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Abstract

The Aspen Plus process simulation with techno-economic assessment was used to evaluate
the industrial-scale feasibility of enzymatic hydrolysis of corn stover. Choline chloride
(ChCl)-based deep eutectic solvents containing lactic acid (LA), formic acid (FA), and
acetic acid (AA) as hydrogen bond donors were used to pretreat the corn stover. Optimal
pretreatment conditions (140 ◦C and a solid-to-liquid ratio of 1:30) achieved high levels of
lignin (77.3%, 72.9% and 73.5%) and xylan (90.2%, 93.5% and 90.5%) removal for ChCl/LA
(1:5), ChCl/FA (1:5) and ChCl/AA (1:5), respectively, while retaining significant levels
of glucan (81.3%, 76.2% and 82%). Subsequent enzymatic hydrolysis at 10% substrate
loading yielded glucose at 93.7%, 91.2% and 82.7%, respectively. The DES pretreatment
and solvent recovery units accounted for 41.9% of capital costs at a solid-to-liquid ratio of
1:30. Increasing the solid-to-liquid ratio to 1:10 reduced total capital investment by 41.6%.
Operational costs were heavily influenced by DES solvent consumption (81.2–92.7% of
raw material costs). Of the DESs, the ChCl/FA (1:5) pretreatment process offered the best
economic performance, achieving a minimum selling price (MSP) of USD 988.2 per ton.
Sensitivity analysis identified glucose yield as the most critical cost driver (±20% variation
caused a ±25% change in the MSP, followed by DES recycling efficiency. Fluctuations in
DES prices had a limited impact (±20% variation caused a change in MSP of only 2.4–3.8%)
due to the solvent recycling mechanism. This study demonstrates the potential of DES
pretreatment for industrial application through process optimization, solvent recycling and
valorization of by-products.

Keywords: deep eutectic solvent; enzymatic hydrolysis; process simulation; techno-economic
analysis; industrial syrup

1. Introduction
The depletion of fossil resources and the increase in global greenhouse gas emissions

have made the development of sustainable resources particularly crucial in addressing the
energy crisis and environmental pollution [1,2]. Lignocellulosic biomass, the most abundant
renewable carbon source in nature, has emerged as a strategic resource in addressing
the dual challenges of the energy and environmental crises due to its wide availability,
low cost and carbon-neutral properties [3]. This natural polymeric composite material,
consisting of cellulose, hemicellulose, and lignin, possesses unique structural properties
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and has garnered significant attention due to its potential conversion into various high-
value products. Modern biorefinery technologies can efficiently transform lignocellulosic
biomass into biofuels, high-value chemicals, and advanced functional materials, providing
critical support for establishing a green, low-carbon circular economy [4–6].

The sugar-platform conversion technology, which is based on pretreatment, enzymatic
saccharification and fermentation, is a key area of research in the field of biomass energy. It
enables the efficient conversion of lignocellulosic feedstocks into renewable liquid fuels
such as fuel ethanol. However, the tightly cross-linked, complex structure of lignocellulosic
biomass poses a significant challenge to enzymes. This severely limits cellulase accessi-
bility to polysaccharide substrates, thereby hindering efficient saccharification. Therefore,
developing advanced pretreatment technologies is crucial for overcoming this bottleneck.
Pretreatment can significantly enhance subsequent enzymatic efficiency by disrupting the
encapsulation of lignin and hemicellulose [7–9].

The traditional pretreatment processes, such as acid/alkali pretreatments and steam
explosion, have several disadvantages, including harsh reaction conditions, low efficiency,
and severe environmental pollution [10–12]. The deep eutectic solvents (DESs) have
emerged as a novel class of green solvent that has attracted widespread attention [13–15].
DES is formed through the self-assembly of hydrogen bond acceptor (HBA) and hydrogen
bond donor (HBD) via intermolecular hydrogen bonds. They offer many advantages, in-
cluding environmental friendliness, recyclability, and the use of cost-effective raw materials,
as well as simple preparation processes. Consequently, DESs have become a cutting-edge
area of research for replacing ionic liquids and conventional organic solvents in lignocellu-
losic biomass pretreatment [16,17]. Studies have shown that DESs can effectively cleave
ether linkages in lignin-carbohydrate complexes (LCCs), selectively extracting lignin while
minimally affecting the structural integrity of cellulose [18,19]. This precise fractionation
capability increases the efficiency of enzymatic hydrolysis by two to five times following
DES pretreatment, providing a new way to create an efficient sugar-platform. The DES
pretreatment technology not only overcomes the limitations of traditional methods but also
opens a new, green, and efficient pathway for lignocellulosic biorefining.

Choline chloride (ChCl) is the most commonly used HBA due to its biocompatibility,
low cost and biodegradability [20,21]. The physicochemical properties of DES can be pre-
cisely tailored by adjusting the type of HBD (e.g., carboxylic acids, polyols and amides) and
its molar ratio with ChCl to achieve selective deconstruction of biomass components [22].
Studies have shown that acidic HBDs (e.g., lactic acid and formic acid) can greatly improve
the depolymerization of LCCs via proton catalysis, demonstrating superior efficiency in
lignin removal compared to neutral or alkaline systems [23,24]. However, despite the excel-
lent performance of ChCl-based DES in the pretreatment stage, its efficiency is influenced
by multiple factors, including the physicochemical properties of HBDs, the conditions of
the pretreatment process, and the composition of the feedstock. Therefore, it is crucial to
investigate the effects of DES molar ratios (HBA: HBD), pretreatment temperature and
solid-to-liquid ratio on pretreatment efficiency, as well as analyze lignin and hemicellulose
removal rates and cellulose retention under different conditions, in order to identify optimal
pretreatment parameters. Such research is important for guiding the efficient conversion of
lignocellulosic biomass resources.

The pretreated biomass is then subjected to enzymatic hydrolysis using cellulase to
break down the cellulose into fermentable monosaccharides. This process is essential
for converting lignocellulosic biomass into sugars. In industrial production, evaporation
processes are required on the resulting hydrolysate to obtain a high-concentration, fer-
mentable sugar solution that serves as an excellent carbon source for subsequent microbial
fermentation. As a standardized and scalable bio-based platform chemical, industrial
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sugar syrup is primarily used to produce bio-based chemicals [25,26]. It can be fermented
directly into energy products such as fuel ethanol and butanol, or processed further into
high-value chemicals such as lactic acid and citric acid, as well as bio-based plastics and
rubber [27–29]. Taking a modular approach to treating industrial sugar syrup as a primary
product and evaluating its market price is crucial for assessing the economic feasibility
of bioethanol production. Process simulation software is a vital technical evaluation tool
for scaling up from laboratory to industrial production through systematic modeling and
simulation [30,31]. This model-based process optimization method can effectively identify
key cost drivers and provide a scientific basis for reducing production costs.

Techno-economic analysis (TEA) is a vital tool for assessing the technical feasibility
and economic viability of innovations. Its applications span a wide range of fields, in-
cluding environmental science, energy, infrastructure, manufacturing, and information
technology [32–34]. In biorefinery assessments, TEA typically calculates the minimum
selling price (MSP) of target products to determine economic sustainability. This is often
complemented by sensitivity analyses to address uncertainties and operational challenges.
Humbird et al. evaluated the economic performance of producing fermentable sugars from
corn stover via dilute acid pretreatment and ammonia-conditioned enzymatic hydrolysis,
reporting a blended sugar MSP of 0.12 USD/lb [35]. Baral and Sha conducted a TEA com-
parison of four pretreatment methods (steam explosion, dilute sulfuric acid pretreatment,
ammonia fiber explosion, and biological pretreatment) for corn stover-derived fermentable
sugars, with corresponding production costs of 0.43, 0.42, 0.65, and 1.41 USD/kg, re-
spectively [36]. In a separate study, Baral et al. optimized the conditions for alkaline
pretreatment and enzymatic hydrolysis of sugarcane bagasse, achieving a sugar produc-
tion cost of 1.32 USD/kg under refined bioprocessing parameters [37]. Notably, research
addressing the economic feasibility and cost analysis of DES pretreatments remains limited.
In the field of biomass valorization, Kumar et al. conducted a multi-scenario TEA for a
natural deep eutectic solvent (NADES)-based biorefinery with a processing capacity of
1 ton/day. Their findings revealed that multi-product valorization strategies outperformed
conventional single-output biorefineries in terms of cost-effectiveness. The co-production
of high-value products such as lignin and xylan was identified as being economically
indispensable, thus validating the profitability of integrated biorefinery configurations [38].
Peng et al. evaluated the economics of ethanol production using DESs of ChCl/lactic
acid (1:2) versus ChCl/urea (1:2) pretreatments. The acid-based DES reduced the MSP of
ethanol to 2128 USD/ton, which is significantly lower than the MSP for the urea-based DES
(3049 USD/ton), thus demonstrating its superior economic competitiveness [39].

In this study, a series of ChCl-based DESs were synthesized for the pretreatment
of corn stover in combination with lactic acid (LA), formic acid (FA), and acetic acid
(AA) as HBDs. This allowed the effects of key pretreatment parameters to be evaluated
systematically, including the HBD/HBA molar ratio, pretreatment temperature, and solid-
to-liquid ratio. We investigated the composition, morphology (as determined by scanning
electron microscopy), structure (as determined by FT-IR and XRD), and accessibility of the
synthesized cellulose-rich solid substrate. We also investigated the substrate’s enzymatic
hydrolysis under different solid loading and enzyme dosage conditions. Subsequently, an
industrial-scale syrup production process was simulated using Aspen Plus (V11). Thermal
energy analysis (TEA) was then performed to estimate capital expenditure and identify
the strengths and limitations of the production pathway. Finally, sensitivity and risk
analyses were conducted to assess the influence of variations in pretreatment parameters
on overall process costs and to identify key areas for future process optimization. In
summary, we identified the optimal reaction conditions for acidic DES pretreatment. Based
on the experimental results, we conducted an economic feasibility analysis of the DES
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pretreatment process for the simulation of industrial syrup production, providing valuable
references for its practical application in industrial-scale production.

2. Materials and Methods
2.1. Materials

Corn stover was purchased from Lianyungang City, Jiangsu Province, China. The
corn stover powder was soaked, washed and filtered with the purpose of removing the
water-soluble substances in it, and then dried at 60 ◦C and sieved to 40 mesh size for sealed
storage at room temperature. Choline chloride (ChCl), lactic acid (LA), formic acid (FA),
acetic acid (AA), and sodium acetate were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Sulfuric acid (95–98 wt%) was purchased from Yantai Sanhe
Chemical Reagent Co., Ltd. (Yantai, China). Cellulase was purchased from Novozymes
(Tianjin, China) Biotechnology Co., Ltd. at 700 EGU/g.

2.2. Preparation of DESs

The ChCl was used as the HBA, and either LA, FA, or AA was used as the HBD. They
were combined at specified molar ratios and stirred at a constant temperature of 80 ◦C until
a homogeneous, colorless, transparent liquid was formed. The prepared DES was cooled to
room temperature in a dryer filled with silica gel.

2.3. Pretreatment of Corn Stover

The pretreatment was carried out in a 200 mL polytetrafluoroethylene (PTFE) reactor,
which was sealed with a stainless steel tank that could be removed using a wrench. Three
grams of dry corn stover was placed in the PTFE reactor and mixed thoroughly with the
desired solvent. After sealing, the PTFE reactor and stainless steel tank were placed in a
JXF-8-200 homogeneous reactor (Yantai Songling Chemical Equipment Co., Ltd., Yantai,
China). The system was heated at an average rate of 5 ◦C/min until the desired temperature
was reached. After 3 h of incubation, the system was rapidly cooled using tap water. The
cellulose-rich residues were collected by filtration, first washed with the corresponding
DES (200 mL) and then with water until a neutral pH was achieved. The washed samples
were then dried in an oven at 105 ◦C for 6 h to evaluate the yield. The solid yield was
calculated using the following equation:

Solid yield(%) =
Mass of pretreated dry solid(g)
Mass of untreated dry solid(g)

× 100% (1)

2.4. Composition Analysis

The compositions of the raw material and the pretreated substrate was determined
using a two-step acid hydrolysis method, as recognized by the US Department of Energy’s
National Renewable Energy Laboratory (NREL) [40]. Approximately 0.3 g of the dry
sample (m0) was transferred to a pressure-resistant tube, to which 3 mL of 72% sulfuric acid
was added. The mixture was then incubated in a water bath at 30 ◦C for one hour. After this
time, 84 mL of deionized water was added to the mixture. The tube was then autoclaved
at 121 ◦C for 1 h, after which the resulting mixture was filtered through a pre-weighed,
glass-fritted crucible (m1). The retained solids were oven-dried to a constant weight (m2),
then combusted in a muffle furnace at 550 ◦C for 4 h. After cooling to ambient temperature,
the ash residue was weighed (m3). The absorbance (A) of the filtrate was measured at
320 nm using ultraviolet spectrophotometry. Monosaccharide content was quantified via
high-performance liquid chromatography (HPLC; Shimadzu, Kyoto, Japan), using an
Aminex HPX-87H analytical column (300 × 7.8 mm2; Bio-Rad Laboratories, Hercules, CA,
USA) and a differential refractive index detector. The column temperature was maintained
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at 45 ◦C. Samples were automatically injected (20 µL injection volume) with 5 mmol/L
H2SO4 serving as the mobile phase at a flow rate of 0.6 mL/min.

The computation formula is as follows [41]:

Klason lignin(%) =
m2 − m3

m0
×100% (2)

Ash(%) =
m3 − m1

m0
× 100% (3)

Acid soluble lignin(%) =
A × V
ε× m0

× 100% (4)

2.5. Enzymatic Hydrolysis

Enzymatic hydrolysis was performed on both untreated and pretreated corn stover
samples under controlled conditions of 50 ◦C, pH 4.8 and agitation at 150 rpm for 96 h. For
each reaction, 2 g of pretreated biomass (dry weight) was combined with 40 mL of sodium
acetate buffer solution in a 100 mL Erlenmeyer flask. The hydrolysis experiments evaluated
two cellulase loadings (15 and 7.5 filter FPU per gram of cellulose) across three substrate
concentrations (2.5%, 5% and 10% w/v). Aliquots for sugar analysis were collected at the
following intervals: 1, 3, 6, 9, 12, 24, 36, 48, 72, and 96 h. Prior to high-performance liquid
chromatography (HPLC) analysis, each sample was centrifuged at 3000 rpm for 5 min and
filtered through a 0.22 µm membrane. The glucose yield is the most direct and widely
applicable indicator of the overall efficiency of the process. The glucose content of the
filtrate was quantified by HPLC and the corresponding yield was calculated using the
following equation:

Glucose yield(%) =
Mass of glucose in hydrolysate(g)

Mass of glucan × 1.1(g)
× 100 (5)

2.6. Characterization of the Cellulose-Rich Residues
2.6.1. Fourier Transform Infrared (FT-IR)

The mixture of the sample and potassium bromide, with a mass ratio of 100:1, was
pressed into a tablet to be tested by Nicolet 510P FT-IR spectrophotometer (Shanghai
Simaiou Analytical Instrument Co., Ltd., Shanghai, China). The wavenumber range was
4000 cm−1 to 400 cm−1 with a resolution of 4 cm−1 [42].

2.6.2. X-Ray Diffraction (XRD)

The sample was scanned from 10◦ to 40◦ at a rate of 5◦/min using a Rigaku Mini-
Flex600 (Rigaku Corporation, Kyoto, Japan) with a Cu-Kα source to analyze the crystallinity
in the biomass before and after DES pretreatment. The intensity of the spectrum peaks was
used to calculate the crystallinity index, as shown in Equation (6) [43].

Crl(%) =
I002 − Iam

I002
× 100% (6)

CrI—crystallinity index, I002—peak intensity of crystalline region (2θ ≈ 22.6◦) and
Iam—peak intensity of amorphous region (2θ ≈ 16.2◦).

2.6.3. Scanning Electron Microscopy (SEM)

The freeze-dried samples (untreated and pretreated corn stover) were coated with
gold-palladium in a sputter coater. The morphological structure was observed by SEM
(JSM-6700 F, JEOL Ltd., Kyoto, Japan) at an accelerating voltage of 10 kV.
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2.6.4. Cellulose Accessibility Analyzes

Congo red staining was performed to assess the cellulose accessibility under wet
condition. The detection was carried out by referring to the description of Wiman [44].
Langmuir-type adsorption was obtained with 1% substrate in 0.1 M sodium acetate buffer
solution (pH 4.8) and incubation temperature of 50 ◦C. A 50 mL centrifuge tube was
charged with 30 mL of a 1% (w/v) suspension of freeze-dried sample in sodium acetate
buffer. Subsequently, Congo red dye was added to achieve a final concentration of 2 g/L.
After incubating the mixture in a dye solution at 50 ◦C with agitation at 180 rpm for 24 h, it
was centrifuged at 740× g for 10 min. The absorbance of the resulting supernatant was then
recorded at 498 nm. The concentration of Congo red in the solution was determined by
referencing a pre-established standard curve. Substrate accessibility was quantified based
on the amount of dye adsorbed during the assay.

2.7. Process Simulation

The industrial-scale production of syrup via DES-pretreated biomass was modeled
using Aspen Plus simulation software. The representation of biomass constituents, includ-
ing cellulose, lignin, and other components, along with their physicochemical properties,
was adopted from the methodology established by the National Renewable Energy Labora-
tory [35]. Activity coefficients in the liquid phase were determined using the non-random
two-liquid (NRTL) thermodynamic model [39], which is well suited for accurately simulat-
ing polar mixtures such as the industrial syrup–water system addressed in this study. For
DES properties not found in the Aspen Plus database, user-defined parameters were intro-
duced. These were based on published critical data [45] and thermophysical properties [46],
as summarized in Table S1.

2.8. Economic Analysis

The economic feasibility of industrial syrup preparation under different DES pre-
treatments was compared through economic analysis of operating costs, fixed capital
investment, and financial metrics. This included calculating the minimum selling price
(MSP) at the break-even scenario (zero net present value, NPV) to evaluate and guide the
construction and operation of the industrial syrup plant. Policy factors such as subsidies,
authorizations, or carbon credits were not considered [35].

Equipment costs were referenced to the value of 816 in the 2024 Chemical Engineer-
ing Plant Cost Index (CEPCI), expressed in U.S. dollars in 2024 [47]. The base year for
equipment purchases and associated parameters followed the methodology outlined in
the NREL report. Cost2024 specifically denotes equipment expenses in 2024. The scale ratio
between the designed plant capacity and the size of the reference equipment is represented
by Sn

r, where n is a scaling exponent typically ranging from 0.2 to 1, which is determined by
the production capacity characteristics of the relevant equipment. Total capital investment
(TCI) was computed using Equation (8) as the sum of working capital and other project
financing components.

Transportation and installation costs, in addition to equipment procurement expenses,
were incorporated into the economic model through Equation (9), with the corresponding
scaling and installation factors for standard equipment detailed in Table S2. Inside battery
limits (ISBL) equipment costs, including pretreatment, industrial syrup production, and dis-
tillation units, constitute a key part of total direct costs (TDC). Ancillary expenses, including
warehouse, site development and piping costs, were allocated through the ISBL frame-
work. Indirect costs (IDC), incorporating the project contingency, site costs, engineering
contingency, etc., were calculated as a percentage of TDC according to Equation (12). Fixed

https://doi.org/10.3390/su18052490

https://doi.org/10.3390/su18052490


Sustainability 2026, 18, 2490 7 of 23

capital investment (FCI) is the sum of TDC and IDC. Working capital, which is essential for
sustained operational continuity [48], was estimated at 5% of FCI using Equation (14).

A comprehensive operational expenditure analysis was performed using the Aspen
Process Economic Analyzer(V11). Total operating cost (TOC) comprises fixed operating
costs (FOC) and variable operating costs (VOC). FOC allocation incorporated labor salary
costs and labor burden (90% of total salaries), consistent with the technical assessment
by NREL [35]. The VOC included energy consumption, raw material inputs, chemical
reagents, and water requirements, and the corresponding procurement sources and market
prices are documented in Table S3.

Cost2024 = Costbase year × (S)n
r × CEPCI(2024)

CEPCI(base year)
(7)

TCI = TIC + 17.5% × ISBL + IDC + Land + Working capital (8)

TIC = ∑(Cost2024 × IF)i (9)

ISBL = ∑(Cost2024 × IF) (10)

TDC = TIC × 17.5% × ISBL (11)

IDC = 60% × TDC (12)

FCI = TDC + IDC (13)

Working capital = FCI × 5% (14)

TOC = FOC + VOC (15)

FOC =
(
∑ salaries

)
× 190% + ISBL × 3% + FCI × 0.7% (16)

NPV = Ci +
N

∑
n=1

CFn
(1 + r)n (17)

NPV = Ci +
N

∑
n=1

CFn
(1 + IRR)n = 0 (18)

Net present value (NPV) is a key metric for assessing investment profitability, as it
quantifies the present value of future net cash flows over the duration of the project. A
higher NPV indicates greater investment attractiveness, reflecting the direct relationship
between NPV magnitude and economic returns. These financial indicators are mathemati-
cally defined in Equations (17) and (18), where NPV represents the discounted sum of cash
flows (CF), taking into account the initial investment (Ci), the project’s lifespan (N years),
and the discount ratio [49].

The minimum selling price (MSP) was derived through discounted cash flow analysis
to identify the syrup price threshold that yields a zero NPV. In this analysis, an industrial
syrup production facility was modeled with a discount rate of 10% and a 25-year operational
lifespan (equivalent to 8410 h of operation per year). The calculation of income tax was
performed subsequent to the accounting for depreciation, which was computed on a
straight-line basis over the 25-year plant life with a salvage value of 5% of the initial fixed
asset cost. This process serves to reduce taxable income and is reflected in the after-tax
cash flows utilized for the calculation of NPV and MSP. Construction of the plant was
assumed to span three years, with capital expenditure distributed at 8%, 60%, and 32% of
total capital investment (TCI) across the respective years. This is consistent with NREL’s
benchmark assumptions [35]. Key investment parameters are summarized in Table 1.
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Table 1. Basic assumptions of economics.

Item Description

Plant capacity 30 tons per hour of dry wood
Plant life 25 years
CEPCI (2024) 816
Annual operating time 8410 h
Percentage of plant construction spending
in years 1, 2, and 3 8% in year 1; 60% in year 2; 32% in year 3

Construction period 3 years
Start-up time 3 months
Revenues during start-up 50%
Variable costs incurred during start-up 50%
Fixed costs incurred during start-up 100%
Salvage value 5%
Equity 100%
Income tax rate 25%
IRR 10%
Working capital 5% of fixed capital investment

Although the economics of a designed system can be determined through economic
analysis, its assumed parameters may introduce uncertainties that significantly impact
economic viability if altered [32]. To ensure analytical accuracy and evaluate the effect of key
parameters on the MSP of industrial molasses biorefineries, this study employed sensitivity
analyses. MSP variations were calculated when the prices of raw materials, biomass costs,
utility rates, investment parameters, by-product values and reaction conditions fluctuated
within ±20%, thereby identifying pivotal cost drivers [38,50].

3. Results and Discussion
3.1. Effect of Pretreatment Conditions on the Chemical Composition of Corn Stover
3.1.1. The HBD/HBA Molar Ratio

The effect of the HBD/HBA molar ratio of DES on the pretreatment efficiency was
investigated at 120 ◦C for 3 h, with a solid-to-liquid ratio of 1:10. The composition of
the corn stover, both before and after the pretreatment process, is shown in Table 2. The
untreated corn stover was found to consist of 37.2% glucan, 23.8% xylan, 26.4% lignin, and
1.9% acid-soluble lignin. When the HBD/HBA ratio was increased from 1:2 to 1:5, the
glucan content increased gradually from 57.5% (ChCl/LA), 53.2% (ChCl/FA), and 53.7%
(ChCl/AA) to 66.3%, 65.5%, and 64.2%, respectively. This enhancement in glucan content
was attributed to the progressive removal of lignin and xylan by the DESs.

Table 2. The composition of corn stover with DES pretreatments at different HBD/HBA molar ratios.

DES Type HBA/HBD Glucan (%) Xylan (%) Klason Lignin (%) Acid Soluble Lignin (%) Ash (%) Solid Yield (%)

untreated - 37.2 ± 0.2 23.8 ± 0.4 19.3 ± 0.6 1.2 ± 0.1 3.2 ± 0.5 -

ChCl/LA

1:2 49.8 ± 0.5 10.9 ± 0.8 20.7 ± 1.2 0.5 ± 0.2 6.0 ± 0.8 64.7
1:3 55.1 ± 0.5 7.1 ± 0.2 19.9 ± 1.1 0.6 ± 0.3 5.4 ± 0.3 58.1
1:4 55.6 ± 0.4 7.0 ± 0.6 19.4 ± 0.8 0.6 ± 0.1 6.6 ± 1.3 53.3
1:5 57.5 ± 0.2 6.1 ± 0.3 18.9 ± 0.5 0.5 ± 0.2 6.4 ± 1.2 48.6

ChCl/FA

1:2 53.2 ± 0.8 6.5 ± 0.7 22.6 ± 1.5 0.7 ± 0.3 6.3 ± 0.7 59.3
1:3 55.9 ± 1.3 5.6 ± 0.2 24.5 ± 1.2 0.6 ± 0.2 6.9 ± 0.5 54.7
1:4 56.6 ± 0.5 3.8 ± 0.7 23.8 ± 1.3 0.8 ± 0.3 6.9 ± 1.5 51.2
1:5 58.7 ± 0.2 2.8 ± 0.1 23.3 ± 0.9 0.5 ± 0.1 5.8 ± 0.5 45.6

ChCl/AA

1:2 46.5 ± 0.1 12.5 ± 0.9 19.2 ± 0.4 0.8 ± 0.4 4.7 ± 0.6 70.4
1:3 48.8 ± 1.4 10.8 ± 0.2 20.1 ± 1.6 0.7 ± 0.3 5.7 ± 1.1 66.8
1:4 51.2 ± 0.9 9.9 ± 0.6 19.2 ± 0.8 0.6 ± 0.2 5.8 ± 1.0 61.1
1:5 53.7 ± 0.5 9.7 ± 0.2 20.2 ± 1.2 0.6 ± 0.1 5.5 ± 0.6 56.6

The pretreatments were carried out at 120 ◦C for 3 h with a solid-to-liquid ratio of 1:10.
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As shown in Figure 1a,b, reducing the HBA/HBD molar ratio (i.e., increasing the HBD
content) increased the acidity of the solvent, enhancing the removal of lignin and xylan.
The optimal removal efficiencies for both components were achieved at an HBA/HBD ratio
of 1:5. Specifically, ChCl/LA (1:5) pretreatment yielded xylan and lignin removal rates of
87.5% (Figure 1a) and 54.1% (Figure 1b), respectively. Similarly, ChCl/FA (1:5) pretreatment
resulted in 94.6% xylan removal (Figure 1a) and 42.1% lignin removal (Figure 1b), and
ChCl/AA (1:5) pretreatment achieved maximum removal rates of 76.6% (Figure 1a) and
42.2% (Figure 1b) for xylan and lignin, respectively. Concurrently, the pretreated substrates
retained high cellulose contents of 75.5% (ChCl/LA (1:5)), 71.9% (ChCl/FA (1:5)), and
82.2% (ChCl/AA (1:5)), as shown in Figure 1c.

1:3 1:4 1:5 1:3 1:4 1:5 1:3 1:4 1:51:2 1:2 1:2
0.0

0.2

0.4

0.6

0.8

1.0

X
yl

an
 re

m
ov

al
 ra

te
 (%

)

 ChCl/LA   ChCl/FA   ChCl/AA

(a)

HBD/HBA molar ratio  
1:3 1:4 1:5 1:3 1:4 1:5 1:3 1:4 1:51:2 1:2 1:2

0.0

0.2

0.4

0.6

0.8

1.0

Li
gn

in
 re

m
ov

al
 ra

te
 (%

)

 ChCl/LA   ChCl/FA   ChCl/AA

(b)

HBD/HBA molar ratio
1:3 1:4 1:5 1:3 1:4 1:5 1:3 1:4 1:51:2 1:2 1:2

0.0

0.2

0.4

0.6

0.8

1.0

ce
llu

lo
se

 re
te

nt
io

n 
(%

)

 ChCl/LA   ChCl/FA   ChCl/AA

(c)

HBD/HBA molar ratio

Figure 1. The xylan removal (a), lignin removal (b), and cellulose retention (c) of corn stover after DES
pretreatments at 120 ◦C for 3 h with a solid-to-liquid ratio of 1:10 and different HBD/HBA molar ratios.

3.1.2. Solid-to-Liquid Ratio

The effect of the solid-to-liquid ratio on the efficiency of DES pretreatment was in-
vestigated at 120 ◦C for 3 h. As shown in Table 3, reducing the ratio from 1:10 to 1:30
significantly increased the glucan content of the solid residue. Specifically, pretreatment
with ChCl/LA (1:5) increased the glucan content from 57.5% to 66.3%. Meanwhile, pretreat-
ments with ChCl/FA (1:5) and ChCl/AA (1:5) showed increases from 53.2% to 65.5% and
53.7% to 64.2%, respectively. This enhancement is primarily due to the lower solid-to-liquid
ratio promoting biomass swelling and facilitating more effective lignin and hemicellulose
degradation and dissolution into the liquid phase. A significant enhancement in lignin and
xylan removal efficiency was observed at a solid-to-liquid ratio of 1:30. Pretreatment with
ChCl/LA (1:5) increased lignin removal from 54.1% to 66.7% (Figure 2a) and improved xy-
lan removal slightly from 87.5% to 88.8% (Figure 2b). Similarly, pretreatment with ChCl/FA
(1:5) significantly increased lignin removal from 32.9% to 62.5% (Figure 2a) and xylan
removal from 83.9% to 90.7% (Figure 2b). Meanwhile, pretreatment with ChCl/AA (1:5)
increased the lignin removal rate from 42.7% to 65.4% (Figure 2a) and the xylan removal
rate from 76.9% to 83.2% (Figure 2b). Notably, cellulose retention was significantly higher
at lower solid-to-liquid ratios than at higher ones (Figure 2c). At a solid-to-liquid ratio of
1:30, cellulose retention reached nearly 90% for all three DES pretreatments. This can be
attributed to the lower solid-to-liquid ratio facilitating more thorough biomass swelling
and enhancing pretreatment uniformity, thereby minimizing cellulose degradation.
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Table 3. The composition of corn stover with DES pretreatments at different solid–liquid ratios.

DES Type Solid-to-Liquid Ratio Glucan (%) Xylan (%) Klason Lignin
(%)

Acid Soluble
Lignin (%) Ash (%) Solid Yield (%)

untreated - 37.2 ± 0.2 23.8 ± 0.4 19.3 ± 0.6 1.2 ± 0.1 3.2 ± 0.5 -

ChCl/LA
1:10 57.5 ± 0.2 6.1 ± 0.3 18.9 ± 0.5 0.5 ± 0.2 6.4 ± 1.2 48.6
1:20 62.1 ± 0.7 5.6 ± 0.6 15.5 ± 1.2 0.8 ± 0.4 6.7 ± 0.9 52.0
1:30 66.3 ± 0.3 5.4 ± 1.2 13.2 ± 0.7 0.7 ± 0.6 5.2 ± 0.6 49.1

ChCl/FA
1:10 53.2 ± 0.8 6.5 ± 0.7 22.6 ± 1.5 0.7 ± 0.3 6.3 ± 0.7 59.3
1:20 58.5 ± 1.4 6.1 ± 0.2 17.8 ± 0.3 1.2 ± 0.9 6.6 ± 1.4 56.4
1:30 65.5 ± 1.2 4.2 ± 0.1 13.9 ± 0.8 0.6 ± 0.2 5.2 ± 0.3 52.8

ChCl/AA
1:10 53.7 ± 0.5 9.7 ± 0.2 20.2 ± 1.2 0.6 ± 0.1 5.5 ± 0.6 56.6
1:20 59.7 ± 0.7 8.1 ± 0.6 14.1 ± 0.7 0.8 ± 0.4 6.8 ± 0.5 57.2
1:30 64.2 ± 0.4 7.6 ± 0.6 12.8 ± 0.5 0.8 ± 0.3 2.7 ± 0.2 52.5

The pretreatments were carried out at 120 ◦C for 3 h with an HBD/HBA ratio of 1:5.
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Figure 2. The xylan removal (a), lignin removal (b), and cellulose retention (c) of corn stover after
DES pretreatment at 120 ◦C for 3 h with at HBD/HBA ratio of 1:5 and different solid-to-liquid ratios.

3.1.3. Incubation Temperature

Higher temperatures could increase the disruption of the hydrogen-bonding net-
work between lignin and carbohydrates, improving the interaction between biomass and
DES [51]. As shown in Table 4, the efficiency of pretreatment is significantly dependent on
the incubation temperature. Following pretreatment with ChCl/LA (1:5), ChCl/FA (1:5),
and ChCl/AA (1:5), the yield of the solid residue progressively decreased with increasing
temperature. Concurrently, the glucan content in the solid residues increased, indicating
that elevated temperatures facilitate DES-mediated cleavage of biomass chemical bonds,
thereby promoting the removal of lignin and hemicellulose. Figure 3a,b show that the
removal of lignin and hemicellulose exceeded 78% and 90%, respectively, at an incubation
temperature of 180 ◦C. However, the glucan losses of over 30% occurred due to highly
acidic conditions at such high temperature. Therefore, 140 ◦C was identified as the optimal
incubation temperature for DES pretreatment of corn stover.

Table 4. The composition of corn stover with DES pretreatments at different incubation temperatures.

DES Type Temperature (◦C) Glucan (%) Xylan (%) Klason Lignin
(%)

Acid Soluble
Lignin (%) Ash (%) Solid Yield

(%)

untreated - 37.2 ± 0.2 23.8 ± 0.4 19.3 ± 0.6 1.2 ± 0.1 3.2 ± 0.5 -

ChCl/LA
120 66.3 ± 0.3 5.4 ± 1.2 13.2 ± 0.7 0.7 ± 0.6 5.2 ± 0.6 49.1
140 70.2 ± 1.1 5.4 ± 0.4 10.2 ± 0.5 0.5 ± 0.2 8.3 ± 1.2 43.1
180 67.6 ± 0.7 2.2 ± 0.7 11.1 ± 1.8 0.3 ± 0.1 7.1 ± 1.1 39.2

ChCl/FA
120 65.5 ± 1.2 4.2 ± 0.1 13.9 ± 0.8 0.6 ± 0.2 5.2 ± 0.3 52.8
140 68.3 ± 1.1 3.7 ± 0.4 12.9 ± 0.4 0.5 ± 0.3 8.9 ± 0.7 41.5
180 69.1 ± 1.4 6.8 ± 2.5 12.3 ± 0.7 0.4 ± 0.2 3.1 ± 0.4 34.9

ChCl/AA
120 64.2 ± 0.4 7.6 ± 0.6 12.8 ± 0.5 0.8 ± 0.3 2.7 ± 0.2 52.5
140 69.2 ± 1.2 5.1 ± 1.2 11.9 ± 1.4 0.5 ± 0.2 9.1 ± 2.1 44.1
180 72.6 ± 1.6 1.5 ± 0.7 11.3 ± 1.7 0.4 ± 0.1 6.0 ± 0.5 38.5

The pretreatments were carried out with a solid-to-liquid ratio of 1:30 and a HBD/HBA ratio of 1:5 for 3 h.
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Figure 3. Xylan removal (a), lignin removal (b), and cellulose retention (c) of corn stover after DES
pretreatment at different incubation temperatures for 3 h with a solid-to-liquid ratio of 1:30 and an
HBD/HBA molar ratio of 1:5.

Overall, the optimum pretreatment conditions were obtained with an HBD/HBA
molar ratio of 1:5, a solid-to-liquid ratio of 1:30, and an incubation temperature of 140 ◦C.
Under these conditions, ChCl/LA (1:5) pretreatment achieved 77.3% lignin removal and
90.2% xylan removal while retaining 81.3% of the glucan. ChCl/FA (1:5) pretreatment
showed 72.9% lignin removal and 93.5% xylan removal, retaining 76.2% of the glucan.
ChCl/AA (1:5) pretreatment showed 72.3% lignin removal and 90.5% xylan removal while
retaining 82% of the glucan. The enhanced performance of ChCl/LA, particularly in terms
of lignin removal, can be ascribed to the bifunctional molecular structure of lactic acid.
The hypothesis is that the combination of a carboxylic acid group and a hydroxyl group
is more effective in disrupting lignin–carbohydrate complexes and hydrogen-bonding
networks within the biomass matrix. This, in turn, leads to enhanced solvent penetration
and component separation.

3.2. Enzymatic Hydrolysis

The enzymatic hydrolysis is a crucial step in producing fermentable sugars from
cellulose [52]. Glucose yield is a key criterion for evaluating the efficiency of DES pretreat-
ment. The efficiency of enzymatic hydrolysis is closely related to the chemical composition
of the samples following DES pretreatment. An increased cellulose content provides a
greater adsorption surface area for cellulase, thereby enhancing its hydrolysis efficiency [53].
Conversely, a lower hemicellulose content minimizes cellulose encapsulation and reduces
the physical barrier to enzymatic hydrolysis [54]. Meanwhile, a reduced lignin content
significantly decreases non-productive adsorption of cellulase [55].

The enzymatic hydrolysis of both pretreated and untreated samples was conducted
for 96 h at a substrate concentration of 2.5% (w/v) under high (15 FPU/g-cellulose) and low
(7.5 FPU/g-cellulose) cellulase loadings. As demonstrated in Figure 4a,b, the conversion of
cellulose to glucose occurred rapidly in the initial stage, but then plateaued after 24 h, due
to kinetic limitations arising from decreased substrate accessibility, enzyme deactivation,
and product inhibition. With the lower cellulase loading of 7.5 FPU/g cellulose, the glucose
yield from the untreated corn stover was very low at only 17.4% (Figure 4a). Even with the
higher cellulase loading, the glucose yield remained relatively low at 26.6% (Figure 4b),
indicating that the highly recalcitrant structure of the raw corn stover significantly inhibited
enzymatic hydrolysis.
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Figure 4. The glucose yields of pretreated substrates after enzymatic hydrolysis: (a) at a substrate
concentration of 2.5% with a cellulase loading of 7.5 FPU/g-cellulose; (b) at a substrate concentration
of 2.5% with a cellulase loading of 15 FPU/g-cellulose; (c) the effect of substrate concentration on the
glucose yield with a cellulase dosage of 15 FPU/g-cellulose.

After DES pretreatments, the glucose yields of all samples significantly increased due
to the removal of lignin and hemicellulose, and more cellulose being exposed. With a
lower cellulase loading of 7.5 FPU/g-cellulose (Figure 4a), the glucose yields after 96 h of
enzymatic hydrolysis increased to 63.6%, 60.43%, and 51.46% for corn stover pretreated
with ChCl/LA (1:5), ChCl/FA (1:5), and ChCl/AA (1:5), respectively. Further increasing
the cellulase loading to 15 FPU/g cellulose (Figure 4b) improved the glucose yields even
more, reaching 78.4%, 77.4%, and 67.5% for corn stover pretreated with ChCl/LA (1:5),
ChCl/FA (1:5), and ChCl/AA (1:5), respectively.

The enzymatic hydrolysis was also significantly influenced by substrate concentration.
The effect of substrate concentration on hydrolysis performance was investigated. As
shown in Figure 4c, raising the substrate concentration to 10% notably enhanced the
efficiency of enzymatic hydrolysis across all DES-pretreated samples. Of these, ChCl/LA
(1:5) pretreated corn stover exhibited the highest glucose yield, reaching 93.7% after 96 h
of hydrolysis. By comparison, the glucose yield was slightly lower for ChCl/FA (1:5)
pretreated corn stover (91.2%), while the lowest efficiency was demonstrated by ChCl/AA
(1:5) pretreated samples (82.7%). When the substrate concentration is low, the enzymes
become excessively dispersed in the solution. This reduces adsorption of the enzyme by the
substrate, resulting in lower hydrolysis efficiency. Increasing the substrate concentration
appropriately enhances the effective enzyme concentration and facilitates enzyme–substrate
interaction, thereby significantly improving cellulolytic hydrolysis efficiency.
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3.3. Characterization of Cellulose-Rich Substrate

Figure 5a indicates the FT-IR of solid substrate. The absorption band at 3420 cm−1

is attributed to the stretching vibration of the hydroxy groups. The band at 2918 cm−1

corresponds to the asymmetric C-H stretching vibration. Other characteristic bands of cel-
lulose are observed at 1200 cm−1 (O-H in-plane deformation), 1111 cm−1 (C-O-C stretching
vibration within the glucoside ring), 1057 cm−1 (C-O stretching vibration), and 1034 cm−1

(C-H in-plane deformation). Compared to the untreated raw material, the intensities of
these bands increased after pretreatment. This increase is attributed to the enrichment of
cellulose components in the pretreated solid residue. Such cellulose enrichment enhances
the efficiency of subsequent enzymatic hydrolysis.

Figure 5. The FT-IR spectra (a), XRD spectra (b), SEM images ((c1) untreated corn stover; (c2) corn
stover pretreated with ChCl/FA (1:5); (c3) corn stover pretreated with ChCl/LA (1:5); (c4) corn stover
pretreated with ChCl/AA (1:5)), and Congo red adsorption abilities (d) of untreated and pretreated
corn stover.

The absorption band at 1737 cm−1, which is characteristic of ether linkages between
lignin and hemicellulose acetyl groups, was completely eliminated following DES pretreat-
ments. The disappearance is attributed to the DES hydrolyzing the hemicellulose acetyl
groups. The characteristic absorption bands of lignin were observed at 1630, 1511, 1250,
and 886 cm−1, corresponding to aromatic ring skeletal stretching, C–O stretching, and the
planar vibration of syringyl lignin, respectively. After DES pretreatments, the intensity
of these bands decreased, indicating partial lignin removal. These results demonstrate
that DES effectively removes significant amounts of lignin and hemicellulose, thereby
enhancing the efficiency of subsequent enzymatic hydrolysis.
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The XRD patterns of the untreated raw material and the DES-pretreated cellulose-rich
solid substrate were recorded over a 2θ range of 10–40◦, as shown in Figure 5b. All samples
exhibited the typical cellulose Iβ (cellulose type 1) structure due to the characteristic peaks
of 2θ angles at around 16.2◦ and 22.6◦ corresponding to the (110) and (200) crystallographic
planes [56]. The crystallinity index (CrI) was calculated, revealing values of 42.2% for
untreated corn stover. Following DES pretreatment, the CrI of samples increased, attributed
to the removal of hemicellulose and amorphous cellulose. Although the CrI increased
after pretreatment, the enzymatic hydrolysis efficiency of the DES-pretreated cellulose
was further enhanced due to greater cellulose exposure resulting from the removal of
hemicellulose and lignin [40].

The accessibility of cellulose refers to the number of binding sites in lignocellulosic
biomass that are available for interaction with enzymes [57]. The accessible surface area and
porosity of biomass materials are critical factors that influence the efficiency of enzymatic
saccharification [24]. As shown in Figure 5(c1–c4), the surface morphology of corn stover
before and after DES pretreatment was examined. The untreated feedstock had a smooth,
intact surface, whereas the DES-pretreated samples had a rough texture with distinct
cracks and pores. This morphological transformation clearly shows that DES pretreatments
effectively removed the lignin and hemicellulose components that encapsulate the cellulose
microfibrils. This creates groove-like features and porous structures on the fiber surfaces,
significantly enhancing the accessibility to enzymatic attack.

To characterize these modifications quantitatively, the Congo red staining method
was used to measure the dye adsorption capacity of substrates in a wet environment.
This method more accurately reflects changes in the accessibility of pretreated substrates
because it simulates the hydrated environment of enzymatic hydrolysis systems. As shown
in Figure 5d, the untreated corn stover exhibited adsorption capacities of 309 mg/g. After
pretreatment with ChCl/LA (1:5), ChCl/FA (1:5), and ChCl/AA (1:5), corn stover showed
significantly enhanced adsorption capacities of 573 mg/g, 568 mg/g, and 516 mg/g, re-
spectively. These results confirm that DES pretreatments increase the surface area accessible
to enzymes, enabling enhanced penetration and adsorption, thereby increasing the sacchar-
ification efficiency.

3.4. Process Modeling

The simulation process for industrial syrup production was established (Figure 6),
consisting of four core process units: (1) the feedstock pretreatment unit, responsible for
initial material processing; (2) the DES pretreatment unit, utilizing DES for efficient biomass
deconstruction; (3) the enzymatic hydrolysis unit, employing biocatalytic methods for
targeted saccharification; (4) the DES recycling unit, enabling solvent recovery and reuse.
The main mass flow of components of DES pretreatment process were shown in Table S4.

The feedstock pretreatment section employs conventional mechanical processing
methods. First, the raw corn stover material is reduced to particles smaller than 0.4 mm
using a blade mill and hammer crusher. It is then screened through a vibrating sieve. This
increases the accessible surface area for subsequent pretreatment, thereby improving mass
and heat transfer efficiency, which makes this step indispensable [58]. Meanwhile, the DES
solution is prepared and mixed with the crushed biomass feedstock.

The crushed corn stover is fed into the pre-treatment reactor at a rate of 30 tons per
hour. Three acidic DESs with an optimal incubation temperature of 140 ◦C were selected
for simulation analysis at solid-to-liquid ratios of 1:10, 1:20, and 1:30. The synthesized
DES is pumped into the pre-treatment reactor. After the reaction, waste heat is recovered
via a double-stream heat exchanger (Heater 1) to pre-heat the feedstock (Stream 5). The
pretreated slurry then enters Splitter-1, a filtration unit that separates solids from liquids
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(Stream 6). The solid residue separated during this process (Stream 7) then proceeds to the
enzymatic hydrolysis section for saccharification, while the filtrate (Stream 13) enters the
recovery section for lignin extraction and DES/water recycling.

Figure 6. The simulation of the production workflow of industrial syrup from the enzymatic hydroly-
sis of DES-pretreated corn stover using Aspen Plus.

The enzymatic hydrolysis process involves washing, enzymatic saccharification and
evaporation/concentration. The pretreated lignocellulosic material is first washed with
water, then conveyed via a belt feeder into the saccharification reactor (Stream 9). The
cellulase is added at a loading of 15 FPU/g-cellulose, with a substrate concentration of
10% (w/v). Continuous enzymatic hydrolysis is then carried out for 96 h under controlled
conditions. After hydrolysis, the unreacted residues are removed by filtration. The resulting
liquid is then fed into a rotary evaporator to concentrate it, yielding an industrial-grade
sugar syrup with a concentration of around 50% (w/v) [26,59].

The pretreated filtrate enters the recovery section, where the lignin is obtained by
precipitation after a large amount of water is added. The remaining liquid contains DES,
water and sugars (Stream 15). As DES has a higher boiling point than the other components
in the system, a multi-stage flash distillation process is used to separate 95% of the DES.
After the lignin is filtered out, the liquid is sent to the first evaporator to vaporize the DES
and water. The resulting mixed vapor is then introduced into a distillation column for
fractionation, separating and recovering the water and DES.

3.4.1. Cost Estimation

Figure 7a shows the breakdown of the total capital investment (TCI) for DES pre-
treatment in the production of industrial syrup under different solid-to-liquid ratios. The
DES pretreatment unit and the recovery unit account for the largest proportion of the total
investment cost. Specifically, at a solid-to-liquid ratio of 1:30, these two units contribute
21.5% and 20.4% to the TCI, respectively. This is primarily due to the substantial increase
in the usage of DES solvent at the lower solid-to-liquid ratio. This necessitates the use of
larger processing equipment, which consequently leads to a significant rise in capital costs.
Interestingly, when the solid-to-liquid ratio is increased to 1:10, the total investment cost
decreases by USD 120.24 million compared to the 1:30 ratio, representing a substantial
reduction of 41.6%. These results clearly demonstrate the significant impact of solid loading

https://doi.org/10.3390/su18052490

https://doi.org/10.3390/su18052490


Sustainability 2026, 18, 2490 16 of 23

on total investment costs, indicating that increasing solid loading can effectively reduce the
capital expenditure required for industrial-scale production.

Figure 7. The total capital investment (a) and the total operating cost (b) at different solid–liquid
ratios. The total operating cost breakdown of ChCl/FA (1:5) pretreatment (c).

Figure 7b shows the annual TOC of the three DES pretreatments at different solid-to-
liquid ratios. It is clear that as the solid-to-liquid ratio decreases (i.e., more DES is used),
the raw material procurement costs increase substantially, leading to significantly higher
TOC values. Specifically, the TOC increases by more than 50% at a 1:30 ratio compared to a
1:10 ratio. Of the three DES pretreatments, the ChCl/LA (1:5) pretreatment has the highest
TOC, primarily due to the substantially higher market price of LA compared to FA and AA.
This elevated raw material cost directly contributes to the sharp rise in operating expenses.
In contrast, ChCl/FA demonstrates the lowest TOC, making it the most economically
favorable option under the tested conditions.

Taking the cost-optimal ChCl/FA (1:5) pretreatment as an example, Figure 7c shows
an analysis of its annual TOC cost distribution, with the detailed FOC parameters listed in
Table S5. The utilities and raw material costs are the main contributors to the TOC. Specifically,
raw material expenses (corn stover, DES, water, and enzyme) consistently account for over
37% of TOC across all solid-to-liquid ratios. DES is the dominant factor in raw material costs,
accounting for 81.2%, 89.6%, and 92.7% of total material expenses at solid-to-liquid ratios of
1:10, 1:20, and 1:30, respectively. This demonstrates that selecting lower-cost DES systems
could substantially enhance the economic viability of industrial-scale operations.

Notably, utility costs make a more significant contribution to the TOC in all DES
pretreatment processes, accounting for over 51% in each case. As shown in Figure 7c, the
largest proportion of utility costs is accounted for by steam consumption, followed by
cooling water and chilled water. This primarily stems from two factors: first, the DES
recovery process requires distillation to remove large quantities of solvents and impurities,
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and second, using pure DES for biomass pretreatment necessitates the complete removal
of moisture from the system, which leads to a significant increase in steam usage. There-
fore, developing efficient DES recovery processes and achieving solvent recycling would
markedly enhance the economic viability of the production process. A comprehensive
comparison of TOC cost analyses for the three DESs at different solid-to-liquid ratios re-
vealed that increasing the solid loading offers dual economic benefits. On the one hand, it
significantly reduces DES consumption, directly lowering raw material costs. On the other
hand, it substantially decreases steam consumption during DES recovery. This synergistic
effect optimizes TOC costs in high-solid-loading processes.

3.4.2. Economic Evaluation

Figure 8(a1,b1,c1) show the cumulative cash flow trends for the three DES pretreatment
methods with different solid-to-liquid ratios. The discount rate is 10%, and the selling
price of industrial syrup is 700 USD/ton [60]. The revenue includes income from selling
lignin by-products for use in power generation, and its specific pricing and sources are
detailed in Table S3. With the same selling price for the product, the net present value (NPV)
is significantly higher under high solid-to-liquid ratios than under low ones, indicating
that the latter offer better investment returns and market competitiveness. However, the
cumulative NPV results over the 25-year project lifecycle show that none of the three DES
pretreatment methods are economically viable, as they all have negative NPV values at
the end of the cycle. This is primarily due to the excessively high annual operating costs,
which lead to sustained losses throughout the production cycle and continuous negative
growth in NPV. Of the three DESs, the ChCl/FA (1:5) pretreatment at a solid-to-liquid ratio
of 1:10 performs best. It has the smallest negative NPV and is closest to the break-even
point, thus demonstrating relatively better economic potential.
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Figure 8. The cumulative cash flow diagram for a 25-year project using pretreatments of (a1) ChCl/FA
(1:5), (b1) ChCl/AA (1:5), and (c1) ChCl/LA (1:5). The effects of the selling price of industrial
syrup on the net present value using pretreatments of (a2) ChCl/FA (1:5), (b2) ChCl/AA (1:5), and
(c2) ChCl/LA (1:5).

Figure 8(a2,b2,c2) show how industrial syrup selling prices affect the NPV of three
DES pretreatment methods, as well as the minimum selling price (MSP) needed to achieve
an NPV of 0. The results show that raising the selling price changes the NPV from negative
to positive. Among the three DES pretreatments, a solid-to-liquid ratio of 1:10 yielded
the lowest MSP consistently, indicating optimal economic performance under these con-
ditions. Specifically, at a ratio of 1:10, the MSPs were 988.2 USD/ton for ChCl/FA (1:5),
1169.9 USD/ton for ChCl/AA (1:5), and 1516.7 USD/ton for ChCl/LA (1:5). Notably,
ChCl/FA (1:5) exhibited the most competitive MSP, coming closest to current market prices
and suggesting superior economic feasibility. Although ChCl/LA (1:5) pretreatment pro-
duced a higher enzymatic glucose yield, the significantly higher cost of the raw materials
meant that the MSP was substantially higher, which reduced its economic viability and
limited its potential for industrial-scale implementation.

3.4.3. Sensitivity Analysis

A sensitivity analysis was conducted to evaluate the impact of cost fluctuations on the
economic viability of ChCl/FA (1:5) pretreatment processes, involving examining the effects
of variations in key parameters on the MSP. The sensitivity analysis model was constructed
by adjusting each parameter by ±20% from its baseline value while keeping other variables
constant. The tornado diagram analysis in Figure 9 shows that the efficiency of enzymatic
hydrolysis has the greatest impact on MSP sensitivity, followed by the frequency of DES
recycling. The prices of DES and steam occupy the third and fourth positions, respectively.
Investment parameters (working capital percentage, tax rate, and project lifespan) and the
prices of auxiliary chemical have a negligible impact on sensitivity.

The most critical factors affecting MSP is the glucose yield. When using the most
cost-effective ChCl/FA (1:5) pretreatment, a 20% decrease in glucose yield leads to a 25%
increase in MSP. Furthermore, DES recycling cycles also have a significant influence on the
MSP. At solid-to-liquid ratios of 1:10, 1:20, and 1:30, variations in the number of recycling
cycles of ±20% resulted in changes to the MSP of ±6.8%, ±8.0%, and ±9.2%, respectively.
This shows that improving the efficiency of enzymatic hydrolysis and the recyclability of
DES are key ways to reducing production costs.

The MSP also demonstrates a high degree of sensitivity to variations in utility costs,
particularly influenced by the price of steam. A ±20% change in steam cost led to MSP
fluctuations exceeding ±6% across all solid-to-liquid ratios. Consequently, the development
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of novel processes aimed at improving steam utilization efficiency and DES recovery
constitutes a promising strategy for enhancing the overall economic viability of the process.

 

Figure 9. The MSP sensitivity analysis after ChCl/FA (1:5) pretreatment at solid-liquid ratios of
1:10 (a), 1:20 (b), and 1:30 (c).

Notably, although raw material costs for DES account for a significant proportion of
annual operating expenses, fluctuations in their prices have a relatively limited impact on
the MSP. For instance, a 20% increase in the price of ChCl resulted in MSP increases of just
2.4%, 3.1%, and 3.8% for solid-to-liquid ratios of 1:10, 1:20, and 1:30, respectively. Similarly,
a 20% rise in the price of FA led to corresponding MSP increases of 2.5%, 3.3%, and 3.8%
across the same ratios. This phenomenon is primarily due to the DES recycling mechanism,
which substantially reduces the consumption of fresh raw materials and thus mitigates the
impact of price fluctuations for individual components on the MSP.

In summary, multifaceted improvements, including process optimization, high-value
utilization of by-products, and policy support, can effectively reduce costs and increase
revenue. This can help to overcome the current economic bottlenecks in DES-pretreatment-
based biorefining. Specific strategies for optimizing economic performance include:
(1) Reducing DES costs and recycling energy consumption. Pure binary DES is a pri-
mary cost driver. Adopting water-containing ternary DES systems can significantly reduce
the energy consumption and costs associated with DES separation and recycling. Further-
more, water partially displaces DES usage, leading to additional savings on raw material
expenses. (2) High-value utilization of by-products. In this study, the lignin by-product
was only sold as low-value fuel, yielding a minimal economic return. Developing path-
ways to convert it into high-value products could substantially increase overall revenue.
(3) Optimizing processes and enhancing recycling. Effective approaches to boost economic
efficiency include optimizing enzymatic hydrolysis processes to improve product yields,
and enhancing the stability of DES recycling to increase the number of reuse cycles and
reduce DES consumption. Furthermore, national policy support and government subsi-
dies are crucial external catalysts that could facilitate an industrial breakthrough in DES
pretreatment biorefining.

To date, research into the techno-economic analysis of deep eutectic solvents (DESs)
remains limited. A recent review by Azzouz and Hayyan identified only 28 studies in
this area, accounting for less than 0.3% of all DES-related publications [61]. This scarcity
highlights a significant gap in our ability to assess the industrial scalability of DES-based
processes. Our study focuses on industrial syrup production from DES-pretreated corn
stover and contributes a detailed TEA to this emerging field. Specifically, the sugar pro-
duction cost in the most economical scenario of this study (ChCl/FA (1:5) pretreatment)
is notably lower than the monomeric sugar cost of USD 2.7–3.2/kg reported by Baral
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and Shah for a process involving the use of an ionic liquid (1-ethyl-3-methylimidazolium
acetate) [36]. This confirms the superior economic competitiveness of the acidic DES in-
vestigated in this study over ionic liquids. However, our production cost is still higher
than the USD 0.59/kg achieved for mixed feedstock processing via hydrothermal pre-
treatment, as reported by Ashraf and Schmidt [58]. A key limitation of the model is its
assumption of near-complete solvent recovery and treatment of lignin as a low-value fuel
rather than exploring its high-value utilization, which has been identified as indispensable
for the profitability of biorefineries. This research demonstrates that process optimization,
specifically increasing solid loading and enhancing solvent recycling, can substantially
reduce capital and operational expenditure, thereby improving the economic feasibility
of DES-based biorefining. To achieve industrial scalability, future efforts must integrate
innovations such as low-cost ternary DES systems, enhanced energy-efficient recovery, and
supportive policy frameworks, bridging the gap between promising laboratory results and
commercial feasibility.

4. Conclusions
The acidic ChCl-based DES pretreatments effectively fractionated the corn stover,

selectively removing the lignin and hemicellulose while retaining more of the cellulose.
Optimizing the process parameters (HBD/HBA molar ratio of 1:5, solid-to-liquid ratio of
1:30, and incubation temperature of 140 ◦C) resulted in over 70% lignin removal, over 90%
xylan removal, and over 80% cellulose retention. Substrate characterization confirmed that
DES-mediated structural deconstruction disrupted the biomass matrix. This significantly
enhanced cellulose accessibility and enabled glucose yields of over 90% upon enzymatic
hydrolysis. A techno-economic analysis demonstrated the superior economic viability of a
ChCl/FA (1:5) pretreatment at a solid-to-liquid ratio of 1:10, achieving a minimum selling
price of USD 988/ton, which is 30% lower than that of a ChCl/LA (1:5) pretreatment, due
to reduced solvent costs. Process economics were most sensitive to enzymatic hydrolysis
efficiency and DES recycling rates, with steam consumption and solvent prices being
secondary cost drivers. Future efforts should prioritize the development of low-cost
ternary DES systems, the valorization of lignin by-products, and the optimization of
solvent recovery.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su18052490/s1, Table S1. The thermophysical parameters of
ChCl; Table S2. The equipment size factor and installation factor; Table S3. The unit price of process
material and utilities; Table S4. The mass flow of main components of ChCl/FA at 1:10 solid-liquid
ratio (ton/h); Table S5. The total fixed operating cost evaluation results.
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