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ABSTRACT

The valorization of lignocellulosic biomass represents a key pathway toward sustainable chemical
production, as it enables the development of circular economy products with reduced dependence
on fossil resources. Among the platform molecules derived from biomass, furfural stands out as a
versatile intermediate that can be transformed into several high-value chemicals, such as furfuryl
alcohol, 2-methylfuran, tetrahydrofurfuryl alcohol, furan, tetrahydrofuran, and maleic anhydride.
In this work, an integrated biorefinery scheme for producing the main furfural derivatives is pro-
posed and evaluated through process simulation and sustainability metrics. The process was mod-
eled in Aspen Plus V14, using furfural obtained from lignocellulosic biomass (corn stover) as raw
material, following hydrogenation and oxidation routes. The process is multi-product, meaning that
the main furfural derivatives are produced simultaneously within the same plant. This was
achieved by implementing splitters that work at 50% capacity in the division of raw materials. The
mass and energy balances from the simulation were used to evaluate environmental, economic,
energy, and efficiency performance using a set of indicators. Economic data were obtained from
Aspen Economics, yielding a total capital cost of 7.65 MUSD and a total annual cost of 1.93
MUSD/year. The environmental assessment resulted in an EI99 of approximately 2.0x108
mPt/year, mainly influenced by hydrogen consumption and carbon monoxide emissions. From an
efficiency perspective, the process shows favorable performance, with an MLI of 0.07 and an MCI
of 69%, indicating high material efficiency despite the inherent complexity of multi-stage hydro-
genation and oxidation pathways. Overall, the results demonstrate the technical and sustainability
potential of an integrated furfural-based biorefinery, while highlighting opportunities for further
improvement through process integration and hydrogen recovery.
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INTRODUCTION

Background

Sustainability, the need to generate circular econ-
omy products, furfural as a high-value product from bio-
mass, a biorefinery scheme to produce all components
for different applications, furfural as a versatile platform,
explaining each of the products to be obtained.

The valorization of biomass as a sustainable alter-
native to its fossil counterpart, to create sustainable and
profitable processes, is of great importance since ligno-
cellulosic biomass is the only source that fixes carbon, is
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especially abundant, relatively inexpensive, and has
great potential to be transformed into high-value bio-
based chemicals. Due to this great economic advantage
offered by using biomass as a starting point for the cre-
ation of a complete process, process design is relevant
to identifying the appropriate kinetic and thermodynamic
conditions.

The concept of biorefinery has become popular in
recent years, as it involves the general concept of a plant
that processes raw materials from biomass and converts
them into a platform product, from which products with
higher market value can subsequently be extracted, but
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Figure 1. Primary products derived from the direct transformation of furfural [1].

which now have a more sustainable origin as they come
from biomass.

This study considered integrated biorefinery pro-
cesses by combining different processes to produce var-
ious products of interest. This was achieved by integrat-
ing mass and energy flows for the processing of furfural
by-products, which can improve process efficiency in
terms of yield, raw materials, and energy consumption,
reducing waste generation and promoting economic and
environmental performance. Since process integration
provides a broader view of the use of products and by-
products, through simple processes such as oxidation or
hydrogenation, we can obtain a new product derived
from the biorefinery. It is important to note that in previ-
ous cases, such as that carried out by Kabwe et al.
(2025), scenarios are studied where production focuses
only on some furfural derivatives. In this study, we carried
out a multi-product process, meaning that all the main
furfural derivatives are produced simultaneously within
the same plant. This was achieved through the imple-
mentation of splitters that operate at 50% capacity and
manage to divide the product flows that feed another
sub-process.

The Chemistry of furfural and its derivatives

The chemistry of furfural and its derivatives is well
developed. The main transformation of furfural is through
hydrogenation and oxidation, resulting in primary families
of derivatives that are more profitable than furfural, as
most of them already have an established market, as can
be seen in Figure 1. The different compounds obtained
are widely used as solvents, transportation fuels, gaso-
line additives, lubricants, resins, addictive and decoloriz-
ing agents, and flavor enhancers for food and beverages.
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Furfuryl alcohol

Among the main furfuryl derivatives, furfuryl alcohol
is the most established, due to its broad market with ap-
plications in the chemical industry, specifically in phar-
maceuticals, polymers, and resin manufacturing. It is also
an important chemical intermediate for the manufacture
of fragrances [1].

2-Methylfuran

In addition to the production of furfuryl alcohol, al-
ternative furfural derivatives of interest that show market
potential include 2-methylfuran (MF), which is currently
the focus of research because it is an alternative to fossil
fuels. Since MF has physicochemical characteristics like
gasoline, its implementation in internal combustion en-
gines is a potential field of application [2].

Tetrahydrofurfuryl

Tetrahydrofurfuryl alcohol is a promising source of
organic chemicals that are currently produced from fossil
fuels [3].

Furan

Furan is commercially produced from furfural by de-
carbonylation, where the loss of carbon monoxide di-
rectly yields furan. From a general chemical perspective,
furan is a 5-membered heterocyclic unsaturated ring
compound containing oxygen; therefore, it is the basic
ring structure found in all kinds of industrially important
products [4].

Tetrahydrofuran

Tetrahydrofuran has established itself as an excel-
lent solvent, with high volatility, a low freezing point, and
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Figure 2. Growth projections for the main furfural derivatives for 2030 [8-13].

the ability to dissolve both polar and non-polar com-
pounds. The applications of tetrahydrofuran are diverse,
ranging from the production of polymer coatings and ad-
hesives to pharmaceutical chemistry, where its presence
reflects the use of a clean solvent that can be easily sep-
arated from the desired products [5]. Currently, THF is
produced industrially from petroleum-derived intermedi-
ates, involving the hydrogenation of maleic anhydride or
the dehydration of 1, 4-butanediol. Bio-based THF can be
produced by direct catalytic hydrogenation of furfural or
using furan as an intermediate, achieving typical yields of
52-100% [6].

Maleic anhydride

Finally, maleic anhydride is the anhydrous form of
maleic acid and is currently produced on an industrial
scale from fossil fuels, but there is another route for ob-
taining it from furan. Its main applications are in the phar-
maceutical industry and in the manufacture of polyester
resins. The largest percentage of maleic anhydride pro-
duced in the United States is used in the manufacture of
polyester resins (52%). These applications are diverse,
ranging from their use in reinforced plastics for automo-
biles, boats, and construction panels, among others [7].
However, the market for maleic anhydride resins is un-
doubtedly growing year after year, hence the importance
of finding a new biosustainable production mechanism.

Market for the main furfural derivates

The market for furfural derivatives, as shown in Fig-
ure 2, has become even more important than that for fur-
fural itself as a base product, because it is these

Muiioz et al. /| LAPSE:2026.0377

Syst Control Trans 5:1374-1382 (2026)

transformed compounds that truly capture the greatest
economic and technological value in industrial chains.
While furfural is mainly used as a chemical platform and
specialized solvent, its derivatives find direct and mas-
sive applications in resins, fuels, additives, polymers,
coatings, and high-performance materials. This means
that demand is driven more by the end markets for these
derivatives than by the consumption of furfural itself,
shifting the focus from simple intermediate production to
the integration of higher value-added conversion pro-
cesses. In this sense, furfural increasingly functions as a
strategic “building block” within a biorefinery, while the
real economic and growth engine of the sector lies in the
diversification and expansion of its derivatives in larger-
scale, higher-margin industrial markets.

Based on this, several researchers have focused
their attention on conducting techno-economic analyses
of furfural derivatives to compare production costs with
prices established for different scenarios, such as Kabwe
et al. (2025), who evaluated different scenarios for the
conversion of furfural products, depending on the prod-
uct of interest and the conditions established.

CASE STUDY

Furfural production

The background to furfural production is the design
and optimization of a multi-product biorefinery aimed at
obtaining furanic compounds proposed by Caceres-Bar-
rera et al. (2024) from lignocellulosic biomass, using corn
stover as the main raw material. The proposed process is
based on a pretreatment that allows the biomass to be
1376
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Figure 3. The main production routes for furfural derivatives.

broken down and the constituent sugars to be released,
especially the pentoses from hemicellulose, which are
subsequently converted into furfural through dehydra-
tion reactions. The design strategically integrates the re-
action and separation stages to maximize the recovery of
furfural and other valuable products such as HMF, le-
vulinic acid, and y-valerolactone. It is here that we seg-
ment the production route and take the final stream of
the furfural product as feedstock for the biorefinery pro-
posed in this study.

Process description

The production process was modeled in the Aspen
Plus V14 process simulation tool using the diagram
shown in Figure 3 to obtain mass and energy balances.
The data retrieved from the simulation was used to per-
form multi-objective optimization using the mathematical
model we constructed to estimate the quantity produced
of each furfural derivative, maximizing profit. Assuming
that the amount of furfural is fixed and predetermined
(i.e., fixed plant size) retrieved from the article published
by Caceres-Barrera et al. (2024) [14].

The main production routes for furfural derivatives,
as shown in Figure 3, are hydrogenation and oxidation.
The reaction kinetics for each of the routes are shown in
Table 1.

Finally, the process modeled in Aspen Plus follows
the methodology shown in Figure 4. The process mainly
consists of six reactive zones for obtaining the main
products derived from furfural. The production of 2-
Methylfuran includes an additional separation process
through a distillation column for the purification of 2-

Muiioz et al. /| LAPSE:2026.0377

Syst Control Trans 5:1374-1382 (2026)

Methylfuran. The maleic anhydride production process
includes a purification process through an absorber to in-
clude a solvent that separates water from maleic anhy-
dride, which is then obtained through a distillation col-
umn.

Table 1: The reaction kinetics.

Reference
[15]
[15]
[16]
[17]
[18]

(17]

Kinetics
CsH,0, + H, — CsHgO,
CsH,0, + 2H, — CsHgO + H,0
CsH,0, + 4H, — CsH,,0,
CsH,0, - C,H,0 + CO
C,H,0 + 2H, — C,H,0,

C,H,0 + % 0, —» C,H,0; + H,0

Optimization

The production process for the main furfural deriv-
atives presents a suitable case for optimization, with the
analysis of the process’s economic, environmental, and
safety properties serving as the objective function. This
can be explained through the design parameters involved
in the process that directly impact economic, environ-
mental, and safety indicators. It is important to note that
to achieve a process with a positive environmental im-
pact, it is necessary to consider various external varia-
bles, such as the chosen solvent. To achieve a design
with high recovery of the main furfural derivatives, low
environmental impact, low operating costs, and safety, it
is necessary to have an appropriate design for the sepa-
ration and purification units of the main products. Like-
wise, the choice of the solvent used to purify maleic
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anhydride and the appropriate operating conditions play
a significant role in the process.

In this project, the objective function involves indi-
cators and metrics necessary for optimizing the produc-
tion process of the main furfural products, which are de-
scribed below.

Eco-indicator 99 (EI99)

The advantages of incorporating EI99 in sustainabil-
ity evaluations are manifold. Firstly, it offers a thorough
perspective on the environmental performance of a prod-
uct or system, enabling decision-makers to prioritize ac-
tions and investments in areas with the most substantial
impacts. EI99 covers a broad spectrum of environmental
categories, aligning with the multidimensional approach
of the UN's 2030 Agenda that seeks to tackle intercon-
nected global challenges. Eco-indicator 99 is one of the
most widely used environmental impact estimation meth-
ods and consists of a quantitative analysis of the life cy-
cle evaluated from beginning to end. The calculation is
performed using Eq. (1). Where w represents the damage
weight factor (Pts/kg), Ci represents the impact value for
each of the categories i, and a is the value of subcategory
j (kg/year). This methodology accounts for the origin of
raw material in processing and degradation. It is based
on standard ecological indicators, which are numbers
that express the total environmental burden of a product
or a process. The higher the value of the indicator, the
greater the environmental impact. Therefore, the best
scenario is the lowest possible EI99.

EI99=3,% @-C+q (1)

Total annual cost (TAC)

Assessing the overall yearly expenses of a process
is crucial within a sustainability framework. The evalua-
tion of total annual costs is essential for various compel-
ling reasons. Firstly, by quantifying these costs, organi-
zations and policymakers can comprehensively grasp the
environmental, social, and economic implications of their
actions. Sustainability goes beyond minimizing immedi-
ate expenditure; it requires an evaluation of long-term
consequences. Considering the comprehensive cost,
which includes direct and indirect financial expenses, en-
vironmental impacts, social implications, and potential
externalities, allows stakeholders to make well-informed
decisions considering the entirety of sustainability fac-
tors. This approach fosters transparency and accounta-
bility, as it enables a clear evaluation of trade-offs be-
tween short-term economic gains and long-term sustain-
ability objectives. The TAC assumes the annualization of
the investment cost of the main process equipment over
a 10-year amortization period. To calculate it, Eq. (2) is
used. Where Cry,; is the capital cost of the equipment in
dollars ($), r represents the payback period in years, and
Cu,j is the cost of cooling and heating services, in dollars
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per year ($/year). The objective function evaluates the
lowest annual cost of the process while considering the
utilities used by the plant and various units. The best sce-
nario is a total annual cost as low as possible to recover
the investment.

TAC = —Ei=1rc”“ + 3" Cuy (2)

Individual risk (IR)

The Individual Risk (IR) metric is crucial for sustain-
ability because it evaluates the likelihood of accidents or
harmful events affecting individuals, thus supporting the
design of safer industrial processes. By quantifying po-
tential risks to human health and safety, IR ensures that
processes prioritize safety, reducing the chance of inci-
dents that could harm people or damage the environment
[19]. This focus on minimizing risks aligns with the
broader goals of sustainability, including regulatory com-
pliance and social responsibility. Moreover, IR supports
Sustainable Development Goals (SDGs) such as Good
Health and Well-being (SDG 3) and Decent Work and
Economic Growth (SDG 8) by promoting safe working
conditions and protecting human health, which are es-
sential components of sustainable development [19]. The
IR identifies the risk that a person faces based on his po-
sition, including the likelihood of an accident resulting in
death or serious injury. The IR is defined as shown in Eq.
(3). Where, f; represents the recurrence that one acci-
dent will occur, and B, is the likelihood that the accident
will occur in a particular location.

IR =IR = Y fiB, (3)

In the methodology of this project, the instantane-
ous and continuous risk analysis was performed for each
of the equipment involved in the CO2 capture process
that is in contact with the solvent of interest. Cata-
strophic events such as Boiling Liquid Expanding Vapor
Explosion (BLEVE), Unconfined Vapor Cloud Explosion
(UVCE), Jet Fire, Flash fire, and toxic explosion were
evaluated using specific mathematical models for each
case reported in the literature. The ideal scenario is the
one with the lowest individual risk index (IR), as it would
be a less risky process.

The objective function

In this study, the objective function encompasses
three key areas: environmental, economic, and process
safety. It is hoped that this work will contribute to select-
ing the optimal production route for the main furfural de-
rivatives or to a specific analysis of a product of individual
interest. Similar studies have been previously reported by
Sanchez-Ramirez et al. [20] and Romero-Garcia et al.[21]
for carbon capture cases, but a similar methodology is
applied. Therefore, based on this prior information re-
garding the indicators, the general mathematical
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expression for the objective function, and the respective
decision variables involved in the optimization process,
are shown below in Equation (4).

Min [EI99, TAC, IR ] = f(N, j . NF, , D; j 1. DBP, RR, Q)

(4)

For the variables related to the capture process N ; , rep-
resents the number of stages, NF;; represents the feed
stage, D; ; represents the diameter where the i is speci-
fied for distillation column, absorber j and de k corre-
sponds to the desorber. DBP represents the solvent feed
flow in the absorber, RR represents re reflux ratio and Q
the reboiler duty, both in the desorber column.

The proposed model involves a significant number of var-
iables that must be optimized to achieve an optimal de-
sign and operating conditions, with the goal of minimizing
various performance metrics and maximizing the recov-
ery of the main products of market interest. The imple-
mentation of the global optimization approach involved
linking Aspen Plus with Microsoft Excel. To initiate the
optimization process, the design variables were specified
in Microsoft Excel using the stochastic optimization algo-
rithm, Differential Evolution with Tabu List (DETL). During
the optimization process, a vector of decision variables is
created from Excel to Aspen; in Aspen, the process is
evaluated under the parameters of the decision vector,
then it is assessed whether the combination of variables
is feasible; if not, the algorithm generates a new combi-
nation, the resulting data is returned from Aspen Plus and
stored in Excel, to apply constraints based on the desired
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purities or flows, evaluating the previously mentioned in-
dicators, to minimize the objective function and find the
optimal process design.

The parameters considered for the DETL method
are: population size of 120 individuals, 1, 000 generations,
a tabu list size of 60, a tabu radius of 0.0001, a crossover
rate of 0.9, and a mutation rate of 0.3. These parameters
have been shown to work exceptionally well with nonlin-
ear problems, yielding excellent results.

RESULTS

Analysis of the 3D Pareto Fronts

The scatter plot represents the system's solution
space, highlighting the variability among the evaluated
indicators. The blue points show all possible configura-
tions, while the orange points represent the smoothed
trend of the system’s behavior. A nonlinear relationship is
observed among the indicators, confirming the existence
of a trade-off between them and the multi-objective na-
ture of the problem.

Optimal Design

Table 2 provides a summary of the optimal design
for the main purification units in the furfural production
process; the optimal design is achieved when the objec-
tive functions are in equilibrium with one another and the
trade-offs between the objectives are balanced.
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Figure 5. Pareto fronts between the Total annual cost (TAC), Ecoindicator 99 (EI99) and Safety.

Table 2: Design parameters for the best scenario.

Variables Result
Column 1

Number of stages 17

Feed stage 8
Diameter (m) 3.3163
Reflux ratio 3.1266
Reboiler duty (GJ/h) 0.6372
Adsorption

Number of stages 17

Feed stage 1
Diameter (m) 1.9144
Desorption

Number of stages 15

Feed stage 5
Diameter (m) 2.0566
Reflux ratio 2.6567
Reboiler duty (GJ/h) 1.4854
Objective function

EI99 42896.24
TAC 4.3281E+10
SAFETY 3.2415E+09
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Itis possible to observe the impact of certain design
parameters on process performance. In the case of the
absorption unit, the solvent temperature plays an im-
portant role in achieving the adsorption of maleic anhy-
dride and its subsequent separation, thus directly affect-
ing the recovery efficiency of this main product. Further-
more, the reflux ratio is directly related to energy require-
ments. The higher the reflux ratio, the greater the energy
requirements for capture. Regarding the analysis of sus-
tainability indices, it is observed that the lowest EI99 is
achieved when lower amounts of energy are used in the
process, which is largely related to equipment sizes; this
trend is related to the process topology.Energy efficiency

Figure 6 highlights an important perspective on ef-
ficiency by comparing the production rate (kg/h) with the
energy consumption rate (MJ/h) for each component. It
is evident that not all processes use energy with the
same efficiency: for example, FURAN and FOL achieve
relatively high production with low to moderate energy
consumption, indicating efficient performance, while THF
and THFA consume more energy without a proportional
increase in production, making them less efficient. This
contrast becomes more pronounced with MF and, espe-
cially, with MA, where energy consumption is significantly
higher despite having production levels similar to those

Syst Control Trans 5:1374-1382 (2026) 1380



of other components, revealing energy-intensive pro-
cesses. Overall, the graph demonstrates that higher en-
ergy consumption does not necessarily translate to
higher production, underscoring the importance of eval-
uating and optimizing energy efficiency in process de-
sign.

Comparison of Product Output and Process Energy

—e— Product (kg)
Process Energy (M])

4000 A

3000 A

Values

2000 +

1000 +

MM

T T T T
FURAN THF FOL THFA MF MA
Components

Figure 6. Energy efficiency.

CONCLUSIONS

This study proposes the design and optimization of
a production plant for the main furfural derivatives. Sim-
ultaneous production is achieved through the implemen-
tation of flow separators for the main streams of first-
generation furfural products, thereby enabling the simul-
taneous production of six of the main derivatives. The
evaluation of metrics related to environmental impact,
economic assessment, and process safety provides a
broader perspective on how different variables can af-
fect the sustainability of the process. Finally, the imple-
mentation of the multi-objective optimization algorithm
provides a broader perspective on process control, with
the objective function being to minimize these economic,
environmental, and safety aspects of the process; this
aims to achieve the optimal design that meets the estab-
lished constraints and serves as the starting point for its
implementation or scaling.

In conclusion, this work creates an opportunity for
future research on the main furfural production routes.
Considering the sustainability framework, there is signif-
icant potential for process improvement and adaptation,
specifically regarding the implementation of new produc-
tion routes based on this work or the implementation of a
new solvent to recover maleic anhydride from the pro-
cess.
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