethanol, a clean and sustainable
alternative energy source suitable for replacing fossil
fuels [3]. Biomass waste typically consists of
carbohydrate compounds, making it an inexpensive
raw material for bioethanol production. Through the
process of fermentation, often relying on yeast, this
biomass waste can be converted into renewable energy
in the form of bioethanol. The sugar industry is a
crucial part of the Thai economy, serving both
domestic consumption and export markets. Currently,
Thailand ranks second globally in sugar exports. Over
a 5-year period (2011-2015), the average economic
value of the Thai sugar industry was approximately
3,222 million US dollars. Additionally, the by-
products of sugar production, such as bagasse, can be
utilized as raw materials for the renewable energy
industry, including electricity generation and ethanol
production. Therefore, sugarcane is an important
biomass resource in Thailand's agricultural sector.
According to the Department of Alternative Energy
Development and Efficiency, Thailand had an excess
sugarcane supply of approximately 44.69 million tons
in 2023, and the amount of bagasse is expected to
increase to 52.70 million tons by 2027 [4].

The production of bioethanol typically consists
of four key steps: 1) biomass fractionation, 2)
hydrolysis, 3) fermentation, and 4) purification. Most
research on bioethanol production from biomass has
been concentrated on laboratory-scale processes, with
relatively limited focus given to the design, synthesis,
and simulation of larger-scale industrial processes [5].
Among these steps, the fractionation process is
considered one of the most energy-intensive stages in
bioethanol production, making it a critical target for
optimization  in  scale-up and  industrial
implementation [6]. This research aims to address this

gap by focusing on the techno-economic feasibility of
the fractionation process at a commercial scale. A
critical factor influencing the economic viability of a
large-scale fractionation process is the efficiency of
the bioenergy production [7], [8]. Among the various
fractionation technologies, organosolv fractionation is
of particular interest due to its reliance on solvent
penetration into the biomass pores, which leads to the
effective  physical  deconstruction of  the
lignocellulosic structure. Numerous organic solvents,
such as alcohols (e.g., methanol (CHsOH) and ethanol
(C:H<0)), esters, and ketones, have been investigated
for their ability to modify and fractionate
lignocellulosic materials. The efficiency of biomass
fractionation, particularly lignin and hemicellulose
removal, depends on the solvent used in the
fractionation process.

Biomass fractionation is a crucial step that
enhances enzyme accessibility to cellulose by
removing lignin and hemicellulose, reducing the
recalcitrance of lignocellulosic structures, and
improving hydrolysis efficiency. This process directly
impacts sugar and ethanol yields. Numerous studies
have investigated the use of wvarious solvents,
considering both process efficiency and industrial
feasibility. According to the study by Weerasai et al.,
[9] investigated the use of sodium methoxide
(CHsONa) in CHsOH as an alkaline catalyst,
achieving up to 86.5% lignin removal and a glucose
yield of 83.9%. However, this process has high
chemical costs and requires strict process control.
Meanwhile, Suriyachai ef. al.,[10] reported that the
use of formic acid (CH-0:) in the organosolv process
enhanced cellulose purity, leading to more efficient
hydrolysis. Additionally, CH-O: is easily recyclable
and has a low environmental impact. However, precise
process control is required to prevent unwanted
cellulose degradation. Furthermore, Panakkal et. al.,
[11] studied the effect of sulfuric acid (H.SO:) on
sugarcane bagasse hydrolysis. The optimal conditions
were found to be 3.50% H-SOs concentration, a
temperature of 136.08 °C, and a reaction time of 75.36
minutes, resulting in a maximum reducing sugar yield
of 180.15 mg/g of bagasse, 3.06 times higher than
untreated bagasse. Despite its low cost and
availability, H>SOs poses challenges such as the
formation of fermentation inhibitors, high
corrosiveness, and the need for removal to mitigate
environmental impacts. In conventional organosolv
fractionation, H-SOs is often employed for its strong
catalytic activity, but the corrosiveness and high cost
of neutralization and wastewater treatment limit its
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feasibility at industrial scales [12]. Organic acids like
CH-O: are milder and more recoverable, making them
environmentally attractive. However, their lower acid
strength can compromise delignification and
hemicellulose removal efficiency [13]. On the alkaline
side, CHsONa emerges as a promising candidate due
to its high catalytic efficiency, offering a potential
substitute for sodium hydroxide (NaOH) in enhancing
cellulose purity and reducing processing costs [9].
Thus, biomass fractionation techniques using various
solvents and catalysts have both advantages and
limitations. Technical and economic considerations
must be carefully evaluated to ensure their effective
application on an industrial scale [14], [15].

Therefore, selecting an appropriate solvent
system, such as acids, alkalis, organosolv, or ionic
liquids, should consider its effectiveness in biomass
deconstruction and solvent recovery. [16]. In
particular, organosolv fractionation is an effective
pretreatment method for lignin removal while
preserving the structure of cellulose and
hemicellulose. A key advantage of this process is its
ability to recover and recycle organic solvents, which
helps reduce costs and environmental impact, thereby
enhancing its feasibility and attractiveness in techno-
economic terms [16].

Previous studies on the use of different solvents
for biomass fractionation have highlighted various
advantages and limitations in terms of process
efficiency, cost, and environmental impact. Therefore,
process simulation at the industrial scale is essential
for the techno-economic analysis of biomass
fractionation, as it provides an in-depth understanding
of both technical and economic aspects [17]-[21].
Process simulation not only helps optimize the process
and reduce costs but also assesses the economic
feasibility of bioethanol production. By analyzing the
entire system, it is possible to identify cost-intensive
steps and explore alternatives that could lower overall
expenses. Furthermore, selecting the most appropriate
approach  requires careful consideration of
environmental impacts to ensure that biomass
fractionation processes remain sustainable and
environmentally friendly in the long term [22]-{24]..

This study focuses on developing an organosolv
fractionation process for bagasse from the sugarcane
industry in Thailand to assess its economic feasibility.
It is based on previous experiments and examines the
comparative use of different catalysts, including
H-SOs:, CH-0:, and CHsONa, while adjusting the
conditions for various fractionation processes. The
research utilizes data and assumptions derived from

laboratory experiments and extends its findings to
predict future industrial-scale production. Additionally,
mathematical modeling is employed to analyze the
technological and economic feasibility of the process.

2 Methods
2.1 Process synthesis and design

In this study, mathematical modeling has been applied
using Aspen Plus (version 11) for process simulation.
The selected biomass is sugarcane bagasse available
in Thailand from the sugar production industry. The
biomass composition is determined based on previous
studies conducted by Suriyachai et al, [10] and
Weerasai et al., [9]. The simulations are divided into
3 groups based on the use of different reaction
accelerators, namely 1) Organosolv fractionation by
H>SO0s, 2) Organosolv fractionation by CH-0:, and 3)
Organosolv fractionation by CH3ONa. The process
was modeled using the NRTL (Non-Random Two-
Liquid) model, and component properties from
Aspen's original data banks were used along with the
application of properties from the report by the
National Renewable Energy Laboratory (NREL) [25].

2.2 Non-Random Two-Liquid model (NRTL)

In this study, a new set of thermodynamic parameters
was applied for process design using Aspen Plus [26].
The Non-Random Two-Liquid (NRTL) model,
developed by Renon and Prausnitz in the 1960s, was
employed to represent the non-ideal behavior of
liquid-phase mixtures. The NRTL model is widely
used for predicting activity coefficients in non-ideal
mixtures, especially for liquid-liquid equilibrium
(LLE) and vapor-liquid equilibrium (VLE) systems. It
accounts for molecular interactions and non-
randomness in the liquid phase, making it suitable for
systems with strong molecular associations and
significant differences in component polarities. The
activity coefficient (y;) for component i in a multi-
component system is calculated using the following
Equation (1):

N

A T 4Gy
ny;= ZN G ZN G Ty~
= L=t KXk = &= X1 (1)
N
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W
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‘Where: (RCSTR) unit to enhance catalytic efficiency. This
o7y :g';z' Tgﬂ is the interaction parameter between configuration maintains system equilibrium through

components 7 and .

® Gy =€ is a weighting factor.

o x; is the mole fraction of component j.

® gy is a non-randomness parameter (typically
between 0.2 and 0.47).

This model is particularly useful for simulating
liquid-liquid extraction, azeotropic distillation, and
reactive distillation, among other separation and
reaction processes. In the NRTL equation provided, k
and m are dummy indices used for summation over
components in the system:

o typically indexes all components in the
denominators to normalize the interactions with
respect to component 7 or j.

em is used similarly to %, but specifically for
summing interactions between component j and all
other components m (inside the inner bracket) in the
second term of the equation.

Roles:
k appears in:

oYY Guxr: Denominator of the first term
(normalizing interaction contributions to component 7).

o ; Giyxi: Denominator inside the brackets in
the second term (normalizing interactions related to
component j).

m appears in:

o 3N Ty Gy xn: Numerator inside the bracket
(weighted average interaction toward j from all m).

In essence, k and m are used to iterate over all
components in the mixture, similar to j, but serve
distinct roles depending on where they appear in the
formula.

2.3 Process setup for organosolv fractionation

Figure 1 presents the process flowsheet used for
organosolv fractionation. All experiments were
conducted using the same type of biomass, namely
sugarcane bagasse, which consists of 38.30%
cellulose, 20.70% hemicellulose, 23.70% lignin,
4.20% ash, and 13.00% other components [9]. The
basis of this study involves a biomass feed rate of
20,000.00 kg/day of sugarcane bagasse. The recycling
process was assumed to have a recovery rate of 95%.
The required separation process of co-products (rich
fraction of hemicellulose and lignin) was not
considered in the total process cost. For equipment
design, the fractionation reactor (R1) is modeled using
a Recirculating Continuous Stirred-Tank Reactor

continuous stirring, ensuring uniform distribution of
reactants and products. Filtration (F1) was carried out
using a membrane filter press unit, which serves to
separate the solid and liquid components of the
mixture. For solvent recovery (F2), a fractional
distillation unit was employed, with the primary
purpose of separating and recovering the solvent for
reuse in the process. The experiments were classified
into three scenarios as follows: Scenario 1 presents the
process flow setup for organosolv fractionation in a
solvent mixture of C-HsO/water (H>O) using H-SOs as
a catalyst. The reactor operates at a temperature of 170
°C, a pressure of 20 bar, and a total residence time of
60 minutes. The solvent mixture consists of C:HeO
and HO at a 70:30 %v/v ratio, with H.SOs at a
concentration of 2% w/v based on the solvent (This
study).

Scenario 2: the flowsheet setup for organosolv
fractionation with CH:O. catalyst. The reactor
operates at a temperature of 159 °C and a pressure of
20 bar, with a total residence time of 40 min. The
process employs a solvent mixture consisting of HO/
C-HeO/ethyl acetate (CsHsO:)/CH-O: in a ratio of
43:20:16:21% v/v, respectively [10].

Scenario 3: process flow configuration for
organosolv fractionation using CHsONa as a catalyst.
The process operates at a temperature of 150 °C and a
pressure of 20 bar, with a total residence time of 63.9
minutes under conditions involving CHsONa at a
concentration of 5.1% w/v [9].

After the reaction period for all scenarios, the
pressure is released, and the fractionated material
undergoes filtration. This process yields a solid stream
rich in cellulose (PULP). The liquid stream rich in
dissolved components, which flows into the
downstream  process for  further treatment
(DOWNSTREM).

In this study, the plant is designed to operate for
7,920 hours per year. The solvent recycling rate is set
at 95%, which is a typical value in the organosolv
process. However, previous studies have reported
varying recycling rates, such as 99% [27] and 68.9%
[28]. Solvent recycling helps reduce costs and
environmental impact; however, repeated use may
lead to a decline in efficiency. Therefore, further
research on solvent regeneration methods is necessary
to enhance recycling efficiency. Meanwhile,
improvements in the biomass preparation process aim
to reduce costs and increase economic feasibility.
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2.4 Economic analysis

The method of factorial estimation, using parameters
specified by Gavin and Ray [29], has been employed
to calculate the costs of both liquid and solid processes
in the analysis. Factors related to construction,
equipment installation, piping, instrumentation,
measurement tools and control, electrical system
installation, direct costs, structural and building costs,
design and engineering, and contingency costs have
been assessed. The currency used in this study is
specified as United States dollars. Table 1 shows the
parameters for variable cost calculation, including
utility and chemical costs, which were obtained from
the research document and adjusted to current prices.

TAC = S + UC + ChemC + RM )
Table 1: Feedstock, chemicals, and utilities prices.
Input Unit Price Ref.
Bagasse USD/ton 14.00 [30]
C:H:O USD/L ~0.80 [31]
H,0 USD/L ~0.00028 [32]
H:SOs4 USD/L ~0.16 [31]
CH:0: USD/L ~0.49 [31]
C4H:O: USD/L ~130 [31]
CHsONa USD/kg ~0.60 [31]
CH;OH USD/L ~0.28 [31]
Electricity USD/KV 2.1 [33]

The total annual cost (TAC) in this study is
calculated by dividing the total capital cost (CC) by
the payback period (n), which is set at 5 years, and
adding the annual value of variable costs. These
variable costs include utility cost (UC), chemical cost
(ChemC), and raw material cost (RM), as shown in
Equation (2).

2.5 Sensitivity analysis

Sensitivity Analysis is particularly beneficial for
evaluating the resilience of a project in the face of
potential future changes from its original scenario. It
provides insights into how the costs and outcomes of
the project may deviate from the original plan in
different situations. In this case, it assesses the project
cost when adapting biomass conditions with different
catalyst reaction rates, revealing the impact of
variations in project parameters. Parameters involved
in multi-step processes can impact the cost and
efficiency of a project. The examination includes
assessing the technological landscape in the future and
its effects on the plant and economy. The analysis

encompasses variations in raw materials, chemical
costs, and public utility expenses. It considers the
solvent used, the quantity of catalysts employed, the
impact of temperature adjustments, and the effects of
pressure changes in the conditioning apparatus. Each
process and economic variable is altered
independently, while keeping other processes constant
[34]-[36].

3 Results and Discussion

From the initial 20,000.00 kg/day of sugarcane
bagasse feedstock, simulation results show that the
product stream from organosolv fractionation
experiments is divided into 3 Scenarios . The
components of sugarcane bagasse were cellulose
38.30% (7,660.00 kg/day), hemicellulose 20.70%
(4,120.00 kg/day), lignin 23.70% (4,740.00 kg/day),
ash 4.20% (840.00 kg/day), and others 13.00%
(2,640.00 kg/day).

For scenario 1, Table 2 and Figure 2(a) present
mass balance for organosolv fractionation by H>SOs.
From the sugarcane bagasse conditioning process in
this procedure, it was found that the results from the
PULP stream for subsequent hydrolysis and
fermentation processes to produce ethanol yielded the
following proportions of products: cellulose,
hemicellulose, lignin, ash, and others were 7,075.54
ke/day, 151.62 kg/day, 435.13 kg/day, 145.49 kg/day,
and 163.15 kg/day, respectively. In summary, the
organosolv fractionation by H.SOs catalyst can
produce cellulose at 92.37% with the removal oflignin
at 90.82%. The simulation results indicate that the
cellulose recovery efficiency is lower than that
reported in the study [37], which states that the use of
H-SOs can achieve cellulose recovery of up to 99%.
However, the reported lignin removal rate in that study
is 86.4%, which is lower than the results obtained from
this simulation. These findings highlight the
differences  between  industrial-scale  process
simulations and laboratory experiments, which may
arise from variations in operating conditions, process
scale, and technical limitations that influence the
efficiency of biomass fractionation.

For scenario 2, Table 2 and Figure 2(b) illustrate
the mass balance for the organosolv fractionation
process using a CH-O: catalyst. During the sugarcane
bagasse conditioning in this procedure, the PULP
stream results for subsequent hydrolysis and
fermentation to produce ethanol showed the following
product proportions: cellulose (7,240.23 kg/day),
hemicellulose (419.83 kg/day), lignin (900.13 kg/day),
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ash (360.02 kg/day), and others (260.04 kg/day).
Overall, the organosolv fractionation with a CH-0-
catalyst achieved a cellulose yield of 94.52% and a
lignin removal efficiency of 81.01%. The simulation
results indicate that the percentage of cellulose
recovery is slightly lower than that reported in the
study [10], which achieved a cellulose recovery of
94.6%. However, the simulation results show that
lignin removal is slightly higher, at 81.01%, compared
to 80.4% in the study. This difference is attributed to
industrial-scale conditions that influence process
efficiency.

For scenario 3, Table 2 and Figure 2(c) present
the mass balance for organosolv fractionation by
CH3ONa catalyst. From the sugarcane bagasse
conditioning process in this procedure, it was found
that the results from the PULP stream for subsequent
hydrolysis and fermentation processes to produce
ethanol yielded the following proportions of products:
cellulose, hemicellulose, lignin, ash, and others were
7,060.22 kg/day, 2,959.81 kg/day, 639.90 kg/day,
600.01 kg/day, and 1,139.95 kg/day, respectively. In
summary, the organosolv fractionation by CHsONa
catalyst can produce cellulose at 92.17% with the
removal of lignin at 86.50%. The simulation results
indicate that the efficiency of cellulose recovery after
pretreatment with CHsONa is 92.17%, whereas the
experimental results show an efficiency of 93.1% [9].
This suggests that the simulation yields a slightly
lower efficiency compared to the experimental data. In
terms of lignin removal percentage, both the
simulation and experimental results demonstrate the
same efficiency at 86.5%, indicating the stability of
the pretreatment process.

Various operational conditions may influence
production efficiency at the industrial scale, which
should be considered for further optimization and
improvement of the production process. The mass
balance study of the three fractionation scenarios for
bagasse demonstrates substantial variations in product
distribution and efficiency, predominantly determined
by the selection of catalyst and the particular
organosolv fractionation method utilized. The
comparison of cellulose yields showed that Scenario 2
achieved the highest cellulose products (7,240.23

kg/day), aligning with the highest co-products of
lignin (900.13 kg/day). Scenario 1 had slightly lower
products of cellulose and co-products. Scenario 3
yields a balanced profile with cellulose at 7,060.22
kg/day and a moderate amount of recovered lignin
(639.90 kg/day), along with the highest hemicellulose
recovery (2,959.81 kg/day), reflecting a more
comprehensive preservation of carbohydrates.

Figure 1: Flowsheet setup for organosolv
fractionation experiments into 3 scenarios. (a)
Scenario 1: organosolv fractionation by H>SOs
catalyst, (b) Scenario 2: organosolv fractionation by
CH>O, catalyst and (c) Scenario 3: organosolv
fractionation by CH3ONa catalyst.
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Table 2: Mass balance for organosolv fractionation experiments into 3 Scenarios.
Scenario 1; Organosolv fractionation by H2SOs
Units Bagasse H2S04 C:H:O H:0 Pulp Downstream

Phase Solid Liqud Liqud Liquid Sohid
Temperature °C 25.00 25.00 25.00 25.00 170.00 170.00
Pressure bar 1.01 1.01 101 1.01 20.00 20.00
Mass Flows kg/day  20,000.00 200.00 5,589.57 59,637.42 7,970.93 77.456.06
Cellulose kg/day  7,660.00 - - - 7,075.54 584.46
Hemicellulose kg/day  4,120.00 - - - 151.62 3,968.38
Lignin ke/day  4,740.00 - . - 43513 430487
Ash kg/day  840.00 - - - 14549 69451
Efc. kg/day  2,640.00 - - - 163.15 2.476.85
C:HsO kg/day - - 5,589.57 - - 5,589.57
HO kg/day - - - 59,637.42 - 59,637.42
H2SOs ke/day - 200.00 . - s 200.00
Scenario 2; Organosolv fractionation by CH:0:

H.O C:H:O CH.0: C:sHs 02 Pulp Downstream
Phase Solid Liquid Liquid Liquid Liquid Solid
Temperature ¢ 25.00 25.00 25.00 25.00 25.00 159.00 159.00
Pressure bar 1.01 1.01 101 101 1.01 20.00 20.00
Mass Flows kg/day  20,000.00 85,480.30 1,597.02 194158 1,883.44 9,180.25 101,722.09
Cellulose kg/day  7,660.00 - - - 7,240.23 419.77
Hemicellulose kg/day  4,120.00 - - - 419.83 3,700.17
Lignin ke/day  4,740.00 . e - 900.13 3,839.87
Ash kg/day  840.00 - - - 360.02 479.98
Eftc. kg/day  2,640.00 - - - 260.04 2,379.96
C:HsO kg/day - - 1,597.02 - - - 1,597.02
H,O kg/day - 85,480.30 - - - - 85,480.30
CH:0: kg/day - - - 194158 - - 1,941.58
C+HsO: kg/day - - - - 1,883.44 - 1,883.44
Scenario 3; Organosolv fractionation by CH:ONa

CH:OH CH3;ONa Pulp Downstream
Phase Solid Liquid Solid Solid
Temperature °C 25.00 25.00 25.00 150.00 150.00
Pressure bar 1.01 101 1.01 20.00 20.00
Mass Flows kg/day  20,000.00 792921 1,000.00 12,399.89  16,529.32
Cellulose kg/day  7,660.00 - 5 7,06022  599.78
Hemicellulose kg/day  4,120.00 - - 2,959.81 1,160.19
Lignin keg/day  4,740.00 - - 639.90 4,100.10
Ash ke/day  840.00 - . 600.01 239.99
Eftc. kg/day  2,640.00 - - 1,139.95 1,500.05
CH:OH kg/day - 7,929.21 - - 792921
CH30Na kg/day - - 1,000.00 - 1,000.00
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Figure 2: Mass balance for organosolv fractionation experiments into 3 Scenarios by Sankey diagram (a)
Scenario 1; Organosolv fractionation by H.SOs catalyst, (b) Scenario 2; Organosolv fractionation by CHz0-
catalyst and (c) Scenario 3; Organosolv fractionation by CH3ONa catalyst.
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In summary, based on the mass balance in Figure 2,
Scenario 2 achieved the highest cellulose yield at
94.52%, but had the lowest lignin removal efficiency
at 81.01%. In contrast, Scenario 1 exhibited the
highest lignin removal efficiency at 90.82%, while
Scenario 3 demonstrated the highest hemicellulose
recovery at 2,959.81 kg/day and a cellulose yield of
92.17%, which is comparable to Scenario 1.
Therefore, the selection of the Organosolv
fractionation process should be based on the intended
objective of biomass fractionation. If maximizing
cellulose yield is the priority, Scenario 2 is the most
suitable choice. If efficient lignin removal is the

primary goal, Scenario 1 should be selected. However,
if a balanced approach between cellulose production
and hemicellulose recovery is desired, Scenario 3 is
the optimal option.

3.1 Economic evaluation

Table 3 shows the main equipment costs for the
fractionation of organosolv with different scenarios. It
was found that scenario 1 has the highest total capital
cost (2,454,980 USD) and total operating cost
(3,044,100 USD) among the three scenarios.

Table 3: TAC breakdown for the organosolv fractionation processes.

Unit Scenario 1 Scenario 2 Scenario 3
Total Capital Cost USD 2,454,980.00 2,347,960.00 2.314,070.00
Total Operating Cost USD/Year 3,044,100.00 2,873,240.00 2,238,160.00
Total Raw Materials Cost USD/Year 1,962,760.00 1,803,810.00 1,225,150.00
Total Utilities Cost USD/Year 88,854.10 89,186.70 78,994.90
P.O. Period [Year] Year 5 ] 5
Equipment Cost USD 87,200.00 93,300.00 108,400.00
Total Installed Cost USD 444 300.00 419,400.00 416,300.00
Electricity rate kw 74.79 75.07 66.49
Electricity cost USD/H 11.22 11.26 9.97
TAC USD 5,586,710.10 5,235,828.70 4,005,118.90
TAC million USD 5.59 524 4.01

Scenarios 2 and 3 have slightly lower capital
costs compared to scenario 1. This suggests that the
process optimization in this scenario reduces resource
consumption and operational demands. Utility costs
are relatively similar across scenarios but slightly
higher in scenario 2 (89,186.70 USD) compared to
scenario 1 (88,854.10 USD) and scenario 3 (78,994.90
USD). The variation could be linked to energy-
intensive steps in the process or differences in
temperature and pressure requirements. Total installed
costs are comparable across all scenarios, suggesting
a similar scale and infrastructure. According to
TAC, scenario 3 offers the most cost-efficient process
overall, primarily due to reduced operating costs.
Scenario 2 presents a moderate reduction in costs,
while scenario 1 is the most expensive due to higher
raw material and operating expenses.

Figure 3 shows the main contributions for the
TAC s in different organosolv fractionations. The cost
distribution analysis reveals that the operating cost is
the most significant contributor to TAC across all
scenarios, followed by the capital cost and raw
materials cost, while the utilities cost has the least

influence on the overall TAC. In this study, the capital
cost accounts for approximately 32.51% to 39.51% of
the TAC, depending on the scenario. In comparison,
Cheng et al., [38] reported that liquid hot water
pretreatment of sugarcane bagasse for second-
generation ethanol production had a capital cost
contribution of 28.17% of the total process cost.
Similarly, Sganzerla et al., [39] found that in
subcritical water hydrolysis, about 35% of the fixed
capital investment was specifically associated with the
reactor system. Additionally, for organosolv
pretreatment of olive leaves, a capital cost
contribution of 34.7% was previously reported [40],
which is consistent with the range observed in this
study. Regarding operating costs, this study shows a
contribution of 38.22% to 40.39% of the TAC,
whereas previous research on organosolv pretreatment
reported a higher operating cost contribution of
54.78% [40]. For raw material costs, the results from
this study are in line with earlier reports, which
estimated raw material contributions to be
approximately 30% of the total cost [41].
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Figure 3: TAC contributions from each fractionation
method.

3.2 Sensitivity analysis

A sensitivity analysis was done to investigate the effects
of future technological improvements for organosolv
fractionation and how they affect the TAC of the
process. The acceptable percentage of cost variation in
sensitivity analysis depends on the objective and scope
of the study; however, generally accepted ranges such
as £10-30% for operating and utility costs, £15-40%
for capital investment, and up to £50% for raw material
and product prices. These are commonly used in
industrial process modeling to evaluate economic
robustness and uncertainty [41], [42]. In this study, a
fixed variation of £10% was applied across all cases to
allow for a straightforward and consistent comparison
of the economic impact among the different
fractionation scenarios. Several process improvements
and price fluctuations were evaluated regarding their
impacts on the economic aspects of the process of the
three scenarios, as shown in Table 4 and Figure 4. Cases
1-6 are related to costs and general chemical
consumption in the process and reflect directly in the
TAC calculations and are related to technological
process improvements. The effects on the TAC in Case
1, changes in the cost of raw material, decreasing and
increasing by 10% of total raw material usage, caused
the TAC of scenario 1, scenario 2, and scenario 3,
change by 0.03%, 0.03%, and 0.04% respectively. Case
2 changes the cost of chemicals in process, decreasing
and increasing by 10% of total chemicals usage,
causing the TAC of scenario 1, scenario 2, and scenario
3, change by 9.81%, 9.79%, and 9.70% respectively.
Case 3, changes the cost of utilities in process
decreasing and increasing in 10% of total utilities usage
caused TAC of scenario 1, scenario 2, and scenario 3,
change of 0.01%, 0.01%, and 0.02% respectively and
Case 4, changes the usage of utilities consumption in
process decreasing and increasing in 10% of total

utilities consumption usage caused TAC of scenario 1,
scenario 2, and scenario 3, change 0£0.01%, 0.01%, and
0.02% changes in the project's costs. In this regard, the
organosolv fractionation processes for sugarcane, using
the accelerators from all three groups, were found to
have minimal changes. Further study of the final
products, specifically product prices, is necessary to
conduct a comprehensive analysis of the overall
production costs and future returns, respectively.
However, cases 5-6 are related to technological process
improvements or changes in TAC. The evaluation of
TAC is merely an assessment of the impacts that will
occur due to the results. Chemical costs have the most
significant impact on TAC in the organosolv
fractionation process, as indicated by the sensitivity
analysis results. Specifically, H.SOs and CH:O:
contribute to the highest TAC variations, reaching
+0.39% and +0.36%, respectively, surpassing the
effects of raw material and energy costs. These findings
are consistent with the study by Parascanu et al. [43],
which identified energy and chemical costs as the
primary factors influencing the economic viability of
bioethanol production. Additionally, Gadkari et al.,
[44] reported that chemical costs have a moderate to
high impact on profitability, particularly in cases where
sugarcane bagasse must be purchased and when
enzyme or chemical costs are significantly high in the
production process. Notably, Scenario 1 and Scenario 5
exhibit the lowest chemical costs, making them more
economically viable compared to other plant
configurations. Furthermore, reducing chemical costs
helps lower the minimum selling price of BDO, thereby
enhancing its market competitiveness. The most
effective strategies for improving profitability include
utilizing free sugarcane bagasse, optimizing chemical
usage efficiency, and scaling up the plant to reduce unit
costs [44]. Table 5 and Figure 5, which present the cost
assessment in the process of separating lignocellulose
into the main product of cellulose, with the co-product
of lignin. It was found that scenario 1 had a cost of
2.39S/kg for cellulose products and 3.93$/kg for lignin
products. Scenario 2 had a cost of cellulose products
and lignin products of 2.198 and 4.13S$/kg, respectively.
Scenario 3 had a cost of cellulose products and lignin
products of 1.728 and 2.96$ per kg, respectively. Based
on the results, scenario 3 required the lowest cost for
producing the desired products in the fractionation
process. Additionally, the cost of product separation is
closely linked to the efficiency of the fractionation
process. This highlights that scenario 3 is the most
suitable option for producing cellulose and lignin at the
lowest cost.
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Table 4: Sensitivity analysis of price fluctuations on TAC across different scenarios.

TAC (million US$/year)
Parameter Changed Case Min Baseline Max Unit Min Cl(liz/an)ge Baseline Max Cl;;l/:l)g?
Scenario 1; Organosolv fractionation by H.SOs catalyst
Raw material cost Casel 1284 14.27 15.70 USS/ton 557 -0.02 559 560 0.02
Chemicals cost Case 2 different for C:HeO, and H2SO+ 520 -039 5.59 597 039
Utilities Cost Case3 0.14 0.15 017 USS/kWhr 557 -001 5.59 560 001
Utilities consumption  Case 4  70.86 78.73 86.60 KwW 559 0.00 5.59 559 0.00
Temperature change ~ Case 5 153.00 170 187.00 °C 559 0.00 5.59 559 0.00
Pressure change Case 6 18.00 20.00 22.00 bar 558 -001 5.59 560 0.01
Scenario 2; Organosolv fractionation by CH:O: catalyst
Raw material cost Casel 1284 14.27 15.70 USS/ton 521 -003 524 527 0.03
Chemicals cost Case 2  different for C:H«O, CH20:, and C+sHsO: 488 -036 524 560 036
Utilities Cost Case3 0.14 0.15 017 USS/kWhr 522 -0.02 524 526 0.02
Utilities consumption ~ Case 4 67.57 75.07 82.58 Kw 524 0.00 524 524  0.00
Temperature change ~ Case 5 143.10  159.00 17490 °C 24 0.00 524 524  0.00
Pressure change Case 6 18.00 20.00 22.00 bar 523  -001 524 525 0.01
Scenario 3; Organosolv fractionation by CH3ONa catalyst
Raw material cost Casel 1284 14.27 15.70 USS/ton 398 -0.03 4.01 404 003
Chemicals cost Case 2 different for CHsOH, and CH;ONa 377 -024 4.01 425 024
Utilities Cost Case3 0.14 0.15 0.17 USS/kWhr 399 -0.02 4.01 403 002
Utilities consumption ~ Case 4  59.84 66.49 73.14 KwW 401 0.00 4.01 4.01 0.00
Temperature change ~ Case 5 13500  150.00 165.00 °C 401 0.00 4.01 401 000
Pressure change Case 6 18.00 20.00 22.00 bar 400 -001 4.01 402 001

Table 5: Summarizes the overall efficiency and cost of separating components using different reaction
accelerators in organosolv fractionation processes of bagasse.

Scenarios Cellulose 1CFE Lignin *LRE 3TAC 4CoC 5CoL
(kg/year) (%) (kg/year) (%) (US$/year) (US$/kg) (US$/kg)
1 2,334,928.86 9237 1,420,606.44 90.82 5,586,710.10 2.39 3.93
2 2,389,276.56 94.52 1,267,158.42 81.01 5,235,828.70 2.19 4.13
3 2,329,873.26 92.17 1,353,033.00 86.50 4,005,118.90 1.72 2.96

ICFE: Cellulose fractionation efficiency, ’LRE; Lignin removal efficiency, 3TAC; Total annual cost, *CoC; Cost of Cellulose fractionation,
3CoL; Cost of Lignin fractionation.
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Figure 4: Sensitivity analysis of price fluctuations on

3 : Figure 5. Cost of component separation in the
TAC across different scenarios.

organosolv process of bagasse.
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Figure 6: Comparison of average LD50 in each scenario.
3.3 Toxicity evaluation

The LD50, or Median Lethal Dose, is a measurement
standard used in the field of toxicology to assess the
quantity of a substance that causes death in 50% of a
population exposed to it. Generally, it is expressed in
terms of the amount of the substance administered per
unit of body weight, such as milligrams of substance
per kilogram of body weight (mg/kg). The LD50 value
is determined through experiments conducted on
animals, commonly rodents such as rats. In these
experiments, different doses of a substance are
administered, and the responses of the animals are
observed. The quantity that results in 50% mortality
within a specified time frame is identified as the LD50
[45]. In this study, toxicity assessments have been
conducted on the group of chemicals used in the
organosolv fractionation process. Table 6 summarizes
the results of toxicity assessments based on the
Globally Harmonised System for Classification and
Labeling of Chemicals (GHS) and the hazard
classification of chemicals used according to the
World Health Organization (WHO).

The WHO hazard classification, or the
categorization of hazards by the WHO, is a system
used to classify the risks and dangers of chemicals to
human health and the environment. This system aids
in the assessment and ranking of the risks posed by
various substances, ensuring the highest level of safety
for individuals and the environment. The WHO hazard
classification consists of four risk levels: Class I:
extremely hazardous to human health and the
environment. Class IT: highly hazardous substances
with a high risk to human health and the environment.
Class III: moderately hazardous substances with a
moderate risk to human health and the environment.
Class IV: slightly hazardous substances with a very
low risk to human health and the environment [46].
This classification system provides individuals who

need to use or manage chemicals with sufficient
information to make decisions that prioritize
maximum safety for both human health and the
environment. The assessment reveals that in Scenarios 1
and 3, the substances are classified as Class IV
(unlikely to cause harm when used safely), while in
the group of Scenario 2, there are chemicals classified
at a higher risk level of Class III (slightly hazardous).
For example, CH-0: with an LD50 value (for rats:
Oral) of 730 mg/kg. Therefore, the evaluation of all
three scenarios indicates that Scenarios 1 and 3 are the
safest for use, both in terms of human safety and
environmental impact.

To assess the hazard level of chemicals in each
scenario, the average LDS50 value is used as an
indicator, as LD50 is a standard measure of acute
toxicity, with lower values indicating higher toxicity.
Figure 6 shows a decreasing trend in the average LD50
from Scenario 1 (4,740 mg/kg) to Scenario 3 (3,832
mg/kg), suggesting that the chemicals used in
Scenario 3 exhibit the highest toxicity, while those in
Scenario 1 are the least toxic. This finding is
significant for risk assessment and the informed
selection of chemicals to ensure safety. It serves as a
criterion for selecting appropriate chemicals to
minimize  health and environmental risks.
Furthermore, this trend may reflect the chemical
characteristics of the substances used in each scenario,
such as molecular structure, degradation rate, or
toxicity mechanisms, all of which are crucial factors
that warrant further investigation. Understanding the
factors influencing LD50 values can contribute to
designing safer and more environmentally friendly
chemical processes. This, in turn, supports the
development of a sustainable and safe industrial sector,
benefiting both workers and the broader ecosystem.

As organosolv fractionation scales up to
industrial levels, effective and sustainable wastewater
treatment becomes critical. Each catalyst—solvent
system presents unique challenges and opportunities
for treatment and recovery. For scenario 1, the primary
concern is the acidic effluent. Acid recovery
techniques, such as freezing-thawing concentration or
membrane separation, can minimize H-SO. waste and
enable reuse. Neutralization followed by biological
treatment  ensures environmentally compliant
discharge. In scenario 2, this generates solvent-rich
wastewater, with azeotropic challenges. Azeotropic or
extractive distillation is recommended for efficient
solvent recovery, while CH-O- can be separated via
liquid-liquid extraction. These recovery methods
improve process sustainability and reduce effluent
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load. Scenario 3 contains alkaline species and CHsOH.
Distillation allows for CHsOH recovery, while pH
adjustment and ion exchange can remove residual
sodium ions, making the water suitable for reuse or
safe discharge. Integrating wastewater treatment with

solvent and catalyst recovery not only aligns with

Table 6: The toxicity of chemicals in the processes of all three scenarios.

environmental regulations but also confributes to the
economic feasibility of the organosolv biorefinery.
Future industrial designs should incorporate closed-
loop systems and life cycle-based assessments to
optimize both environmental and economic performance.

Scenarios LD50 ‘WHO Formula The National Fire Protection Globally Harmonised
(m, Hazard Association system (NFPA) System for
(for the classification Classification and
rat: Oral) [46] Health Flammability ~Reactivity =~ Labeling of Chemicals
(GHS)

Scenario 1;

Ethanol 7,340 Class TV C:-H:O 2 3 0 Highly flammable hquid
(unlikely if and vapour. Causes
used safely) serious eye irritation.

Sulfuricacid 2,140 Class IV H.S0+ 3 0 0 Corrosive to Metals, Skin
(unlikely 1f corrosion, Serious eye
used safely) damage.

Scenario 2;

Ethanol 7,340 Class IV C:HO 2 3 0 Highly flammable liquid
(unlikely if and vapour. Causes
used safely) serious eye irmritation.

Formic acid 730 Class IIT CH:0: 3 2 0 Flammable liquid, Acute
(unlikely 1f toxicity (oral), Acute
used safely) toxicity (inhal.), Skin

corrosion/ irritation,
Serious eye damage/eye
irritation, Specific target
organ toxicity single
exposure.

Ethyl Acetate 5,620 Class IV C4H;0, 1 3 0 Flammable liquid 2,
(unlikely if Specific Target Organ
used safely) Toxicity, Smgle

Exposure 3, Eye
irritation.

Scenario 3;

Methanol 5,628 Class IV CHsOH 1 3 0 Flammable liquids,
(unlikely if Acute toxicity (Oral,
used safely) dermal, inhalation),

Specific target organ
toxicity following single
exposure.

Sodium 2,037 Class IV CH:NaO 3 2 2 Flammable liquids,

methoxide (unlikely 1f Corrosive to metals,
used safely) Acute oral toxicity,

Acute dermal toxicity,
Acute Inhalation
Toxicity - Vapors, Skin
Corrosion/Trritation,
Serious Eye Damage/Eye
Trritation, Specific target
organ toxicity (single
exposure).

4 Conclusions

This study focuses on the techno-economic analysis of
the fractionation process of sugarcane bagasse using
the organosolv method, comparing three different

catalysts: H.SOs, CH-0-, and CH3ONa. The process
simulation was conducted using Aspen Plus to

evaluate the yields
hemicellulose, as well as to assess production costs.
The results indicate that Scenario 2 achieved the

of cellulose,

lignin, and
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highest cellulose yield at 94.52% and the highest
lignin yield at 900.13 kg/day, while Scenario 1
exhibited the highest lignin removal efficiency at
90.82%, and Scenario 3 achieved the highest
hemicellulose recovery at 2,959.81 kg/day.

In terms of cost assessment, Scenario 3 was
identified as the most cost-effective option, as it had
the lowest operational costs, along with lower raw
material and chemical costs compared to the other
scenarios. Sensitivity analysis further revealed that
chemicals are the most significant factor affecting
total expenses. Regarding chemical safety, Scenario 1
and Scenario 3 were found to be safer for industrial
applications due to their lower toxicity levels
compared to CH-0:, which is classified as a hazardous
substance under the WHO and GHS classification
systems. This study was based on laboratory-scale
experimental data and mathematical modeling to
simulate the process and assess the feasibility of
scaling up to an industrial level. The analysis of mass
balance, cost, and safety for each process helped
identify the most efficient and economically viable
approach. Therefore, the findings of this study provide
valuable insights for designing scalable and
sustainable biomass fractionation processes that align
with the goals of developing a sustainable bioindustry.
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Abstract

A comprehensive techno-economic assessment was undertaken to determine the viability
of bioethanol production from sugarcane bagasse in Thailand through organosolv fraction-
ation, incorporating three distinct catalytic systems: sulfuric acid, formic acid, and sodium
methoxide. Rigorous process simulations were executed using Aspen Plus, facilitating
the derivation of detailed mass and energy balances, which served as the foundational
input for downstream cost modeling. Economic performance metrics, including the total
annualized cost and minimum ethanol selling price, were systematically quantified for
each scenario. Among the evaluated configurations, the formic acid-catalyzed organosolv
system exhibited superior techno-economic attributes, achieving the lowest unit produc-
tion costs of 1.14 USD/L for ethanol and 1.84 USD/kg for lignin, corresponding to an
estimated ethanol selling price of approximately 1.14 USD/L. This favorable outcome was
attained with only moderate capital intensity, indicating a well-balanced trade-off between
operational efficiency and investment burden. Conversely, the sodium methoxide-based
process configuration imposed the highest economic burden, with a TAC of 15.27 million
USD/year, culminating in a markedly elevated MESP of 5.49 USD/kg (approximately
4.33 USD/L). The sulfuric acid-driven system demonstrated effective delignification per-
formance. Sensitivity analysis revealed that reagent procurement costs exert the greatest
impact on TAC variation, highlighting chemical expenditure as the key economic driver.
These findings emphasize the critical role of solvent choice, catalytic performance, and
process integration in improving the cost-efficiency of lignocellulosic ethanol production.
Among the examined options, the formic acid-based organosolv process stands out as the
most economically viable for large-scale implementation within Thailand’s bioeconomy.

Keywords: lignocellulosic biomass; organosolv pretreatment; process simulation;
co-product utilization; economic feasibility

Sustainability 2025, 17,7145

https://doi.org/10.3390/su17157145



Sustainability 2025,17,7145

20f22

1. Introduction

The global energy crisis is intensifying due to the depletion of non-renewable fossil fu-
els such as petroleum and crude oil. This challenge is aggravated by rising energy demand
across all sectors, leading to a growing supply—demand imbalance. In Thailand, commercial
energy consumption in 2022 averaged 1.52 million barrels of crude oil equivalent per day,
an increase of 9.3% from the previous year. Refined petroleum products accounted for 53%
of total consumption, while refined oil usage reached 137 million liters per day. Notably,
oil imports surged by 123.9% to 12 million liters per day [1].

Heavy reliance on fossil fuels threatens energy security and contributes to environ-
mental issues such as greenhouse gas emissions and air pollution. In response, countries
including Thailand are increasingly turning to renewable energy. Among various op-
tions, lignocellulosic biomass from agricultural residues has emerged as a promising and
sustainable feedstock, offering both environmental and energy benefits [2,3].

In agricultural countries such as Thailand, the widespread cultivation of economic
crops generates a substantial amount of biomass waste. This has attracted significant
research interest in utilizing such waste materials, particularly for the production of
bioethanol, a clean and sustainable alternative energy source that can effectively replace
fossil fuels [4]. Agricultural biomass residues are typically rich in carbohydrates, making
them a low-cost and suitable feedstock for bioethanol production through fermentation
processes. Yeast, a type of microorganism, functions as an enzymatic biocatalyst in these
processes, facilitating the conversion of sugars into ethanol through fermentation.

The sugar industry is a key contributor to Thailand’s economy, supporting both
domestic consumption and exports. As the world’s second-largest sugar exporter, Thai-
land generated an average annual value of USD 3222 million between 2011 and 2015. In
addition to sugar, by-products such as bagasse serve as valuable feedstock for renew-
able energy applications, including electricity and ethanol production. Consequently,
sugarcane is regarded as a high-potential biomass resource. According to the Depart-
ment of Alternative Energy Development and Efficiency (DEDE), Thailand had a sug-
arcane surplus of 44.69 million tons in 2023, with bagasse volume projected to reach
52.70 million tons by 2027 [5]. This underscores the increasing availability of biomass
for future energy production.

The production of bioethanol from biomass generally involves four key steps:
(1) biomass fractionation, (2) hydrolysis, (3) fermentation, and (4) purification. Most re-
search efforts to date have focused primarily on laboratory-scale investigations, whereas
process design, synthesis, and industrial-scale simulation remain relatively underex-
plored [6]. Among these stages, biomass fractionation is recognized as the most
energy-intensive step in the bioethanol production process. Consequently, it has
emerged as a critical target for optimization, particularly in the context of scaling up
to commercial-level operations [7].

The conducted study addresses knowledge gaps by evaluating the techno-economic
feasibility of industrial-scale biomass fractionation. A key determinant of economic viability
is the efficiency of bioenergy production from biomass feedstocks [8,9]. Among available
technologies, organosolv fractionation has gained attention for its ability to deconstruct
lignocellulosic structures through solvent penetration into the biomass matrix. Organic
solvents such as alcohols (e.g., methanol (CH30H) and ethanol (C;HgO)), esters, and
ketones have been explored for their effectiveness in disrupting biomass and separating
key components. The success of lignin and hemicellulose removal largely depends on the
solvent type used.

Furthermore, the ability to efficiently isolate cellulose from the lignocellulosic struc-
ture directly affects the amount of glucose that can be obtained during the subsequent
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hydrolysis step, which is a key precursor for ethanol production through fermentation.
The amount of ethanol produced is directly correlated with the amount of glucose fed into
the process. Theoretically, 1 g of glucose can yield a maximum of approximately 0.51 g of
ethanol, equivalent to 51% of the glucose mass [10]. Therefore, the more effectively lignin
and hemicellulose are removed, the more accessible the cellulose becomes to enzymatic
hydrolysis, resulting in more complete saccharification and higher ethanol yields, poten-
tially approaching the theoretical maximum. These factors are critical for evaluating the
technical and economic viability of the process at an industrial scale.

Biomass fractionation is a critical step in reducing the recalcitrance of lignocellulosic
structures, with the primary objective of removing lignin and hemicellulose. This structural
deconstruction enhances cellulose accessibility to enzymes, thereby improving hydrolysis
efficiency and increasing the yield of fermentable sugars and ethanol. Numerous studies
have investigated various solvent—catalyst systems to evaluate process performance and
industrial applicability. For instance, Weerasai et al. [11] reported that using CH3ONa in
CH30H as a basic catalyst in the organosolv process resulted in lignin removal of 86.5%
and a glucose yield of 83.9%, although the process is constrained by high chemical costs
and the need for precise reaction control. Alternatively, Suriyachai et al. [12] demonstrated
that formic acid (CH,O,)-based organosolv pretreatment improved cellulose purity and
hydrolysis efficiency. CH,O, also offers advantages in terms of recyclability and environ-
mental friendliness, though improper reaction conditions may lead to cellulose degradation.
Panakkal et al. [13] investigated sulfuric acid (H,SO4) hydrolysis of sugarcane bagasse
and identified optimal conditions at 3.50% acid concentration, 136.08 °C, and 75.36 min,
yielding a maximum reducing sugar output of 180.15 mg/g, 3.06 times higher than that of
untreated biomass. While H,SO; is cost-effective and widely available, it poses challenges
such as inhibitor formation, corrosiveness, and the requirement for intensive wastewater
treatment. In addition, Kreetachat et al. [14] studied HySO4-catalyzed Liquid Hot Water
(LHW) pretreatment combined with Simultaneous Saccharification and Fermentation (SSF)
for ethanol production from sweet sorghum stalk. Using the Response Surface Methodol-
ogy (RSM), the optimal pretreatment conditions were determined to be 110 °C, 90 min, and
0.9% H,S04, resulting in a glucose yield of 91.09% and a maximum ethanol concentration
of 23.1 g/L after 72 h of fermentation.

In conventional organosolv processes, H,SOy is widely used for its strong catalytic
effect in disrupting lignocellulosic structures [14]. However, its corrosiveness and the high
cost of wastewater treatment limit its industrial viability [15]. As a greener alternative,
organic acids like CH,O; are less corrosive, recyclable, and gentler on equipment. Yet,
their lower acidity can reduce lignin and hemicellulose removal efficiency [16]. Among
alkaline catalysts, CH30ONa has shown strong potential for improving cellulose purity and
offers cost benefits, making it a promising substitute for conventional NaOH in specific
fractionation applications [11]. In summary, biomass fractionation using various solvents
and catalysts offers both benefits and challenges that require thorough technical and
economic evaluation [17,18]. The choice of solvent system, i.e., acidic, alkaline, organosolv-
based, or ionic liquids, should balance deconstruction efficiency with solvent recovery
and reuse potential [19]. Among these, organosolv fractionation stands out for effectively
removing lignin while preserving cellulose and hemicellulose. Its ability to recover and
recycle solvents helps reduce both operational costs and environmental impact, making it a
promising and economically viable approach for large-scale biomass processing [19].

Previous research on the use of various solvents for biomass fractionation has high-
lighted both advantages and limitations in terms of process efficiency, cost, and envi-
ronmental impact. Therefore, process simulation at the industrial scale is essential for
evaluating the techno-economic feasibility of biomass fractionation, providing a compre-
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hensive understanding of both technical and economic aspects [20-24]. Process simulation
not only facilitates process optimization and cost reduction but also serves as a valuable
tool for assessing the economic viability of bioethanol production. By analyzing the overall
system, it is possible to identify cost-intensive steps and explore alternative strategies to
minimize total expenses. Furthermore, selecting the most appropriate approach should
also account for environmental impacts to ensure the long-term sustainability of biomass
fractionation processes [24-26].

This study investigates the development of organosolv-based fractionation of sug-
arcane bagasse, an agricultural residue from Thailand’s sugar industry, for bioethanol
production. The main objective is to evaluate the economic feasibility of the process us-
ing laboratory-scale data. Experiments compared catalytic systems (H25O4, CH20,, and
CH30Na) and optimized operating conditions for each. The resulting data and key as-
sumptions were scaled up to estimate industrial performance. Mathematical modeling was
then applied to assess both technical and economic viability, supporting decision-making
for potential commercial-scale implementation.

2. Materials and Methods
2.1. Process Synthesis and Design

The present study applied mathematical modeling and process simulation using
Aspen Plus v11 (Aspen Technology, Inc., Bedford, MA, USA) to examine the fraction-
ation of sugarcane bagasse, a key agricultural residue in Thailand. Aspen Plus is an
industry-standard tool widely used by institutions like the National Renewable Energy
Laboratory (NREL) for biorefinery design. Its strong thermodynamic features, especially
the Non-Random Two-Liquid (NRTL) model, support accurate simulation of non-ideal
liquid systems in biomass pretreatment. The software’s extensive property database, unit
operations, and flexible modeling environment allow for scalable process development and
detailed techno-economic analysis, enhancing the reliability of the results. The chemical
composition (Table 1) with comparison of sugarcane bagasse in different countries was
analyzed based on prior studies conducted by Suriyachai et al. [12] and Weerasai et al. [11].
This case study was divided into three categories according to the type of catalyst used
in the organosolv fractionation process: (1) HySO4-based organosolv (Industrial-grade,
Qingdao Hisea Chem Co., Ltd., Qingdao, China), (2) CH,O,-based organosolv (Industrial-
grade, Feicheng Acid Chemicals, Feicheng, China), and (3) CH3ONa-based organosolv
(CH3ONa-based organosolv (Zhengzhou Clover Chemical Co., Ltd., Zhengzhou, China).
All simulations were performed using the NRTL thermodynamic model for phase equilib-
rium calculations. Component property data were sourced from the Aspen Plus database
and supplemented with information from NREL to ensure greater simulation accuracy [27].

Table 1. Comparison of chemical compositions of sugarcane bagasse from different countries.

Composition Brazil [28] China [29] Thailand [11] *
Cellulose 42.19 39.52 3830
Xylan 27.60 25.63 20.70
Lignin 21.56 30.36 23.70
Ash 2.84 145 420
Other 5.63 172 13.00

Note: * This research is based on the following data.

The Non-Random Two-Liquid (NRTL) model is commonly applied to estimate ac-
tivity coefficients, especially in liquid-liquid (LLE) and vapor-liquid equilibrium (VLE)
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systems [30]. Its strength lies in capturing non-ideal behavior by accounting for molecular
interactions and the uneven distribution of molecules within the liquid phase. This makes
it particularly effective for systems with strong polar interactions or non-random mixing.
The activity coefficient of each component in a multicomponent mixture is calculated using
the NRTL equations, as illustrated in Equation (1).

Iy = ZN TiGji¥; N %Gy
W=l TN o j=13-N
Yho1 Grixx Yt Grix;

M

N
. ):m:l ij ijxm
i —
’ i Gjxk

where

¢ T :&%Tgfl is the interaction parameter between components i and j;
e G;=e "iTiis aweighting factor;

LI is the mole fraction of component j;

®  «;isanon-randomness parameter (typically between 0.2 and 0.47).

In the NRTL equation provided, k and m are dummy indices used for summation over
components in the system:

e ktypically indexes all components in the denominators to normalize the interactions
with respect to component i or j;

e mis used similarly to k but specifically for summing interactions between compo-
nent j and all other components m (inside the inner bracket) in the second term
of the equation.

Roles:

k appears in

. Z{,": 1 Gki xg: Denominator of the first term (normalizing interaction contributions to
component 7);

. 2{,"':1 Gyj x: Denominator inside the brackets in the second term (normalizing interac-
tions related to component ).

m appears in

. ):,’,Ll T G,,,,- xu: Numerator inside the bracket (weighted average interaction toward
j from all m).

In essence, k and m are used to iterate over all components in the mixture, similar to j,
but serve distinct roles depending on where they appear in the formula.

2.2. Process Setup for Organosolv Fractionation

The biomass feed rate was set at 20,000.00 kg/day, and the solvent recycling efficiency
was assumed to be 95%. Figure 1a,b presents the process flowsheet for biomass fractionation
using the organosolv technique, employing sugarcane bagasse an agricultural residue from
Thailand’s sugar industry as the primary feedstock.

The diagram outlines the ethanol production process from sugarcane bagasse, in-
volving a series of integrated unit operations. The process starts with the introduction of
sugarcane bagasse (BAG) and catalysts into reactor R1, a Recirculating Continuous Stirred-
Tank Reactor (RCSTR), which ensures uniform mixing and enhances reaction efficiency.
The output from R1 proceeds to unit F1, a membrane filter press, for solid-liquid separa-
tion. The resulting cellulose pulp (PULP) is transferred to the HYDRO unit, an agitated
hydrolysis reactor with temperature and pH control, where water (WT-RH) is added to
depolymerize cellulose into glucose. The glucose solution is then sent to the FERMEN unit
for anaerobic fermentation with yeast (YEAST), converting glucose into ethanol and CO,.
Ethanol is collected in the END unit, while the liquid stream from F1 goes to the distillation
column (F2) for solvent recovery. Recovered ethanol is partially recycled (S-RCY), and
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the residue is processed in the PRECIP unit to extract primary solids (P-SOLID). The re-
maining liquid is concentrated in the EVAP unit to recover additional solids (RE-SOLIDs),
followed by filtration (FILTER) to isolate lignin (LIGNIN) as a by-product. The leftover
sugar solution is directed to the SUGAR unit for further use. In the HYDRO unit, cellulose
(C¢H100s)n is hydrolyzed with water to produce glucose (CsH120¢), as represented in
Equation (2).

(CeH100s),, +nHO — nCeH1204 (2

(a)

Organosolv fractionation Simultaneous saccharification and fermeniation (SSF)

Pulp Ethanol

S1=1,057,365 kg/year
$2=1,081.976 ke/year
$3=1,055,075 ke/year

Bagasse
20,000 kg/day
(6,600,000 kg/year)

¥

Co-product extraction process

+

» Lignia

S1=1.430.841 kg/year
§2=1,276,287 kg/year
$3=1,362,780 kg/year

Precipitation Evaporator
Organosoly fractionation Simultancous saccharification and fermentation (SSF)
Water
Bagasse
Filter
Catalyst »_>
Solvent H
= Reactor Hydrolysis Fermentation
:
i
H
: Co-product extraction process
i
\
Downstream
Precipitation Evaporator
i ¥
i i 1
Residual solid ! Residual solid
i
L
k
i
i

Figure 1. Flowsheet setup for ethanol production from sugarcane bagasse via the organosolv process;
(a) feed rate per day and (b) scenario for organosolv fractionation.
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From the hydrolysis process, 1 g of cellulose can theoretically produce around 1.11 g
of glucose due to water incorporation during the reaction. However, actual yields typically
range between 80% and 95%, influenced by the catalyst type and operating conditions.
The glucose-rich hydrolysate is then fed into the FERMEN unit, an anaerobic fermentation
reactor operating at 30-35 °C. Yeast is added to convert glucose into ethanol and carbon
dioxide, as shown in Equation (3).

CeH06 — 2C,HsOH +2CO; + ATP )

The final product obtained from the ENDPRO unit is ethanol, which is ready for
subsequent separation and purification processes.

Scenario 1 involves organosolv fractionation using a 70:30% v/v ethanol-water solvent
mixture, with 2% w/v H,SOy as the catalyst. The process was carried out at 170 °C, 20 bar,
and a 60-min residence time. Scenario 2 depicts organosolv fractionation using CH,O, as
the catalyst. The reactor conditions were 159 °C, 20 bar, and a 40-min residence time. The
solvent mixture comprised water, ethanol, ethyl acetate, and CH,O, in a 43:20:16:21% v/v
ratio [12]. Scenario 3 describes organosolv fractionation using 5.1% w /v CH30ONa as the
catalyst. The process runs at 150 °C, 20 bar, with a residence time of 63.9 min [11]. The
current study assumes 7920 h of annual plant operation and a 95% solvent recycling rate, a
common value in Organosolv processes. Reported recycling efficiencies vary, with studies
noting values as high as 99% [31] and as low as 68.9% [32]. Efficient solvent recycling
is vital for lowering costs and environmental impact, though repeated use may degrade
performance. Thus, advancing solvent regeneration methods and improving biomass
preparation are key to enhancing process efficiency and economic viability.

In the Organosolv process, lignin is efficiently extracted from lignocellulosic biomass
through the use of organic solvents such as ethanol, methanol, or formic acid in combination
with water and either acidic or alkaline catalysts. This process facilitates the cleavage of
lignin—carbohydrate linkages within the plant cell wall matrix, particularly targeting the
[-O-4 ether bonds, which are the most abundant interunit linkages in native lignin. Under
acidic conditions, the chemical mechanism of lignin depolymerization begins with the
protonation of the hydroxyl group at the a-position (x-OH), leading to the formation
of a stable benzylic carbocation intermediate. This intermediate plays a crucial role in
promoting the cleavage of the 3-O-4 ether bond. The representative reaction mechanism is
shown as follows (Equation (4)):

Ar-CH(OH)-CH,-O-Ar’ + H* — Ar-CH*~CH,~O-Ar’ — Ar-CHO + HO-CH,-Ar’ (4)

In this equation, Ar and Ar’ represent aromatic rings in the lignin polymer; CH(OH)
denotes the hydroxyl group at the x-position; and CH,~O corresponds to the 3-O-4 ether
linkage. The products Ar-CHO and HO-CH,-Ar’ are aromatic aldehydes and alcohols,
respectively, indicating the effective depolymerization of lignin. Once dissolved into the
solvent phase, lignin can be recovered by precipitation through water addition or solvent
evaporation. The resulting lignin is characterized by its sulfur-free composition, low
ash content, and low molecular weight, making it highly suitable for the production of
high-value bioproducts such as resins, carbon fibers, and bio-based composite materials.
Nevertheless, the Organosolv process presents economic limitations, primarily due to the
high cost of organic solvents and the need for efficient solvent recovery systems to ensure
the process’s overall economic and environmental sustainability [33].
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2.3. Economic Analysis

The factorial estimation method, utilizing parameters specified by Gavin and Ray [34],
was employed to calculate the costs associated with both liquid and solid processing
systems in this analysis. All cost calculations were conducted using United States dollars
as the base currency as shown in Table 2.

Table 2. Feedstock, chemicals, and utilities prices.

Input Unit Price Reference
Bagasse USD/ton 14.00 [35]
C2HeO USD/L ~0.80 [36]

H,O USD/L ~0.00028 [37]
H,S04 USD/L ~0.16 [36]
CH,0O, USD/L ~0.49 [36]
C4HO, USD/L ~1.30 [36]

CH30ONa USD/kg ~0.60 [36]
CH;0H USD/L ~0.28 [36]
Electricity USD/KV 21 [38]

The total annual cost (TAC), calculated using the Capital Recovery Factor (CRF), is
a common method in techno-economic analysis (TEA) to estimate the annualized cost of
industrial-scale processes, as outlined in Equation (5).

TAC =(TCI x CRF)+OC ©)

where TCI is Total Capital Investment, which includes the cost of plant construction,
equipment, and installation. OC refers to the Operating Cost, which encompasses annual
expenses such as raw materials, chemicals, energy, and labor. The Capital Recovery Factor
(CRF) serves to convert a one-time initial investment into an equivalent annual cost that
accounts for the time value of money or the expected rate of return (e.g., 10% per year), as
shown in Equation (6).

. ]
crF = 20H) ©
(1+i) "1
where
e i=interest rate or desired rate of return (per year);

e 1= project lifetime or payback period (years).

2.4. Sensitivity Analysis

Sensitivity analysis helps assess a project’s robustness by examining how cost and
performance respond to changes in key variables. This includes evaluating the economic
impact of variations in biomass characteristics and catalyst reaction rates, with a partic-
ular focus on the effects of process parameter shifts. The analysis also considers future
technological developments, focusing on factors like raw material properties, chemical
prices, and utility costs. The key variables tested include solvent type, catalyst amount,
temperature, and pressure, with each adjusted independently to determine its specific
influence on system performance [39—41].
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3. Results
3.1. Scenario

Based on an initial sugarcane bagasse feedstock of 20,000.00 kg/day (6,600,000 kg/year),
the simulation results from the organosolv fractionation process across three scenarios
demonstrate the distribution of chemical components within the product stream. Sug-
arcane bagasse consists of 38.30% cellulose (2,527,800 kg/year), 20.70% hemicellulose
(1,359,600 kg /year), 23.70% lignin (1,564,200 kg/year), 4.20% ash (277,200 kg /year), and
13.00% other components (871,200 kg/day). The chemical composition of sugarcane bagasse
(Table 1) influences the techno-economic performance of the biorefinery process. Variations
in cellulose, hemicellulose, and lignin contents affect conversion yields, utility require-
ments, and co-product value. Higher cellulose content enhances fermentable sugar yield
and product revenue, while increased lignin may contribute to energy recovery or elevate
residue management costs. Although moderate, these compositional differences impact
mass balances, equipment sizing, and operating costs. Accordingly, TEA outcomes must be
evaluated in the context of the specific compositional characteristics of the feedstock used
in each scenario.

For Scenario 1, Table 3 presents the mass balance of the organosolv fractionation
process using HySOy as the catalyst. From the sugarcane bagasse conditioning step, it
was found that the solid stream (Pulp), which proceeds to hydrolysis and fermentation
for ethanol production, contained 2,584,341.72 kg / year of cellulose, 55,377.74 kg / year of
hemicellulose (xylan), 158,931.96 kg/year of lignin, 53,139.49 kg/year of ash, and small
amounts of other components. Based on these figures, the organosolv process using
H,SO; achieved a cellulose recovery efficiency of 92.37% and a lignin removal rate of
90.82%. When compared to the laboratory-scale results reported by [42], which documented
cellulose recovery as high as 99%, the simulation results showed slightly lower performance.
However, the lignin removal rate in this simulation exceeded the reported 86.4% in the
same study. These differences highlight the inherent variability between laboratory-scale
experiments and industrial-scale simulations, which can arise from variations in operating
conditions, process scale, and technical limitations affecting biomass fractionation efficiency.

Table 3. Mass balance for organosolv fractionation experiments in three scenarios.

Units Bagasse Downstream Lignin Sugar Pulp to Fermentation Product
Scenario 1; Organosolv Fractionation by H,SO;

Cellulose kg/year 2,797,815.00 213473.28 196,395.42 17,077.86 2,584341.72 516,868.34 516,868.34
Xylan kg/year 1,504,830.00 144945226 246,406.88 1,203,045.37 55377.74 55,377.74 55,377.74
Lignin kg/year 1,731,285.00 1572,353.04 1,430,841.26 141,511.77 158,931.96 158,931.96 158,931.96

Ash kg/year 306,810.00 253,670.51 - 253,670.51 53,139.49 53,139.49 53,139.49

Extractives kg/year 964,260.00 904,668.73 = 904,668.73 59591.27 59,591.27 59,591.27

Enzyme kg/year - - - - - - -
Ethanol kg/year - 2,041,59044 - 3583.91 - - 1,057,365.16

Co, kg/year = = @ . 4 = 1,010,101.99

Glucose kg/year E 2 < = = 2,297,087.79 229,708.78
Water kg/year - 1,089,128.38 - 155,788.26 - 8,536,287.65 10,603,698.80
Xylose kg/year # @ = = = = =
Yeast kg/year - - - - - - 5823,742.37
H,S04 kg/year = 73,050.00 : 73,048.73 - n -
CH,0, kg/year - - - - - - -

CH;O0H kg/year - - - - - - -
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Table 3. Cont.
Units Bagasse Downstream Lignin Sugar Pulp to Fermentation Product
S io 2; O lv fractionation by CH,0,

Cellulose kg/year 2,797,815.00 153320.26 141,054.64 12,265.62 2,644494.74 528,898.95 528,898.95
Xylan kg/year 1,504,830.00 1,351,487.82 229,752.93 1,121,734.89 153,342.18 153,342.18 153,342.18
Lignin kg/year 1,731,285.00 1,402,513.98 1,276,287.72 126,22626 328,771.02 328,771.02 328771.02

Ash kg/year 306,810.00 175,311.23 - 175,31123 131,49877 131,498.77 131498.77

Extractives kg/year 964,260.00 869,280.39 = 869,280.39 94979.61 94,979.61 94,979.61

Enzyme kg/year - - - - - - -
Ethanol kg/year - 583311.56 - - - - 1,081,976.34
Co, kg/year - - - - - - 1,033,613.08

Glucose kg/year - - - - - 2.350,554.71 235,055.47
Water kg/year - 1,561,084.02 - - - 8,530,940.88 10,646,472.99
Xylose kg/year - - - - - - -
Yeast kg/year = - - - - - 5,775,662.21
H,SO kg/year - - - - - - -

CH,0, kg/year E 709,162.09 2 = - = -

CH;OH kg/year - 687,926.46 - - - - -

Scenario 3; Organosolv fractionation by CH;ONa

Cellulose kg/year 2,797,815.00 219,068.91 201,543.40 17,525.51 2,578,746.09 515,749.22 515,749.22
Xylan kg/year 1,504,830.00 423,760.13 72,03922 351,72091 1,081,069.87 1,081,069.87 1,081,069.87
Lignin kg/year 1,731,285.00 1,497,561.53 1,362,780.99 134,780.54 233,72348 233,723.48 23372348

Ash kg/year 306,810.00 87,655.62 - 87,655.62 219,15438 219,154.38 219,154.38

Extractives kg/year 964,260.00 547,892.53 - 547,892.53 - 416,367.47 416367.47

Enzyme kg/year - - - - - - -

Ethanol kg/year E E 2 = = = 1055,075.74
Co, kg/year = - : - - - 1,007,91491

Glucose kg/year 2 = - - - 2292,114.12 229211.41
Water kg/year - - - - - 8,536,785.02 10,599,719.80
Xylose kg/year - - - - - - -

Yeast kg/year - - - - - - 5828,214.94
H,S0, kg/year - - - - - - -
CH, O, kg/year - - - - - - -
CH;OH kg/year » 2896,143.95 - 2 = = =
CH;0Na kg/year - 365,250.00 - - 365,250.00 - -

In the fermentation stage, the fermentation stream received 2,297,087.79 kg /year of
glucose from hydrolysis and produced 1,057,365.16 kg /year of ethanol from the Product
unit. This corresponds to a glucose-to-ethanol conversion efficiency of approximately
46.04% by mass, which is lower than the theoretical value of around 51% reported by [10].
The loss of glucose may be attributed to its conversion into by-products such as organic
acids or other water-soluble compounds, reduced yeast effectiveness due to fermentation
inhibitors generated during the fractionation process, or ethanol losses during separation
and distillation.

Although the organosolv fractionation process using HSO4 demonstrated high cel-
lulose recovery and lignin removal efficiencies, the ethanol production outcomes suggest
potential areas for improvement, particularly in enhancing fermentation performance and
minimizing inhibitor formation. These improvements are essential to increase the overall
glucose-to-ethanol conversion efficiency in commercial-scale biorefinery systems.

For Scenario 2, Table 3 illustrates the mass balance of the organosolv fractiona-
tion process using CH,O, as the catalyst. During the sugarcane bagasse conditioning
step, the solid stream (Pulp) designated for subsequent hydrolysis and fermentation con-
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sisted of 2,644,494.74 kg/year of cellulose, 153,342.18 kg /year of hemicellulose (xylan),
328,771.02 kg/year of lignin, 131,498.77 kg/year of ash, and 94,979.61 kg/year of extrac-
tives. In summary, organosolv fractionation using CH>O> achieved a cellulose recovery
efficiency of 94.52% and a lignin removal rate of 81.01%. The simulation results indicate
that the cellulose recovery rate is nearly identical to that reported in the study by [12],
which observed a recovery of 94.6%. However, the lignin removal in this simulation was
slightly higher, 81.01% compared to 80.4%, in the same study. These differences are likely
due to process efficiency variations under simulated industrial-scale conditions.

Based on the simulation results, the fermentation unit (to Fermentation) received
2,350,554.71 kg / year of glucose from the hydrolysis stage and produced 1,081,976.34 kg/year
of ethanol in the Product unit. This corresponds to a glucose-to-ethanol conversion effi-
ciency of approximately 46.03% by mass, which is similar to that in Scenario 1 but remains
below the theoretical maximum of 51.14%. The lower efficiency suggests that part of the
glucose was lost during fermentation, likely due to the formation of metabolic by-products,
the presence of fermentation inhibitors generated during pretreatment, or ethanol losses
in downstream separation and purification processes. Notably, the solid stream (Pulp) in
this scenario contained more cellulose (2,644,494.74 kg /year) compared to Scenario 1, sug-
gesting that CH,O, is more effective at preserving cellulose structure under the simulated
conditions. However, the lignin content in the Pulp stream was also significantly higher
(328,771.02 kg/ year), indicating a lower lignin removal efficiency compared to the HSO4-
based process. The residual lignin may hinder enzyme accessibility and reduce hydrolysis
efficiency in the subsequent steps. Therefore, while the process in Scenario 2 demonstrates
improved cellulose preservation, its limitations in lignin removal and suboptimal glucose-
to-ethanol conversion efficiency highlight key areas for further optimization, particularly if
the process is to be scaled up for commercial biorefinery applications.

For Scenario 3, Table 3 presents the mass balance of the organosolv fractionation
process using CH3ONa as the catalyst. During the sugarcane bagasse conditioning step, the
solid stream (Pulp), which proceeds to hydrolysis and fermentation for ethanol production,
yielded the following component quantities: cellulose (2,578,746.09 kg/year), hemicellulose
(1,081,069.87 kg/year), lignin (233,723.48 kg/year), ash (219,154.38 kg/year), and other
extractive components (416,367.47 kg/year). In summary, organosolv pretreatment with
CH30ONa achieved a cellulose recovery of 92.17% and a lignin removal efficiency of 86.50%.
The simulation results indicate that cellulose recovery is slightly lower than the experimen-
tal value of 93.1% reported in [11]. However, both the simulation and experimental results
demonstrate the same lignin removal efficiency of 86.5%, suggestive of a consistent and
stable performance of the pretreatment process under these conditions.

Based on the simulation results of Scenario 3, which utilizes CH3ONa and methanol
as the solvent system in the organosolv fractionation process, the solid stream (Pulp)
contained 2,578,746.09 kg/year of cellulose and 233,723.48 kg/year of residual lignin.
Notably, the hemicellulose (xylan) content reached 1,081,069.87 kg /year, which is higher
than in both Scenario 1 and Scenario 2. This indicates that this solvent system offers
superior preservation of total carbohydrate components, especially hemicellulose, which
tends to degrade more easily in other pretreatment conditions.

Furthermore, the fermentation unit received 2,292,114.13 kg /year of glucose from the
hydrolysis stage and yielded 1,055,075.74 kg /year of ethanol in the final product stream,
corresponding to a glucose-to-ethanol conversion efficiency of approximately 46.04%. This
value is comparable to those observed in Scenarios 1 and 2 but remains below the theoretical
maximum of 51.14%, implying partial glucose loss. The reduction in fermentation efficiency
could be attributed to the formation of by-products or the presence of residual chemicals,
such as methanol or sodium salts, which may inhibit yeast activity during fermentation.

109



Sustainability 2025,17,7145

12 of 22

Overall, Scenario 3 demonstrates an effective recovery of carbohydrate components, par-
ticularly hemicellulose, while maintaining high cellulose retention. However, its lignin
removal efficiency is lower compared to Scenario 1. Nevertheless, the potential impact of
chemical residues on fermentation and downstream ethanol separation must be carefully
evaluated if this system is to be developed for industrial-scale applications.

Simulation outcomes from the three organosolv fractionation scenarios—using H>SOy
(Scenario 1), CH20; (Scenario 2), and CH3ONa with methanol (Scenario 3)—revealed
distinct trade-offs in biomass recovery and ethanol production. Scenario 1 achieved the
highest lignin removal (90.82%) but had lower hemicellulose retention. Scenario 2 yielded
the highest cellulose recovery (2.64 million kg /year), though with slightly reduced lignin
removal (81.01%). Scenario 3 offered the most balanced recovery, with the highest hemi-
cellulose retention (1.08 million kg/year), high cellulose yield, and 86.50% lignin removal.
Despite these differences, all scenarios achieved similar glucose-to-ethanol conversion
efficiencies (~46%), indicating that fermentation performance may be more constrained
by inhibitors than by pretreatment differences. Optimization should thus target both
carbohydrate recovery and inhibitor minimization. Each scenario presents specific advan-
tages: Scenario 1 in lignin removal, Scenario 2 in cellulose yield, and Scenario 3 in overall
carbohydrate preservation.

3.2. Economic Evaluation

Table 4 presents the detailed costs of major equipment and operational expenses for
ethanol production via the organosolv process under each scenario. It was found that
Scenario 1 had the highest overall costs compared to the other scenarios, with a total capital
cost of USD 4,358,930.00 and a total operating cost of USD 3,368,230.00 per year. The total
raw materials cost was USD 1,957,890.00, which is slightly higher than that of Scenario 2
but significantly lower than Scenario 3. These figures suggest that the process in Scenario 1
may be more complex or require more energy-intensive equipment and a larger amount of
raw materials than the other scenarios.

Table 4. TAC breakdown for the organosolv fractionation processes.

Cost Analysis Unit Scenario 1 Scenario 2 Scenario 3
Total Capital Cost UsD 4,358,930 3,671,550 3,640,210
Total Operating Cost USD/ Year 3,368,230 3,183,650 14,526,300
Tl R"‘é"g gfaterials USD/ Year 1,957,890 1,791,750 12,292,500
Total Product Sales USD/ Year 43,710,900 43,291,000 43,950,800
Total Utilities Cost USD/ Year 94,615 92,066 92,288

Desired Rate of Return Year 20 20 20
Equipment Cost UsD 295,500 242,900 262,300
Total Installed Cost UsD 1,391,500 1,066,700 1,079,100
Electricity rate kW 79.64 77.49 77.68
Electricity cost USD/H 11.94 11.62 11.65
TAC uUsD 4,263,365 3,927,396 15,273,841
TAC million USD 426 392 15.27

Scenario 2 exhibits slightly lower overall costs compared to Scenario 1, with raw
materials and operating costs of USD 1,791,750.00 and USD 3,183,650.00, respectively.
The total capital cost is USD 3,671,550.00. However, Scenario 2 has the highest utility
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cost among the three scenarios, at USD 92,066.00, which may indicate the presence of
more energy-intensive process steps or greater requirements for environmental control.
Scenario 3 incurred the highest total costs among all scenarios, with substantially elevated
values across key cost categories. Specifically, the raw materials cost was USD 12,292,500.00,
the operating cost reached USD 14,526,300.00, the capital investment cost amounted to USD
3,640,210.00, and the utilities cost was USD 92,288.00. As a result, TAC for this scenario
was USD 15,273,841.00, equivalent to 15.27 million USD, representing the highest TAC
among the three scenarios. Although Scenario 3 generated the highest total product sales
at USD 43,950,800.00 per year, the notably high raw material and operating costs suggest
a lower economic viability. This may be attributed to the use of costly chemicals or more
resource-intensive process steps compared to the other scenarios.

Based on the data in Table 4, Scenario 2 demonstrates the lowest TAC, making it the
most economically favorable option, despite having the highest utilities cost. Scenario
1 shows the highest capital investment, indicating a more complex process. In contrast,
Scenario 3 has the highest TAC due to significantly higher raw material and operating costs,
even though it yields the highest total product revenue.

Figure 2 illustrates the percentage contributions of each cost component to TAC for
the three organosolv fractionation scenarios. The analysis shows that the capital cost is the
largest contributor in Scenarios 1 and 2, accounting for 44.6% and 42.0%, respectively, while
it is significantly lower in Scenario 3 at only 11.9%. In contrast, the operating cost becomes
the dominant component in Scenario 3 (47.5%) and also contributes substantially in Scenar-
ios 1and 2 at 34.4% and 36.4%, respectively. The raw materials cost is highest in Scenario 3
at 40.2%, compared to 20.0% and 20.5% in Scenarios 1 and 2, respectively. The utilities cost
has the least impact in all scenarios, contributing less than 1.1% across the board.

1.06% 0.29%

Total Utilities Cost
m Total Raw Materials Cost
» Total Operating Cost
m Total Capital Cost

Scenario 2 Scenario 3

Figure 2. TAC contributions from each fractionation method.

These findings confirm that operating and raw materials costs are significant contribu-
tors to TAC. Notably, the capital cost contribution observed in this work varies significantly
among the scenarios, ranging from 11.9% in Scenario 3 to 44.6% in Scenario 1. In compar-
ison, previous studies reported relatively consistent and higher capital cost shares. For
example, Cheng et al. reported a capital cost share of 28.17% for the Liquid Hot Water
pretreatment of sugarcane bagasse [43]. Similarly, Sganzerla et al. noted that approximately
35% of the fixed capital investment in subcritical water hydrolysis was attributed to the
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reactor system [44], and a 34.7% capital cost share was reported for organosolv pretreatment
of olive leaves [45]. These comparisons suggest that the capital intensity in the organosolv
processes evaluated in this study can vary widely depending on the specific process config-
uration, solvent system, and plant design, with Scenario 3 demonstrating a notably lower
capital burden.

Regarding operating costs, the results show a substantial share ranging from 34.4%
to 47.5%, which is slightly lower than the 54.78% previously reported for organosolv
pretreatment [45]. In contrast, the raw material costs are notably higher, accounting for
20.0% to 40.2%, compared to approximately 30% reported in earlier research [46]. The
increased share may be attributed to variations in solvent systems, process design, or cost
assumptions applied in the simulation. In particular, the high raw material cost in Scenario
3 reflects the greater influence of input chemical prices and usage rates in that configuration.

3.3. Assessment of Sensitivity Parameters

A sensitivity analysis was conducted to evaluate the potential impacts of future
technological changes on the economic viability of the organosolv biomass fractionation
process, with a particular focus on TAC, which serves as a key indicator of economic
feasibility at the industrial scale. In general, sensitivity analyses in process simulation
commonly adopt variation ranges of £10-30% for operating and utility costs, £15-40% for
capital investment, and up to +50% for raw material and product prices [46,47]. However,
to ensure a consistent and comparable assessment across all scenarios, a fixed variation of
+10% was uniformly applied.

As shown in Table 5 and Figure 3, changes in chemical costs (Case 2) exerted the
most substantial influence on TAC. Scenario 2, which utilized CH,O,, showed the highest
TAC fluctuation at -0.18%, followed by Scenario 3 (CH30Na) at +0.12% and Scenario 1
(H2S04) at £0.01%. In contrast, fluctuations in raw material costs (Case 1), utility costs
(Case 3), utility consumption (Case 4), operating temperature (Case 5), and pressure
(Case 6) resulted in negligible changes in TAC, typically within £0.01% or even 0.00% in
several cases. Among the scenarios, Scenario 1 exhibited the highest cost stability, as all
parameters resulted in TAC variation of no more than 0.01%. These results confirm that
the chemical cost is the most sensitive and economically influential parameter in organosolv
fractionation, particularly when employing CH,O, and CH3ONa as catalysts.

Table 5. Sensitivity analysis of price fluctuations on TAC across different scenarios.

Parameter Changed Sk il i Tt TAC (Million US$/Year)
Min Change (%) Baseline Max Change (%)

Sy i0 1; O 1v fracti by H,S0; catalyst
Raw material cost Case 1 12.84 14.00 15.70 US$/ton 425 —0.01 4.26 427 001
Chemicals cost Case 2 different for water, ethanol and H, SO 425 —0.01 4.26 427 001
Utilities Cost Case 3 0.14 015 017 US$/kWhr 425 —0.01 4.26 427 001
Utilities consumption Case 4 75.71 84.12 92.53 KW 426 0.00 426 426 0.00
Temperature change Case 5 153.00 170.00 187.00 °C 426 0.00 426 426 0.00
Pressure change Case 6 18.00 20.00 22.00 bar 426 0.00 426 426 0.00

S i0 2; Org; 1v f; by CH, O, catalyst
Raw material cost Case 1 12.84 14.00 15.70 US$ /ton 391 —0.01 3.92 4.02 001
Chemicals cost Case 2 different for water, ethanol and CH, O, 3.74 —0.18 3.92 410 018
Utilities Cost Case 3 0.14 0.15 017 US$/kWhr 391 —0.01 392 393 001
Utilities consumption Case 4 69.74 7749 85.24 Kw 3.2 0.00 3.92 392 0.00
Temperature change Case 5 143.10 159.00 174.90 oc 3.92 0.00 3.92 392 000
Pressure change Case 6 18.00 20.00 22.00 bar 3.91 —0.01 3.92 393 0.01
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Table 5. Cont.
TAC (Million US$/Year)
Parameter Changed Min Baseline Max Unit = =
Min Change (%) Baseline Max Change (%)
S io 3; Org; 1v fracti ion by CH;ONa catalyst
Raw material cost Case 1 12.84 14.00 15.70 US§/ton 1526 —0.01 15.27 15.28 001
Chemicals cost Case 2 different for water, ethanol and CH;ONa 15.15 -0.12 15.27 15.15 012
Utilities Cost Case 3 0.14 0.15 017 US$/kWhr 1526 —0.01 15.27 15.28 001
Utilities consumption Case 4 69.91 77.68 85.45 Kw 1527 0.00 15.27 15.27 0.00
Temperature change Case 5 135.00 150.00 165.00 °C 1527 0.00 15.27 15.27 0.00
Pressure change Case 6 18.00 20.00 22.00 bar 1527 0.00 15.27 15.27 0.00
Case 6
Case 5
Case 4
Case 3 -
Case 2 —
Case 1
-0.20 —0‘,15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20

Percentage Change in TAC (%)

mm Scenario 1 (H:S04) Max ®mm Scenario 2 (CH:0:) Max = Scenario 3 (CH,ONa) Max
Scenario 1 (HzS04) Min Scenario 2 (CHz0:) Min E Scenario 3 (CHsONa) Min

Figure 3. Sensitivity analysis of price fluctuations on TAC across different scenarios.

These findings align with previous studies such as Parascanu et al. [48], who identi-
fied chemical and energy inputs as key cost drivers in lignocellulosic biorefineries, and
Gadkari et al. [49], who emphasized the significance of chemical cost control in reducing
the minimum product selling price. To improve the economic viability of organosolv-based
biorefineries, it is recommended to adopt strategies such as low-cost or free lignocellulosic
feedstock sourcing, solvent recovery optimization, and scaling up production capacity to
exploit economies of scale.

Table 6 presents the annual ethanol production, TAC, total product sales, and fractiona-
tion costs of cellulose, lignin, and ethanol across three organosolv process scenarios. Among
these, Scenario 2 demonstrates the most favorable economic performance. It achieves the
highest ethanol yield at 977,555.63 kg/ year and the greatest total product sales revenue of
88,138,800.00 USD/ year. Although TAC of Scenario 2 (23,493,394.47 USD/ year) is slightly
higher than that of Scenario 3, it remains lower than Scenario 1, resulting in a competitive
ethanol unit cost.

The value-based allocation approach was applied to distribute TAC between the main
products, ethanol and lignin. This method allocates costs according to the economic value
of each product rather than their mass proportions (as in mass-based allocation). The
economic value of each product was first calculated by multiplying its annual production
quantity (kg/year) by its respective market price (USD/kg). The total value was then
used to determine each product’s value fraction, which was subsequently multiplied by
TAC to derive the allocated cost for each product. Finally, the allocated cost was divided
by the product’s annual production to obtain the unit production cost. This method
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improves economic accuracy, especially in cases where the co-products differ significantly
in market value. It has been widely recognized in techno-economic assessments, such
as the work by [50], and in life cycle analysis (LCA) studies, including that of [51], as a
standard and appropriate method for cost allocation in biorefinery systems and product
life cycle evaluations [52].

Table 6. Value-based distribution of TAC for ethanol and lignin recovery.

Ethanol Lignin TAC Total Cost of Lignin Cost of Ethanol
Scenario Production Production Product Sales Production Production
(kg/Year) (kg/Year) (USD/Year) (USD/Year) (USD/kg) (USD/kg) (USD/L) *
1 1,057,365 1,430,841 4,263,365 43,710,900 1.88 1.49 1.20
2 1,081,976 1,276,287 3,927,396 43,291,000 1.84 145 1.14
3 1,055,075 1,362,780 15,273,841 43,950,800 6.96 5.49 433

Note: * Data are calculated based on an ethanol density of 0.789 kg /L [27].

Table 6 presents the value-based allocation of TAC for ethanol and lignin production
across three scenarios. Scenario 2 exhibits the lowest production costs for both ethanol
(1.45 USD/kg) and lignin (1.84 USD/kg), while maintaining comparable total product sales
to the other scenarios, indicating superior economic performance. In contrast, Scenario 3,
despite achieving the highest total product sales, incurs a significantly higher TAC, resulting
in markedly elevated unit production costs. Scenario 1 shows intermediate values in
terms of both costs and revenues. Overall, the value-based allocation approach highlights
Scenario 2 as the most cost-effective option, offering the lowest unit production costs for
both primary products.

Priadi et al. [53] reported an ethanol production cost of ~1.11 USD/L using enzymatic
hydrolysis, notably lower than the 1.14-4.32 USD/L range observed in Table 6. The discrep-
ancy likely arises from differences in feedstock, process scale, and regional costs. Similarly,
Gubicza et al. [54] and Kautto et al. [55] achieved lower MESPs (~1.03 and 0.81 USD/L,
respectively) through optimized organosolv pretreatment and lignin valorization. These
findings emphasize the impact of feedstock type, pretreatment efficiency, and co-product re-
covery on production economics. Using a value-based cost allocation approach, Scenario 2
showed the highest economic feasibility, with the lowest ethanol 1.14 USD/L (1.45 USD/kg)
and lignin costs (1.84 USD/kg). Further cost reductions could be achieved through lignin
valorization (e.g., eugenol production) and the fermentation of residual sugars such as
xylose, enhancing overall resource utilization and process viability in the Thai context.

A strategic evaluation of ethanol production efficiency under the three proposed sce-
narios was conducted using Normalized 3D Vector Analysis in combination with heatmap
visualization. This integrated approach serves as a systematic method for assessing multi-
dimensional process performance. It applies Min-Max normalization to rescale variables
with differing units into a common range (0-1), enabling equitable comparisons. The
normalized values are then represented as three-dimensional vectors, v = (%,y,2), typ-
ically corresponding to ethanol yield, TAC, and total product sales. The direction and
magnitude of each vector reflect the overall efficiency and balance among key indicators.
Simultaneously, the heatmap visualizes the normalized values using a color gradient to
highlight the strengths and weaknesses of each scenario. Together, these tools facilitate
a comprehensive techno-economic comparison, supporting strategic decision-making in
complex biorefinery systems.

Figure 4 presents a comparative techno-economic analysis of ethanol production from
sugarcane bagasse under three scenarios (Scenario 1-3). The assessment incorporates both
normalized three-dimensional vector plots (ranging from 0 to 1) and heatmaps to evaluate
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strategic indicators, including ethanol and lignin yields, TAC, total sales revenue, lignin
production cost, and ethanol production cost per unit. Based on the 3D vector analysis,
Scenario 2 demonstrates the most outstanding performance, characterized by the longest
vector length, indicating an optimal balance between high ethanol yield and reasonable
production cost. In contrast, Scenario 1, while achieving the highest lignin output, exhibits a
higher TAC and ethanol cost. Scenario 3, although offering the lowest TAC, yields minimal
ethanol output, resulting in the weakest overall economic performance. The heatmap
further corroborates this trend. Scenario 2 achieves superior values in key performance
indicators (e.g., ethanol production, revenue, and low unit costs), whereas Scenario 3
records the lowest values in several critical dimensions. From a strategic perspective,
Scenario 2 emerges as the most favorable option for ethanol production from sugarcane
bagasse using the organosolv process.
= Scenario 1

—— Scenario 2
— Scenario 3

2 2 o =
d EfhanolRost ©

o
r‘f?;rmah’;e

Scenario
2
°
o
.
) o
S o

-02 8

Ethénol Lignin AL Total Sales Lignin Cost ;
(kgl/year) (kg/year) (US$/year) (US$/year) (US$/kg) (US$/kg) B
Indicators 2

00 #

Figure 4. Comparative analysis of techno-economic performance for ethanol production from
sugarcane bagasse via the organosolv process using normalized 3D vectors and heatmaps.

4. Discussion

The evaluation of organosolv fractionation for ethanol production from sugarcane
bagasse underscores the pivotal influence of catalyst and solvent selection on biomass
deconstruction efficiency, ethanol yield, and overall process economics at an industrial
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scale. Among the three catalytic scenarios examined, distinct trade-offs were observed in
terms of biomass component recovery, conversion efficiency, and economic performance.

Scenario 1, employing sulfuric acid (H250y4), achieved the highest lignin removal
efficiency at 90.82%, alongside a glucose-to-ethanol conversion efficiency of 46.04%, which
was comparable to the other scenarios. However, the corrosive nature of HySO4 and the
associated environmental burdens, including intensive wastewater treatment, contributed
to elevated operational and maintenance costs, resulting in a higher TAC. In contrast,
Scenario 2, utilizing formic acid (CH202), demonstrated superior cellulose preservation
with the highest recovery rate of 94.52%. When evaluated using a value-based cost allo-
cation approach, Scenario 2 yielded the most economically favorable outcome, with unit
production costs of 1.45 USD/kg for ethanol and 1.84 USD/kg for lignin, corresponding
to approximately 1.14 USD/L of ethanol. These results, combined with moderate capital
requirements, position Scenario 2 as the most viable candidate for large-scale deployment.
Scenario 3, based on sodium methoxide (CH3ONa) in methanol, exhibited the strongest
performance in retaining total carbohydrates, particularly hemicellulose. Nevertheless,
its economic viability was undermined by the highest TAC of 15.27 million USD/year,
primarily driven by elevated chemical and operational expenditures, despite achieving the
greatest total revenue from product sales.

Parametric sensitivity analysis revealed that chemical costs were the most influential
drivers of TAC variability across all configurations, particularly in Scenarios 2 and 3. In
contrast, other factors such as feedstock price, reaction temperature, and pressure exerted
minimal economic impact. These insights reinforce the necessity of stringent chemical
cost management to improve process economics. Strategic performance benchmarking
using Normalized 3D Vector Analysis and heatmap visualization further validated Sce-
nario 2 as the most balanced and robust configuration. It excelled across key performance
indicators, including ethanol yield, revenue generation, and production cost minimiza-
tion, thus affirming its suitability for industrial-scale implementation within Thailand’s
emerging bioeconomy.

A comparative analysis (Table 7) with the existing literature highlights the variation in
minimum ethanol selling price (MESP) across different studies, shaped by feedstock type,
pretreatment strategy, and co-product valorization potential. This work emphasizes the
economic impact of catalyst selection in the organosolv fractionation process. The catalyst
CH,O0; yielded the most favorable MESP at 1.14 USD/L, followed by H,SOy at 1.20 USD/L
and CH3ONa at 4.33 USD/L. These findings indicate that organic acids present a more
cost-effective pathway for lignocellulosic ethanol production in Thailand. Gubicza et al. [54]
and Martinez-Hernandez et al. [50] reported MESPs as low as 0.50-0.63 USD/L through
advanced fermentation techniques and lignin valorization. Kautto et al. [55] demonstrated
further cost reduction with assumptions of high lignin market prices. Conversely, Correia
et al. [56] reported higher MESPs (2.41-2.70 USD/L) due to less favorable biomass and
lower conversion yields. Within this context, the MESP achieved in Scenario 2 (1.14 USD/L)
is competitive, while Scenario 3 reflects cost limitations despite technical strengths. In
conclusion, the findings emphasize that the integration of optimal catalyst-solvent systems,
effective co-product recovery (particularly lignin valorization), mitigation of fermenta-
tion inhibitors, and comprehensive process optimization are essential for enhancing the
economic sustainability of lignocellulosic biorefineries. Such strategic advancements are im-
perative for the successful transition of Thailand toward a high-value, bio-based economy.
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Table 7. Comparison of minimum ethanol selling price from various biomass feedstocks and conver-
sion technologies.

Biomass Main Process Technical Notes MESP (USD/L) Reference
Liquefaction + Recombinant E. coli (LYO1); -
Sugarcane bagasse SSF + Co-Ferm pH 6.0; no detoxification required 050:063 154]
Hardwood Organosolv + Ethanol-water 50:50; no catalyst 0.81 (base), 0.53 [55]
(generic) enzymatic hydrolysis or organic solvent recovery reported (lignin @1000 USD/t) -
Organosolv + H,S0; used as catalyst in organosolv; i
Wheat straw lignin valorization (eugenol) lignin valorized into eugenol 0.53 150]

Eucalyptus residues

Steam explosion +
enzymatic hydrolysis + fermentation

Steam explosion at 200 °C for 10 min;
enzyme: Cellic CTec2; 237 [56]
fed-batch fermentation

Corn stover

Steam explosion +
enzymatic hydrolysis + fermentation to high MESP

Similar to eucalyptus; low yield
from corn stover contributes 2.65 [56]

Organosolv + The current research

Sugarcane bagasse <l g allocatic Organosolv fractionation by H,SO; 1.20 (Scenario 1)

= Organosolv + o g o The current research
Sugarcane bagasse valia tesedaliomisn Organosolv fractionation by CH,O, 114 (Scenario 2)

‘_ Organosolv + Organosolv fractionation The current research
Sugarcane bagasse value-based allocation by CH;ONa &y (Scenario 3)

5. Conclusions

A comprehensive techno-economic evaluation was conducted to determine the in-
dustrial viability of ethanol production from sugarcane bagasse via organosolv fraction-
ation, utilizing three catalytic systems: sulfuric acid (H,SOy), formic acid (CH,0O;), and
sodium methoxide (CH3ONa). Each catalytic configuration exhibited specific advantages
with respect to biomass deconstruction, ethanol and lignin recovery, and cost efficiency.
Among the evaluated scenarios, the CHO,-catalyzed process demonstrated superior
performance, achieving the highest cellulose recovery (94.52%), a competitive ethanol
output of 1,081,976 kg/year, and the lowest production costs—1.14 USD/L for ethanol and
1.84 USD /kg for lignin. Capital investment remained moderate at 3.67 million USD, while
TAC was the lowest among all scenarios at 3.93 million USD/ year. Despite a slightly lower
lignin removal efficiency (81.01%) compared to the HySO4-based configuration (90.82%),
the CH,O, pathway maintained higher cellulose integrity and more favorable economic
indices, which offset its minor limitations. In contrast, the CH3ONa-based system retained
a larger proportion of hemicellulose but incurred substantial raw material and reagent
expenses, resulting in the highest ethanol (4.33 USD/L) and lignin (6.96 USD/kg) produc-
tion costs and TAC exceeding 15 million USD /year. Chemical input costs emerged as the
dominant sensitivity parameter, particularly for CH>O, and CH3ONa configurations, while
variations in feedstock prices, temperature, and pressure had negligible impacts on overall
cost structure. The sulfuric acid route, though efficient in delignification, was constrained
by corrosion risks and the need for extensive wastewater treatment, thereby raising operat-
ing and maintenance costs. Strategic performance evaluation using normalized 3D vector
analysis and heatmap visualization revealed that the CHO»-based process offered the
most balanced and economically viable solution, with favorable alignment across ethanol
yield, revenue, and unit cost metrics. These findings underscore the potential of formic
acid-catalyzed organosolv pretreatment as a scalable and sustainable approach for ligno-
cellulosic ethanol production in Thailand. To enhance long-term viability, future process
development should prioritize solvent recovery optimization, inhibitor mitigation during
fermentation, and lignin valorization into higher-value bio-based chemicals. Such advance-
ments will further strengthen the role of sugarcane bagasse valorization in supporting
Thailand’s transition toward a circular, bio-based economy.
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