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ABSTRACT: Torrefaction is a thermochemical pretreatment that enhances biomass properties, improving energy density,
decomposition resistance, and hydrophobicity, making it a viable alternative as biofuel. This study performed a thermodynamic
assessment of the torrefaction process for urban forest waste, integrating experimental data with two-step reaction kinetic modeling
to evaluate the torrefaction product yields and properties using Aspen Plus software. The process was modeled with a yield reactor,
employing the Peng—Robinson equation to describe vapor-phase behavior and empirical correlations to predict solid-phase
properties. Simulations were validated against experimental data for temperatures between 225 and 275 °C, achieving an absolute
deviation of less than 5%. Energy consumption ranged from 368 kJ-h™" for light torrefaction to 1853 kJ-h™" for severe torrefaction.
Process irreversibility varied from 326 kJ-h™' (3% exergy destruction) in light torrefaction to 3993 kJ-h™" (16% exergy destruction)
in severe torrefaction. The research provides a robust model for torrefaction scale-up that is adaptable to diverse biomass feedstocks
and process conditions, highlighting its potential for optimizing energy use and improving sustainability in biomass utilization.

1. INTRODUCTION losic biomass presents structural heterogeneity, leading to

The growing population and rising energy demand have nonuniform physical properties.® These characteristics com-
intensified the search for sustainable solutions to minimize plicate itsg,g)andling, transportation, storage, and conversion

. . . processes.
environmental impacts and enhance waste management. High - o ) ) o

. . . ) Literature indicates that torrefaction is a promising and
fossil fuel prices and mounting environmental concerns have

. . . . 9,11
further driven this pursuit. While economic and technological essential pretreatment for lignocellulosic biomass. Torre-
. . faction is a thermochemical process typically conducted in an
development has underscored the importance of energy, it has ] ) AR
also contributed to environmental degradation, emphasizing inert or partially oxidative atmosp lielﬁe at temperatures between
the need to diversify the energy matrix 1,2 200 and 300 °C for 20—60 min.” ~ Recent studies have also
Biomass is currently the fourth largest energy source after explf)sred torrefaction in the transition zone to pyrolylsisl 5(350
o H 2
coal, oil, and natural gas, making it one of the most significant <) aﬂ‘? under mOdlf,wd atmospher.es, such as CO, . and
forms of renewable energy available worldwide.” Due to its flue gas, " to enhance biomass properties and energy efficiency.
abundance and renewable nature, biomass is a strong candidate The resulting biocoal acquires coal-like properties, optimized

as an alternative to coal.* In the future, solid biofuels derived

from biomass are expected to become a major energy source.” Received: ~ September 9, 2024
However, advanced technologies are required to convert and Revised:  January 8, 2025
upgrade biomass into a coal-like biofuel to utilize it effectively. Accepted: January 13, 2025

Raw biomass presents several challenges, including low energy Published: January 21, 2025

density, high oxygen and moisture content, hygroscopic nature,
and highly variable composition.”” Specifically, the lignocellu-
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for power and heat generation, with enhanced energy density,
hydrophobicity, decomposition resistance, and improved
storage performance.9’17

Torrefaction is an encouraging technology with a global
Technology Readiness Level ranging from 6 to 8, reflecting
progress from pilot-scale operations to limited commercial
applications."® This proves its scalability and adaptability for a
sustainable biomass deployment. However, further research is
essential to overcome economic barriers and enable broader
deployment, particularly in underdeveloped countries. The
literature highlights key areas for improvement, including
advancements in kinetics, reactor desi§n, fuel flexibility,
process control, and scale-up modeling.”"

The torrefaction process has been extensively investigated
through experimental and numerical methods, focusing on the
reaction kinetics and process simulation. Studies on reaction
kinetics for biomass degradation and their reaction mecha-
nisms usually focus on thermogravimetric data to predict the
solid yield. On the other hand, the process simulation
considers the entire reactor system, energy expenditures, and
the potential for upscaling.

Numerous studies have demonstrated that Aspen Plus
software is a reliable tool for modeling and predicting
torrefaction outcomes.'” Previous studies primarily focused
on mass and energy yields, the quantification of the Higher
Heating Value (HHV), the characterization of torrefied
biomass, and the composition of volatile compounds under
specific conditions. Various feedstocks were explored, includ-
ing pine wood chips, corn residues, forest residues, coffee
husks and grounds, Pinus radiata, and Eucalyptus globulus.
Onsree et al.'” studied the yield and energy requirements for
torrefaction of corn residue pellets, while Mukherjee et al.”’
studied the effect of torrefaction parameters on product and
byproduct composition of Spent Coffee Grounds and Coffee
Husk. On the modeling side, it is worth mentioning the work
of Bach et al,>** which presented a complete biomass
torrefaction model applied to analyze the process efficiencies,
and Manouchehrinejad and Mani,”> who simulated the
integration of biomass torrefaction and pelletization plant.

While these studies generally focus on relevant biomass
properties and energy consumption, they often overlook the
assessment of energy quality (exergy) related to chemical
transformations of biomass. In this context, Arteaga—Pérez24
evaluated integrated drying torrefaction using energy and
exergy criteria. Their work highlights the importance of an
integrated first- and second-law thermodynamic analysis of the
torrefaction process.

Exergy analysis allows improvements in energy efficiency by
evaluating process performance and identifying opportunities
for enhancements in high-energy-consuming equipment. This
approach assesses the efficiency of individual system
components and identifies %)otential solutions for optimizing
overall system performance.” In contrast to energy analysis, it
considers both the quantity and quality of energy, making it
essential for sustainability and Life Cycle Assessment (LCA)
studies.”**’

The originality of this study lies in (i) developing a detailed
torrefaction plant model in Aspen Plus, enabling a
comprehensive analysis of process outcomes; (ii) integrating
experimental torrefaction data, including raw material
composition and two-step reaction kinetics, for model
validation; (iii) performing a thermodynamic analysis of the
torrefaction process, evaluating energy and exergy performance
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in a continuous plant designed to valorize urban forest waste
(UFW); and (iv) conducting a thorough evaluation of
torrefaction yields, energy requirements, and irreversibilities
across varying temperatures, residence times, and moisture
levels, using a central composite design to cover the full range
of light, mild, and severe torrefaction. The results provide
critical insights for future economic and environmental
analyses, such as LCA, while paving the way for advanced
exergoeconomic and exergoenvironmental studies. This
research offers a robust and reliable model to serve as a tool
for the complete assessment of torrefaction scale-up, which can
be adapted to various biomass feedstocks and process
conditions.

2. METHODOLOGY

2.1. Biomass Feedstock Modeling. Aspen Plus was
chosen for its ability to model thermochemical processes such
as biomass torrefaction, offering robust thermodynamic
libraries, multiphase system tools, and seamless integration of
experimental data. It offers a user-friendly interface, extensive
thermodynamic libraries, robust multiphase system tools, and
the seamless integration of experimental data with reaction
kinetics. Additionally, it allows the incorporation of custom-
built subroutines developed in Fortran or Excel”® for accurate
simulations.

The primary challenge in thermochemical modeling of
biomass conversion is accurately representing biomass with
variable chemical and elemental compositions.”” Different
solutions are available to estimate biomass thermochemical
properties without considering the full complexity of its
chemical composition. In this study, biomass and biocoal were
treated as nonconventional solids without a specific formula,
characterized by proximate, ultimate, and sulfur composi-
tions.”® The proximate analysis gives the solid composition in
terms of moisture, fixed carbon, volatile matter, and ash,
denoted as PROXIMAL in Aspen Plus. The ultimate analysis
gives the solid composition in terms of carbon, hydrogen,
nitrogen, chlorine, sulfur, oxygen, and ash, denoted as
ULTANAL. Additionally, the sulfur compositions give the
weight fractions of sulfur divided into pyritic, sulfate, and
organic sulfur, known as SULFANAL.>>*" These compositions
are essential for accurate modeling, reaction understanding,
and mass balance calculations.

For greater accuracy in calculating heating values for organic
fuels like coal and biomass, it is recommended to use mineral
matter-free mass fractions®> (eq 1). The mineral matter
content is calculated using the modified Parr formula (eq 2),
which considers both sulfatic and organic sulfur. When
information on the different forms of sulfur is available, the
modified Parr formula offers a more precise estimate of the
percentage of inorganic material present."’0

dm wd — Awid
W, = —
1 — wym (1)
wypy = 113w, + 0'47W5p + wey )

where w corresponds to the mass fraction and the subscripts
MM, A, S,, and CI correspond to mineral matter, ash, pyritic
sulfur, and chlorine. The superscripts d and dm corresponds to
dry and dry and mineral and matter-free. Aw{ represents the
correction factor for other losses. For carbon and hydrogen
loss in the water, the constitution of clays was calculated
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Figure 1. Torrefaction process in Aspen Plus.
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according to eqs 3 and 4. Oxygen and organic sulfur were
calculated by eqs 5 and 6, respectively.’

AwS = 0.014wi + 0.005wg
P

(3)
d _ a_ d
Awg = 0.013w, 0.02wSP 4)
Al = 1l = i e ©
dm _ dm __ dm __ dm
Awg™ = ws," —ws " —wg_ (6)

The properties calculated for nonconventional solids were
density and enthalpy. The density was calculated by using the
DCOALIGT model, which is based on the Institute of Gas
Technology (IGT) correlation. This model provided the
density of coal on a dry basis and was used to calculate the
density of nonconventional components (biomass, coal, and
ashes). The model requires ULTANAL and uses ultimate and
sulfur compositions.”””” Equations 7—9 are those of the model
based on IGT equations.” The coefficients a; used in these
formulas can be found in Table S1 (Parameter name:
DENIGT).

p =
pidm
[p™™ (042w}, — 0.15w§‘wi) +1 - L13wy, — 0.5475w§‘wi]
(7)
pidm = dm 1 dm dm
ay + aywiy; + ay(wiph) + ay(wy);) (8)
o 107wy — 0.013wy, + 0.02w5, )
M T L13ws, — 0.475w¢ ) ©)
»

The general coal model (HCOALGEN) for calculating
enthalpy includes various experimental data to estimate the
heat of combustion, heat capacit?r, and heat of formation of
nonconventional components.’”*> The combustion of coal in
the HCOALGEN model uses a gross calorific value. A
deduction for the latent heat of water vaporization is necessary
to calculate the net calorific value. The heat of combustion
values was converted to a dry, mineral-matter-containing basis,

with a correction for the heat of combustion of pyrite (eq
10).%°

d _ dm
Achi = (]. - wMMI)Achi + 54OOWSP’i (10)
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The constants in the HCOALGEN correlations are bias
corrections derived from the IGT study.’® Numerous
equations have been developed to estimate the heating value
of organic fuels, such as coal, relying on the fuel’s elemental
composition.”* The Aspen Plus software employs a variety of
relevant literature correlations (Boie Correlation, Dulong
Correlation, Grummel and Davis Correlation, Mott and
Spooner Correlation, IGT Correlation, and Revised IGT
Correlation) developed for coal or other organic fuels. For this
study, the Boie correlation (eq 11) was chosen to estimate the
heating value.’>** The coefficients (a;) used in the simulations
were obtained from internally integrated tabulated parameters,
which can be consulted in Table S1 in the Supporting
Information (Parameter name: BOIEC).

dm __ dm dm dm dm dm
AhT = [aliWC,i t aywyp,; +ayws ; toagwo,; t+ aSiWN,i]
100 + ag (11)

The energy balance of unit operations relies on the standard
heat of formation of the participating substances. Thus, the
standard heat of formation of nonconventional solids is
calculated directly from the heating value of the substances.
The heat-of-combustion-based correlation (eq 12) was chosen
to estimate the heat of formation. This assumes that during
combustion, all elements undergo complete oxidation except
for sulfatic sulfur and ash, which are inert. The numerical
coefficients are combinations of stoichiometric ratios and heat
of formation for CO,, H,0, HCl, and NO, at 298.15 K.*°

Achit = Ak — (1418 x 10%;; + 3278 X 10w,
+9.264 X 10%wg, — 2.418 X 10wy

— 1426 x 10*w;,)100 (12)

The Kirov Correlations for the heat capacity (eq 13) have
been chosen to estimate the Heat Capacity (J-kg™-K™!).>%*
The Kirov correlation considers coal a mixture of moisture,
ash, fixed carbon, and primary and secondary volatile matter.
Secondary volatile matter includes any volatile matter up to
10% on a dry, ash-free basis; the remaining volatile matter is
considered primary.’® The coefficients can be consulted in
Table S2 in the Supporting Information.

ncn
d _ 2 3
Cp,i = Z wj(“i,jl + ai‘jo + ai'ﬁT + ai‘j4T )
j=1

(13)

Equations 1—13 represent the built-in calculations within
the Aspen Plus software through the nonconventional
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HCOALGEN and DCOALIGT models. Their inclusion in this
study clarifies the methodology and ensures transparency in
the simulation process. Primarily designed for coal, it
successfully simulated torrefaction, delivering reliable and
accurate results.'”***® Used to simulate the pretreatment of
different lignocellulosic feedstocks, the software can model
thermochemical conversion processes, including feedstock
decomposition and the separation of condensable/non-
condensable gases and solids/gases.””

The chosen feedstock was based on the literature on woody
residues. Silveira et al.'” experimentally investigated a blend of
UFW comprising six tree species, conducting torrefaction at
temperatures between 225 and 275 °C, with a controlled
heating rate of 7 °C-h™" and residence times ranging from 20
to 60 min in an inert atmosphere. The proximate, ultimate, and
calorific properties used as input data for the modeling
feedstock are available in the Supporting Information (Table
S3).

2.2. Torrefaction Plant Modeling. The torrefaction
process was simulated using Aspen Plus according to the
proposed flowsheet (Figure 1). Different blocks were used for
torrefaction simulations since no predefined reactors in Aspen
Plus can adequately model this complex process.”””* Since
kinetic modeling offers greater accuracy than equilibrium
modeling,”” reaction kinetics from the previous study'’ was
integrated with Aspen Plus by the CALCULATOR block.
Silveira et al.'” employed a kinetic model based on two-step
consecutive reactions’”*’ (see Figure S1) to predict the
torrefaction yield of UFW between 225 and 275 °C and
residence times of 20—60 min in an inert atmosphere. This
model, widely applied to various biomasses, effectively
describes torrefaction kinetics under varied conditions.”®” A
comprehensive list of all evolved reactions and kinetic
parameters used in this study can be found in the Supporting
Information (Table S4).

The following considerations were assumed: (i) isothermal
and at a steady-state process; (ii) the particle size effect and
intraparticle heat and mass transfer were not considered; (iii)
the Peng—Robinson equation of state with the Boston—
Mathias alpha function described vapor—liquid equilibria; (iv)
the biomass and biocoal produced were considered non-
conventional components; (v) nitrogen was added to simulate
an inert environment during torrefaction; and (vi) the
reference state for the Exergy calculations was defined as T
=25°Ce Py =10 atm.

In Figure 1, the raw biomass was represented by the mixture
of two streams: “Dry Biomass” (in green) and “H,O
(Moisture)” (in blue). The “Dry Biomass” stream, based on
a flow rate of 1 kgh™ (T = 25 °C; P = 1.0 atm), is
characterized by its proximate and elemental composition. The
“H,0 (Moisture)” stream accounts for the moisture content of
the biomass, ranging from 0 to 30%, with corresponding flow
rates between 0.0 and 0.43 kg'h™ (T = 2S5 °C; P = 1.0 atm).
Additionally, the “N, (Cold)” stream (in purple) represents
the nitrogen (N,) input, with a flow rate of 1.2 mL-min~" (T =
25 °C; P = 1.0 atm) of nitrogen for every 100 mg of material
during torrefaction.”® All input streams were mixed in a Block
Mixer (P = 1.0 atm).

The torrefaction process itself was simulated by using three
blocks. The yield reactor (R1), RYield, operating at T = 225—
275 °C and P = 1.0 atm, considered the decomposition of
dried biomass following a two-step kinetic (Figure S1 in
SM),"”*" with the aid of a TORRCALC block. The PR—BM
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property model (Peng—Robinson equation of state with
Boston—Mathias modification) was used to estimate the
properties of conventional components available in liquid
and gas phases. The Separator block (SEPAR) separates the
volatile material into the beige stream (Separ,,) from the
torrefied solid in the black stream (Biomass,,,,), operating at T
=225-275 °C and P = 1.0 atm. The produced volatiles (Table
SS in SM) were categorized as condensable (bio-oil), including
acetic acid (CH;COOH), water (H,0), formic acid
(HCOOH), methanol (CH;0H), lactic acid (CH;—CH-
(OH)-COOH), furfural (C,H;OCHO), hydroxyacetone
(CH;COCH,0H),*” and the noncondensable (Torgas),
including carbon dioxide (CO,) and carbon monoxide
(CO).*>" The red stream “Qr,,,” represents the heat required
for torrefaction calculated by the enthalpy difference between
the RIOUT and the MIXEROUT streams.

Using the RYield block in combination with the
CALCULATOR block was motivated by the feasibility of
employing the kinetic equations (Table S4 in SM) to calculate
the mass yields of the pseudocomponents (A, B, C, V;, and V,)
considered in the two-step reaction model. This approach
follows a methodology similar to that used by Puig-Gamero et
al,** which used mass yield equations to simulate pyrolysis,
employing an RYield reactor combined with a CALCULA-
TOR block.

The studies by Arteaga-Pérez et al,,”* Mukherjee et al,,”” and
Onsree et al.'” used similar configurations, though they
employed two RYield reactors instead of the single one used
in this work. In the works by Mukherjee and Onsree, the first
reactor simulates the decomposition of biomass into volatiles
and an intermediate solid, while the second reactor simulates
the decomposition of the intermediate solid into volatiles and
torrefied biomass. In Arteaga-Pérez’s study, the first reactor
fractionates the wood into hemicelluloses, cellulose, and lignin,
and the second reactor produces volatiles and torrefied solids.
In all three studies, separators are used to isolate the volatile
products from the torrefied solid products.

The present numerical assessment comprises two key
analyses: (1) validation of the torrefaction plant with
experimental data and (2) evaluation of the torrefaction
process through modeling under all conditions within the
validated range. Torrefaction was validated using experimental
data obtained from torrefaction conducted at temperatures of
225-275 °C, with residence times ranging from 20 to 60 min
and a heating rate of 7 °C-h™" under an inert atmosphere.'”
The kinetic reaction rates applied to model the thermode-
gradation were determined by evaluating biomass on a dry
basis (0% moisture content).17

Next, the validated torrefaction plant was further evaluated
for solid and energy yields, energy consumption, and
irreversibilities, considering treatment temperatures of 225,
250, and 275 °C and residence times of 20, 40, and 60 min. In
addition, energy requirements and irreversibilities were also
analyzed concerning biomass moisture content levels of 5%,
17.5%, and 30%. A central composite face-centered design
(CCD) was implemented, and the results were analyzed by
using Stat-Ease-Design-Expert (version 23.1.4). These temper-
atures cover the three levels of torrefaction: light (200—240
°C), mild (240—260 °C), and severe (260—300 °C)."°

2.2.1. Exergetic Analysis. In contrast to energy analysis,
exergy analysis offers a precise approach by considering both
the quantity and the quality of energy. Exergy is closely linked
to the sustainability and environmental impact of a process,

https://doi.org/10.1021/acsomega.4c08299
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Table 1. Simulation Results of Torrefaction Outcomes in Aspen Plus, Detailing the Product Yields, the Proximate and
Ultimate Composition of Biocoal, Energy Performance Metrics, Exergy Flows, and Irreversibilities

experimental data from Silveira et al.'” simulation
raw 225 °C 250 °C 275 °C 225 °C 250 °C 275 °C
Product Yields (%)
biocoal (Ygr) 100.00 94.00 86.00 78.00 9421 87.10 7527
torgas 123 1.84 1.70
bio-oil 4.56 11.06 23.03
Proximate Compositions (%)
FC 17.90 19.88 24.31 30.20 20.37 24.40 31.10
VM 77.61 75.56 70.68 64.25 74.97 70.58 63.29
ash 4.49 4.56 S.01 5.55 4.66 5.02 S.61
Ultimate Compositions (%)“
Cc 44.91 48.63 50.52 $3.3 46.42 47.77 49.41
H 7.25 6.56 6.31 5.90 7.23 7.14 6.87
N 0.64 0.76 0.78 0.81 0.68 0.73 0.85
o’ 42.71 39.49 37.38 34.44 40.9 39.19 36.91
H/C 1.92 1.61 1.49 1.32 1.86 1.78 1.66
o/C 0.71 0.61 0.56 0.49 0.66 0.62 0.56
HHV (M] kg™)
biocoal 19.79 20.64 21.19 21.99 20.49 21.03 21.51
torgas 1.74 1.76 1.83
bio-oil 15.48 16.52 17.0S
Energy Performance”
EF 1.04 1.07 111 1.04 1.06 1.09
EY (%) 97.99 92.08 86.63 97.53 92.54 81.80
EMCI 3.99 6.08 8.63 3.31 S.44 6.53
Energy and Exergy

Qron’ 368 441 561
B,/ Tored 2073 21.61 22.19 23.02 2145 22.02 22.52
I 620 1581 3438

“Specifically for biocoal. O = 100~C—H—N—ash. “MJ-h~%. 4(MJ-kg™).

making it an essential tool in LCA studies.”® For this analysis,
the reference state for exergy calculations was defined at T, =
25 °C and P, = 1.0 atm.” The physical exergy of biomass
(both raw and torrefied) was not considered, as it is a solid.*
The exergy of a flow crossing the control volume boundary was
calculated using eq 14, where factors temperature, pressure,
and the reference state are denoted by subscript 0.”7** The
internal model of the EXERGYFL software calculated the

130,45

physical exergy of the volatile flow in kJ-h™".

Exph = (h - hO) - ,12)(5 - 50) (14)
In this case, h and s are the total enthalpies and entropies of the
flow, respectively. The subscript O represents the dead state,
ie, P=1atm and T = 25 °C. Equation 15 determined the
calculation of the chemical exergy of the biomass.*” The
chemical exergy of the volatile mixture (in kJ-mol™) was
obtained by eq 16, requiring the standard chemical exergy
value of chemical compound i (ex,;) and R = 8314 J K™"-

mol 15031
raw/Torr __
E, ™™ = 1.047HHV,,, 70r (1)
Ex:}':mure = Z xiexgh,i + RT, Z x; In x
i i (16)

Here, x represents the molar fraction. The first term in eq 16
represents the sum of each component’s chemical exergy
contributions. The second term arises from the entropy
generation associated with the mixture and depends on the
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concentration of each substance present.47 The standard
chemical exergy value of a substance can be determined
using eq 17, given the standard Gibbs free energy of formation
(Ag) and the standard chemical exergy of the constituent
elements (ex} gjement)- The tabulated values for these proper-
ties, considering carbon, hydrogen, and oxygen, are exgh,c =
410.26 kJ-mol ™, exg, ;= 236.1 kJ-mol™", and ex, o = 3.97

kj‘mol_l.so’52

0 _ A0 0
Xch,i = Agr + Z (Uelementexch,element)

element

(17)

Here, Djemene represents the stoichiometric coeflicient. Table
S6 lists the standard chemical exergy values for all nine
components constituting the volatile material stream released
during torrefaction and the standard chemical exergy of
Nitrogen (N,) and Liquid Water. The standard chemical
exergy values for nitrogen, water (in both liquid and vapor
states), gaseous methanol, carbon dioxide, and carbon
monoxide were obtained from tabulated data in the
literature.>

The standard chemical exergy for the remaining elements
was calculated using eq 17 and validated by comparing these
values with those reported in the literature. For instance, the
standard chemical exergy values for acetic acid, formic acid,
lactic acid, and furfural were consistent with those from
previous studies, confirming the appropriate use of the
standard chemical exergy for hydroxyacetone. Additionally, the
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exergy of heat (in kJ) was calculated usin§ eq 18 with Tr,,
representing the torrefaction temperature.5 o1

o
(18)

The exergetic balance’' (eq 19 in kJ) quantifies the input
and output of the exergy, revealing the irreversibility of the
process (I), denoted by the destroyed exergy.

E, =E .*t1

X, Xout

B

-

Torr

xQ

E

(19)

By evaluation of the destruction of exergy, which represents
the useful part of energy, it is possible to accurately identify
real losses in a process. This plays a crucial role in improving
the efficiency and process optimization.

2.2.2. Energy Performance of the Torrefied Product. The
energy performance of the torrefied product was assessed by
analyzing its HHV in MJ-kg™" (eq 20)," based on the elemental
composition of biomass (C, H, S, O, and N in %).
Additionally, the assessment included the enhancement factor
(EF, dimensionless) (eq 21), energy yield (in %) (eq 22), and
the energy-mass-co-benefit-index (EMCI, dimensionless) (eq
23), which represent the difference between energy yields
(EYs) and mass yield (Yrg).

HHV=0.3491 X C + 1.1783 X H + 0.1005 X S

—0.1034 X O — 0.0151 X N (20)
HH\ItDI‘l’
EF=——1¢
HHV,,,, (21)
EY=EF X Y4 (22)
EMCI=EY — Y (23)

3. RESULTS AND DISCUSSION

This section outlines the key analyses and interpretations
derived from the study. The proposed simulation model was
first validated through comprehensive comparisons with
experimental data, confirming its accuracy and reliability.
Following the validation, the effects of variables such as
torrefaction temperature, residence time, and biomass moisture
on the system’s responses were evaluated, providing a deeper
understanding of the processes involved and their practical
implications. These results are discussed in detail, highlighting
their relevance and potential applications.

3.1. Validation of Torrefaction Process Simulation.
Table 1 presents the estimated (biocoal, bio-oil, and torgas)
yields, proximate and ultimate compositions of biocoal, and
energy indexes derived from the proposed model. These results
were validated with experimental data from Silveira et al.'”
(Figure 2).

The simulation showed low deviations for all studied
parameters, including solid yield, proximate and ultimate
composition of a solid product, and energy indexes across the
three analyzed temperatures. The largest deviations occurred at
higher temperatures, which can be explained by the difficulty in
conducting experiments under those conditions. The behavior
of these responses aligned with the experimental results
reported in the literature, indicating that the model is a reliable
approach for describing the biomass and vapor—liquid
equilibria.
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Figure 2. Absolute deviation (in %) for comparing simulation results
with experimental data for (a) solid yield and proximate composition,
(b) ultimate composition, (c) energy efficiency (EF) and energy-
matter conversion index (EMCI), and (d) HHV and EY.

The proposed torrefaction model tends to underestimate
carbon content (C %) compared to experimental findings.'”
Conversely, it overestimates H and O levels, increasing the
discrepancy as the torrefaction process intensifies. These
variations are directly linked to the fixed proportion of volatiles
assumed in Bates’s work."”

The fixed proportion of volatiles, commonly used to model
the torrefaction of various lignocellulosic biomasses in the
literature,”® was originally derived from the investigation of
Willow biomass. However, to achieve accurate predictions of
volatiles, it is important to determine the specific volatile
composition of the nine major components for each biomass.
This limitation will be further explored in future research.
Despite this, the model’s predictions for HHV, EF, EY, and
EMCI correlated well with experimental data, with deviations
remaining within acceptable limits as torrefaction severity
increased.

Previous studies have addressed the simulation of the
torrefaction process for various materials, including Norwegian
birch,”* agricultural residues,"” and coffee husk with spent
coffee grounds.”® The simulation of Norwegian birch showed
solid yield values higher than experimental results, with
differences up to 11.1% at 240 °C.”” In the case of agricultural
residue pellets,'” deviations between numerical simulations
and experimental data ranged from 5% to 12% at torrefaction
temperatures of 260 and 300 °C. Moreover, Mukherjee et al.”’
found a good correlation between the torrefaction of coffee
husk and spent coffee grounds at 200 °C, but the model
showed positive deviations at higher temperatures. As shown
in Figure 2, the observed differences are consistent with those
in the literature, confirming the reliability of the present model
as a robust tool for evaluating the torrefaction process.

Figure 3 shows the flowchart of the torrefaction process
under the validation conditions, illustrating the mass and
energy inflows and outflows and the process’s respective
irreversibilities (see Table 1). Table S7 complements Table 1
by providing the stream data from Aspen Plus for torrefaction
validation for light, mild, and severe torrefaction cases (60 min
reaction time and P = 1 atm), detailing each component’s flow
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(a)

N, (25 °C; 1 atm)
Flow rate = 0.00082 kg/h

Moisture = 0 %
FC=17.90 %
VM =77.61%
Ash =4.49 %
C=4491%
H=7.25%

N =0.64 %
0=4271%

Biomass (25°C; 1 atm)
Flowrate =1.0 kg/h

QTORR =368 kl/h

N, (225 °C; 1 atm)

Volatile (225°C; 1 atm)
Flow rate = 0.00082 kg/h

Flow rate = 0.058 kg/h
Acetic Acid = 0.009 kg/h
Water = 0.025 kg/h
Formic Acid =0.003 kg/h
+—————— [ Methanol = 0.004 kg/h
Lactic Acid =0.003 kg/h

Torrefaction Zone
T=225°C;
P=1atm;
t=60 min.

Furfural = 0.001 kg/h

Hydroxy Acetone = 0.001 kg/h
Carbon Dioxide =0.010 kg/h
Carbon Monoxide = 0.002 kg/h

(b)

N2 (25 °C; 1 atm)
Flow rate = 0.00082 kg/h

Moisture = 0 %
FC=17.90 %
VM =77.61%
Ash = 4.49 %
C=4491%
H=7.25%

N =0.64 %
0=42.71%

Biomass (25°C; 1 atm)
Flowrate =1.0 kg/h

I=620kl/h

QTORR =441 kl/h

Torrefied Biomass (225°C; 1 atm)
Flow rate = 0.942 kg/h
FC=20.37%

VM =74.97 %

Ash = 4.66 %

C=46.42%

H=7.23%

N =0.68 %

O =40.90 %

N2 (250 °C; 1 atm)

Volatile (250°C; 1 atm)
Flow rate = 0.00082 kg/h

Flowrate = 0.129 kg/h
Acetic Acid = 0.020 kg/h
Water = 0.040 kg/h
Formic Acid = 0.007 kg/h
Methanol = 0.020 kg/h
Lactic Acid =0.018 kg/h

Torrefaction Zone
T =250°C;
P=1atm;
t=60 min.

Furfural =0.001 kg/h

Hydroxy Acetone = 0.006 kg/h
Carbon Dioxide =0.015 kg/h
Carbon Monoxide = 0.003 kg/h

(c)

N2 (25 °C; 1 atm)
Flow rate = 0.00082 kg/h

Moisture = 0 %
FC=17.90 %
VM =77.61%
Ash =4.49 %
C=4491%
H=7.25%

N =0.64 %
0=42.71%

Biomass (25°C; 1 atm)
Flowrate =1.0 kg/h

[1=1581klJ/h

QTORR =561klJ/h

Y

Torrefied Biomass (250°C; 1 atm)
Flow rate = 0.871 kg/h
FC=24.40%

VM =70.58 %

Ash =5.02 %

C=47.77%

H=7.14%

N=0.73 %

0=39.19%

N2 (275 °C; 1 atm)

Volatile (275°C; 1 atm)
Flow rate = 0.00082 kg/h

Flow rate = 0.247 kg/h
Acetic Acid = 0.039 kg/h
Water = 0.046 kg/h
Formic Acid =0.013 kg/h
—————— | Methanol =0.057 kg/h
Lactic Acid = 0.057 kg/h

Torrefaction Zone
T=275°C;
P=1atm;
t=60min.

Furfural =0.001 kg/h

Hydroxy Acetone = 0.018 kg/h
Carbon Dioxide = 0.014 kg/h
Carbon Monoxide = 0.003 kg/h

[=3438 kJ/h

Torrefied Biomass (275°C; 1 atm)
Flow rate = 0.753 kg/h
FC=31.10%

VM =63.29 %

Ash =5.61%

C=49.41%

H=6.87 %

N =0.85 %

0=36.91%

Figure 3. Mass, energy, and irreversibility flow for torrefaction: (a) light, (b) mild, and (c) severe.

rates, compositions, and temperatures for each block in the

simulation.

The heat (Qr.,,) consumed for the torrefaction of 1 kg-h™*
biomass at temperatures of 225, 250, and 275 °C was 368, 441,
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and 561 kJ kg™!, respectively, over 60 min. These values are
consistent with previous studies. For instance, Onsree et al."’
used 380 kJ-kg™' for the torrefaction of pellets for 20 min at
260 °C, while Manouchehrinejad and Mani*® used approx-
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Figure 4. Mass (a—c), energy (d—f), and exergy (g—i) flow for light (225 °C), mild (250 °C), and severe (275 °C) torrefaction with 60 min

residence time under inert conditions.

imately 537 kJ-kg™' for torrefying wood chips with 10%
moisture content for 30 min at 270 °C.

Bach et al.”"** conducted torrefaction of Norwegian birch
with 10% moisture, consuming between 415 and 532 kJ-kg™*
over 30 min at temperatures ranging from 240 to 270 °C.
Although these values are similar in magnitude, the variations
in the heat required for different biomasses are attributed to
differences in biomass composition. These compositional
differences directly impact the specific heat of the raw material
and consequently influence heat consumption during torre-
faction.

Figure 4 presents a Sankey diagram illustrating mass, energy,
and exergy flows in the torrefaction process under validation
conditions. The chart shows the amount of exergy transferred
to each stream and highlights the process’s irreversibility. The
following irreversibilities were observed for each pretreatment
temperature: 620 kJ-h™' (225 °C), 1581 kJ-h™" (250 °C), and
3438 kJ-h™ (275 °C) of unutilized energy. As the severity of
torrefaction increases, the total exergy destruction (I) also
rises. This phenomenon occurs due to significant irrever-
sibilities associated with chemical reactions and heat transfer,
which become more pronounced at higher temperatures. In

3592

torrefaction, the chemical exergy is significantly related to O/C
and H/C ratios.”’

When comparing Figure 4 and Table 1, the specific exergy of
torrefied biomass is shown to increase with temperature. This
result aligns with expectations, as severe torrefaction promotes
higher energy densification. On the other hand, Figure 4
illustrates the exergy flow over time. It reveals that, although
the exergy of the volatile flow (E,,, + E,2""") increases, the
overall flow decreases with the increase, corresponding to an
irreversibility increase. The destruction of the total exergy
entering the system was 3% in the light treatment (225 °C),
rising to approximately 8% in the mild process (250 °C) and
reaching around 16% in the severe process (275 °C).

3.2. Assessment of Torrefaction by Simulation.
3.2.1. Temperature and Residence Time. The simulation
was conducted to analyze the influence of the treatment
temperature and torrefaction time on solid and energy yields
(Figure S). The torrefaction process was varied between 225
and 275 °C, with residence times adjusted from 20 to 60 min.

First, the influence of residence time was evaluated. Figure
Sa indicates that as the severity of torrefaction increases, solid
yield values decrease, with temperature having a greater
influence than residence time, at least over the range of
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temperature and time tested.'”*® During light torrefaction, g

low-molecular-weight volatiles are released. Hemicelluloses,
the most reactive component, undergo thermal degradation,
while cellulose and lignin are minimally affected.” This results
in a slight biomass weight loss and a modest increase in the
energy density. During mild torrefaction, the breakdown of
hemicelluloses and the release of volatiles become more
pronounced.”” Hemicelluloses decrease significantly, and
cellulose is also slightly impacted.”” Hemicelluloses are almost
completely depleted in severe torrefaction, and cellulose is
considerably degraded.” Lignin remains relatively unaffected
by the thermal process. This structural decomposition leads to
a reduction in the solid yield (up to 22%) and an increase in
the fuel’s energy density.'”*

The HHV of biomass increases with the severity of the
torrefaction treatment, as does the EF, reflecting the expected
process of energy densification.’”®” The EF is an index that
measures improvements in the HHV of raw and torrefied
biomass with EF values greater than 1.00, indicating energy
densification after torrefaction.””** The EY (Figure Sb)
represents the energy content retained in the torrefied product
and is calculated by multiplying the solid yield by the EF.%® As
the process temperature increases, volatiles are released due to
water evaporation and the decomposition of low-molecular-
weight compounds, primarily hemicelluloses. This decreases
yield, leading to a linear reduction in EY despite an increase in
the EF.°*%

3.2.2. Residence Time and Raw Biomass Moisture
Content. This section evaluates the influence of the residence
time and the raw biomass moisture level on process
performance. Figures 6 and 7 show two-dimensional contour
graphics depicting the behavior of consumed heat (Qr,,,) and
the irreversibility of the torrefaction process (I), respectively.
These graphs cover a torrefaction temperature range of 225—

3593

40
Time (min)

30 50 60

Figure 6. Contour results for Qr,, (a) as a function of time and
temperature; (b) as a function of moisture and temperature; and (c)
as a function of moisture and time.

275 °C, a time range of 20—60 min, and raw biomass moisture
levels from S to 30%.

The heat demand (Qr,,) varied from 522 to 1853 kJ h™™.
Figure 6b,c indicates that the initial moisture content
significantly influences the Q. This is due to the additional
heat needed to evaporate water, overcome vaporization
resistance, and increase the specific heat of water. These data
are crucial when considering the possibility of using wet
biomass since the drying stage is the main energy consumer,
accounting for approximately 76% to 81% of the total
consumgtion, depending on the initial conditions and process
inputs.”>*’ Drying biomass using alternative energy sources
before torrefaction, such as sun drying, would considerably
increase the process efficiency.

The irreversibility of process (I) ranged from 326 to 3993
kJ-h™Y, as illustrated in Figure 7a,b, with treatment temperature
as the main factor for irreversibility. The irreversibility of the
system increased with rising temperature.** Thermal energy
has a limited capacity to produce useful work. This difficulty
arises because entropy increases over time in isolated systems,
making thermal energy transfer on a macroscopic scale
inherently irreversible. After conversion into heat and its
dispersion, fully recovering this heat and converting it back
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Figure 7. Contour results for irreversibility (a) as a function of time
and temperature, (b) as a function of moisture and temperature, and
(c) as a function of moisture and time.

into useful energy without further increasing the environment’s
entropy is impractical.

To avoid wasting useful energy, consider that the use of
external sources such as solar energy can reduce losses. The
Earth receives exergetic energy from the sun’s radiation as an
open system, but a significant portion is radiated back into the
universe. By employing solar radiation in drying, it is possible
to improve the system’s performance and minimize associated
irreversibility.”* Moreover, optimizing the torrefaction temper-
ature and residence time and efficiently using byproducts such
as bio-oil and torrefaction gas can improve chemical reactions
and reduce energy and exergy losses.

4. CONCLUSIONS

A torrefaction process for UFW was modeled by using Aspen
Plus V12.1 software and validated against experimental data,
achieving deviations below 5%. The model accurately
predicted biomass distribution, energy requirements, and
process irreversibilities. Energy consumption ranged from
368 kJ-h™' for light torrefaction to 1853 kJ-h™' for severe
torrefaction, while process irreversibilities increased from 326
KJ'h™" to 3993 kJ-h™, corresponding to exergy destruction
rates of 3% to 16%. These results highlight the effectiveness of

exergetic analysis in identifying energy losses and in guiding
process improvements.

Compared to high-temperature pyrolysis, torrefaction offers
lower energy consumption and enhanced product stability,
making it a competitive biomass pretreatment technology
under appropriate conditions. Optimizing the temperature,
residence time, and feedstock properties is crucial to achieving
efficient and balanced outcomes. For example, higher temper-
atures improve energy density but reduce the solid yield,
emphasizing the need to assess the process further while
considering economic and environmental consequences.
Future research should investigate torrefaction under alter-
native atmospheres, such as CO, or flue gas, to further enhance
efficiency and product properties.

The validated modeling framework developed in this study
provides a robust tool for assessing torrefaction efficiency,
supporting its application in commercial-scale renewable
energy systems. These findings contribute to advancing
sustainable biomass utilization and carbon-neutral energy
strategies, laying the groundwork for a broader adoption of
torrefaction technology.
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B INDEX SUMMARY

A ashes
a coefficients
C carbon

Cl chlorine
Cp heat capacity
CCD central composite face-centered design

d dry
dm  dry and mineral matter-free
EF enhancement factor

EY energy yield
EMCI energy-mass-co-benefit-index

E, exergy

e, standard chemical exergy
FC fixed carbon

h enthalpy

H hydrogen

HHV higher heating value

I irreversibility

IGT Institute of Gas Technology
LCA life cycle assessment

MM  mineral matter

N nitrogen

O oxygen

P pressure

R universal gas constant
s entropy

S sulfur

S, organic sulfur

S pyritic sulfur

Si

T

total
temperature
UFW urban forest waste
v stoichiometric coefficient
VM  volatile material
w weight fraction
x molar fraction

Y mass yield

p specific density

Ag’  standard Gibbs free energy of formation
A specific heat of combustion

Ad specific heat of formation

B REFERENCES

(1) Lamas, G. C.; Chaves, B. S.; Rodrigues, P. P. d. O.; Gonzales, T.
da S.; Barbosa, T.; Rousset, P.; Ghesti, G. F.; Silveira, E. A. Effect of
Torrefaction on Steam-Enhanced Co-Gasification of an Urban Forest
and Landfill Waste Blend: H2 Production and CO2 Emissions
Mitigation. Int. J. Hydrogen Energy 2023, 48, 27151.

(2) Manatura, K.; Chalermsinsuwan, B.; Kaewtrakulchai, N.; Kwon,
E. E; Chen, W. H. Machine Learning and Statistical Analysis for
Biomass Torrefaction: A Review. Bioresour. Technol. 2023, 369
(October 2022), 128504.

(3) Zubiolo, C.; de Santana, H. E. P.; Pereira, L. L.; Ruzene, D. S.;
Silva, D. P.; Freitas, L. S. Bio-Oil Production and Characterization
from Corn Cob and Sunflower Stem Pyrolysis. Ind. Eng. Chem. Res.
2024, 63 (1), 65-77.

(4) Chen, W. H,; Lin, B. J.; Lin, Y. Y,; Chy, Y. S.; Ubando, A. T.;
Show, P. L; Ong, H. C; Chang, J. S; Ho, S. H; Culaba, A. B;
Pétrissans, A.; Pétrissans, M. Progress in Biomass Torrefaction:
Principles, Applications and Challenges. Prog. Energy Combust. Sci.
2021, 82, 100887.

(5) Manandhar, A.; Mousavi-Avval, S. H.; Tatum, J.; Shrestha, E.;
Nazemi, P.; Shah, A. Solid Biofuels. In Biomass, Biofuels, Biochemicals:
Green-Economy: Systems Analysis for Sustainability; Elsevier, 2021; pp
343-370..

(6) S4, I. A.; Macedo, L. A.; Sant’Anna Chaves, B.; Galvao, L. G. O,;
Vale, A. T.; Ghesti, G. F.; de Paula Protisio, T.; Rodrigues, J. S,;
Lamas, G. C; Silveira, E. A. Evaluating the Quality of Wood Waste
Pellets and Environmental Impact Mitigation for Decentralized
Energy Recovery in the Amazon. Renewable Energy 2024, 231,
120929.

(7) Tamires da Silva Carvalho, N.; Silveira, E. A.; de Paula Protasio,
T.; Trugilho, P. F,; Bianchi, M. L. Hydrotreatment of Eucalyptus
Sawdust: The Influence of Process Temperature and H2S04 Catalyst
on Hydrochar Quality, Combustion Behavior and Related Emissions.
Fuel 2024, 360 (October2023), 130643.

(8) Barbosa, T.; Sant’Anna Chaves, B.; Gustavo O Galvao, L.; Cruz
Lamas, G.; Paulo de Oliveira Rodrigues, P.; Gabi Moreira, M.; de
Paula Protasio, T.; Luz, S. M.; Sabino Rodrigues, J.; Silveira, E. A.
Waste-to-Energy in the Civil-Construction Sector toward the
Valuation of Wood Construction Residues: Integration of Torre-
faction Process. Fuel 2024, 371, 132029.

(9) Kota, K. B; Shenbagaraj, S.; Sharma, P. K; Sharma, A. K;
Ghodke, P. K;; Chen, W. H. Biomass Torrefaction: An Overview of
Process and Technology Assessment Based on Global Readiness
Level. Fuel 2022, 324, 124663.

(10) Basu, P. Biomass Gasification, Pyrolysis and Torrefaction:
Practical Design and Theory, 3 ed.; Elsevier Inc.: London—UK, 2018..

(11) Sun, S; Wang, Q.; Wang, X.; Wy, C.; Zhang, X,; Bai, J.; Sun, B.
Dry Torrefaction and Continuous Thermochemical Conversion for
Upgrading Agroforestry Waste into Eco-Friendly Energy Carriers:
Current Progress and Future Prospect. Sci. Total Environ. 2023, 905,
167061.

(12) Thengane, S. K.; Kung, K. S.; Gomez-Barea, A.; Ghoniem, A. F.
Advances in Biomass Torrefaction: Parameters, Models, Reactors,
Applications, Deployment, and Market. Prog. Energy Combust. Sci.
2022, 93 (September), 101040.

(13) Lin, Y. Y,; Chen, W. H,; Colin, B.; Pétrissans, A.; Lopes
Quirino, R.; Pétrissans, M. Thermodegradation Characterization of
Hardwoods and Softwoods in Torrefaction and Transition Zone
between Torrefaction and Pyrolysis. Fuel 2022, 310, 122281.

(14) Nyakuma, B. B.; Wong, S. L.; Faizal, H. M.; Hambali, H. U,;
Oladokun, O.; Abdullah, T. A. T. Carbon Dioxide Torrefaction of Qil
Palm Empty Fruit Bunches Pellets: Characterisation and Optimisation
by Response Surface Methodology. Biomass Conv. Bioref. 2020, 12,
5881—-5900.

(15) Zhang, Y.; Zheng, J.; Yu, W.; Liao, L. Promoting Effect of CO2
on Torrefaction of Woody Biomass. Biomass Convers. Biorefin. 2024,
14, 31491.

https://doi.org/10.1021/acsomega.4c08299
ACS Omega 2025, 10, 3585—-3597


https://pubs.acs.org/doi/10.1021/acsomega.4c08299?ref=pdf
https://doi.org/10.1016/j.ijhydene.2023.03.367
https://doi.org/10.1016/j.ijhydene.2023.03.367
https://doi.org/10.1016/j.ijhydene.2023.03.367
https://doi.org/10.1016/j.ijhydene.2023.03.367
https://doi.org/10.1016/j.biortech.2022.128504
https://doi.org/10.1016/j.biortech.2022.128504
https://doi.org/10.1021/acs.iecr.3c03337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.3c03337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.pecs.2020.100887
https://doi.org/10.1016/j.pecs.2020.100887
https://doi.org/10.1016/j.renene.2024.120929
https://doi.org/10.1016/j.renene.2024.120929
https://doi.org/10.1016/j.renene.2024.120929
https://doi.org/10.1016/j.fuel.2023.130643
https://doi.org/10.1016/j.fuel.2023.130643
https://doi.org/10.1016/j.fuel.2023.130643
https://doi.org/10.1016/j.fuel.2024.132029
https://doi.org/10.1016/j.fuel.2024.132029
https://doi.org/10.1016/j.fuel.2024.132029
https://doi.org/10.1016/j.fuel.2022.124663
https://doi.org/10.1016/j.fuel.2022.124663
https://doi.org/10.1016/j.fuel.2022.124663
https://doi.org/10.1016/j.scitotenv.2023.167061
https://doi.org/10.1016/j.scitotenv.2023.167061
https://doi.org/10.1016/j.scitotenv.2023.167061
https://doi.org/10.1016/j.pecs.2022.101040
https://doi.org/10.1016/j.pecs.2022.101040
https://doi.org/10.1016/j.fuel.2021.122281
https://doi.org/10.1016/j.fuel.2021.122281
https://doi.org/10.1016/j.fuel.2021.122281
https://doi.org/10.1007/s13399-020-01071-8
https://doi.org/10.1007/s13399-020-01071-8
https://doi.org/10.1007/s13399-020-01071-8
https://doi.org/10.1007/s13399-023-05104-w
https://doi.org/10.1007/s13399-023-05104-w
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(16) Yan, B; Li, S.; Cao, X;; Zhu, X,; Li, J.; Zhou, S.; Zhao, J.; Sun,
Y.; Chen, G. Flue Gas Torrefaction Integrated with Gasification Based
on the Circulation of Mg-Additive. Appl. Energy 2023, 333, 120612.

(17) Silveira, E. A; Santanna, M. S.; Barbosa Souto, N. P.; Lamas, G.
C.; Galvao, L. G. O, Luz, S. M., Caldeira-Pires, A. Urban
Lignocellulosic Waste as Biofuel: Thermal Improvement and
Torrefaction Kinetics. J. Therm. Anal. Calorim. 2023, 148, 197.

(18) Kota, K. B.; Shenbagaraj, S.; Sharma, P. K; Sharma, A. K;
Ghodke, P. K;; Chen, W. H. Biomass Torrefaction: An Overview of
Process and Technology Assessment Based on Global Readiness
Level. Fuel 2022, 324 (PB), 124663.

(19) Onsree, T.; Jaroenkhasemmeesuk, C.; Tippayawong, N.
Techno-Economic Assessment of a Biomass Torrefaction Plant for
Pelletized Agro-Residues with Flue Gas as a Main Heat Source. Energy
Reports 2020, 6 (December), 92—96.

(20) Mukherjee, A.; Okolie, J. A.; Niu, C.; Dalai, A. K. Experimental
and Modeling Studies of Torrefaction of Spent Coffee Grounds and
Coffee Husk: Effects on Surface Chemistry and Carbon Dioxide
Capture Performance. ACS Omega 2022, 7 (1), 638—653.

(21) Bach, Q. V.; Skreiberg, @.; Lee, C. J. Process Modeling for
Torrefaction of Birch Branches. Energy Procedia 2017, 142, 395—400.

(22) Bach, Q. V.; Skreiberg, @.; Lee, C. J. Process Modeling and
Optimization for Torrefaction of Forest Residues. Energy 2017, 138,
348—-354.

(23) Manouchehrinejad, M.; Mani, S. Process Simulation of an
Integrated Biomass Torrefaction and Pelletization (IBTP) Plant to
Produce Solid Biofuels. Energy Convers. Manage.:X 2019, 1, 100008.

(24) Arteaga-Pérez, L. E.; Segura, C.; Espinoza, D.; Radovic, L. R;;
Jiménez, R. Torrefaction of Pinus Radiata and Eucalyptus Globulus: A
Combined Experimental and Modeling Approach to Process
Synthesis. Energy Sustainable Dev. 2015, 29, 13—23.

(25) Ghorbani, B.; Zendehboudji, S.; Saady, N. M. C.; Azarpour, A.;
Albayati, T. M. Thermoeconomic Analysis of an Innovative Integrated
System for Cogeneration of Liquid Hydrogen and Biomethane by a
Cryogenic-Based Biogas Upgrading Cycle and Polymer Electrolyte
Membrane Electrolysis. Ind. Eng. Chem. Res. 2024, 63 (16), 7227—
7257.

(26) Karakatsani, E.; Aasberg-Petersen, K. Sustainable Pathways to
Generate Hydrogen: A Thermodynamic View. Fluid Phase Equilib.
2024, 578, 114011.

(27) Haghbakhsh, R.; Raeissi, S. A Novel Atomic Contribution
Model for the Standard Chemical Exergies of Organic Compounds.
Fluid Phase Equilib. 2020, 507, 112397.

(28) Nazos, A; Politi, D.; Giakoumakis, G.; Sidiras, D. Simulation
and Optimization of Lignocellulosic Biomass Wet- and Dry-
Torrefaction Process for Energy, Fuels and Materials Production: A
Review. Energies 2022, 15, 9083.

(29) Peduzzi, E.; Boissonnet, G.; Maréchal, F. Biomass Modelling:
Estimating Thermodynamic Properties from the Elemental Compo-
sition. Fuel 2016, 181, 207—217.

(30) Aspen Technology. Aspen Plus Help, V12.1.; Aspen Technology,
I, Ed.; Aspen Technology, Inc.: Cambridge, MA, 2021.

(31) Darmawan, A.; Hardi, F.; Yoshikawa, K.; Aziz, M.; Tokimatsu,
K. Enhanced Process Integration of Entrained Flow Gasification and
Combined Cycle: Modeling and Simulation Using Aspen Plus. Energy
Procedia 2017, 105, 303—308.

(32) Mason, D. M.; Gandhi, K. N. Formulas for Calculating the
Calorific Value of Coal and Coal Chars: Development, Tests, and
Uses. Fuel Process. Technol. 1983, 7, 11-22.

(33) Pandey, S.; Srivastava, V. C.; Kumar, V. High-Ash Low-Rank
Coal Gasification: Process Modeling and Multiobjective Optimiza-
tion. ACS Eng. Au 2023, 3 (2), 59-75.

(34) Channiwala, S. A.; Parikh, P. P. A Unified Correlation for
Estimating HHV of Solid, Liquid and Gaseous Fuels. Fuel 2002, 81
(8), 1051—1063.

(35) Huang, Y. F; Lo, S. L. Predicting Heating Value of
Lignocellulosic Biomass Based on Elemental Analysis. Energy 2020,
191, 116501.

3596

(36) Perpifidn, J.; Bailera, M.; Pefia, B.; Romeo, L. M.; Eveloy, V.
Technical and Economic Assessment of Iron and Steelmaking
Decarbonization via Power to Gas and Amine Scrubbing. Energy
2023, 276, 127616.

(37) KT, A. A; P, S.; C, M; P, A. Aspen Plus Simulation of Biomass
Gasification: A Comprehensive Model Incorporating Reaction
Kinetics, Hydrodynamics and Tar Production. Process Integr. Optim.
Sustain. 2023, 7 (1-2), 255—268.

(38) Di Blasi, C.; Lanzetta, M. Intrinsic Kinetics of Isothermal Xylan
Degradation in Inert Atmosphere. J. Anal. Appl. Pyrolysis 1997, 40—
41, 287-303.

(39) Lanzetta, M.; Di Blasi, C. Pyrolysis Kinetics of Wheat and Corn
Straw. J. Anal. Appl. Pyrolysis 1998, 44 (2), 181—192.

(40) Ibrahim, R. H. H.; Darvell, L. L; Jones, J. M.; Williams, A.
Physicochemical Characterisation of Torrefied Biomass. J. Anal. Appl.
Pyrolysis 2013, 103, 21-30.

(41) Haseli, Y. Process Modeling of a Biomass Torrefaction Plant.
Energy Fuels 2018, 32 (4), 5611—-5622.

(42) Bates, R. B.; Ghoniem, A. F. Biomass Torrefaction: Modeling of
Volatile and Solid Product Evolution Kinetics. Bioresour. Technol.
2012, 124, 460—469.

(43) Detcheberry, M.; Destrac, P.; Massebeuf, S.; Baudouin, O.;
Gerbaud, V.; Condoret, J. S.; Meyer, X. M. Thermodynamic Modeling
of the Condensable Fraction of a Gaseous Effluent from
Lignocellulosic Biomass Torrefaction. Fluid Phase Equilib. 2016,
409, 242-255.

(44) Puig-Gamero, M.; Pio, D. T.; Tarelho, L. A. C.; Sénchez, P,;
Sanchez-Silva, L. Simulation of biomass gasification in bubbling
fluidized bed reactor using aspen plus®. Energy Convers. Manage.
2021, 235 (February), 113981.

(45) Adams, T. A. I I; Gundersen, T. Thermo-Mechanical Exergy
of a Substance Below Environmental Pressure. Ind. Eng. Chem. Res.
2024, 63 (14), 6286—6296.

(46) Singh, R. K; Jena, K.; Chakraborty, J. P.; Sarkar, A. Energy and
Exergy Analysis for Torrefaction of Pigeon Pea Stalk (Cajanus Cajan)
and Eucalyptus (Eucalyptus Tereticornis). Int. ]. Hydrogen Energy
2020, 45 (38), 18922—18936.

(47) Cavalcanti, E. J. C. Analise Exergoecondmica e Exergoambiental, 1
ed.,, 2016; . Blucher: Sao Paulo - SP.

(48) Soares, A. P. d. M. R;; de Aradjo, H. V.; Dangelo, J. V. H.
Thermodynamic Analysis and Optimization of a Biogas-Powered
Trigeneration System to Produce Power, Cooling and Freshwater.
Fluid Phase Equilib. 2023, 573, 113872.

(49) Song, G.; Shen, L.; Xiao, J. Estimating Specific Chemical Exergy
of Biomass from Basic Analysis Data. Ind. Eng. Chem. Res. 2011, 50
(16), 9758—9766.

(50) Dincer, I; Rosen, M. A. Exergy - Energy, Environment And
Sustainable Development; Elsevier Ltd: Ontario - Canada, 2013.

(51) Qian, Q; Ren, J; He, C. Plastic Waste Upcycling for
Generation of Power and Methanol: Process Simulation and Energy-
Exergy-Economic (3E) Analysis. Ind. Eng. Chem. Res. 2023, 62 (43),
17857—17870.

(52) Silva, S. R;; Bonanato, G.; Costa, E. F. da; Sarrouh, B.; Costa, A.
0. S. da. Specific Chemical Exergy Prediction for Biological Molecules
Using Hybrid Models. Chem. Eng. Sci. 2021, 235, 116462.

(53) Moran, Mi. J.; Shapiro, H. N.; Boettner, D. D.; Bailey, M. B.
Principios de Termodinamica Para Engenharia, 8 ed.; Pereira, R. P,
Vieira, G. M. R, Kenedi, P. P,, Silva, F. R. da,, Eds.; LTC—Livros
Técnicos e Cientificos Ed.a Ltda: Rio de Janeiro - RJ, 2018;
.Translators

(54) Aghbashlo, M.; Mandegari, M.; Tabatabaei, M.; Farzad, S.;
Mojarab Soufiyan, M.; Gorgens, J. F. Exergy Analysis of a
Lignocellulosic-Based Biorefinery Annexed to a Sugarcane Mill for
Simultaneous Lactic Acid and Electricity Production. Energy 2018,
149, 623—638.

(55) Wiranarongkorn, K.; Im-orb, K.; Panpranot, J.; Maréchal, F.;
Arpornwichanop, A. Exergy and Exergoeconomic Analyses of
Sustainable Furfural Production via Reactive Distillation. Energy
2021, 226, 120339.

https://doi.org/10.1021/acsomega.4c08299
ACS Omega 2025, 10, 3585—-3597


https://doi.org/10.1016/j.apenergy.2022.120612
https://doi.org/10.1016/j.apenergy.2022.120612
https://doi.org/10.1007/s10973-022-11515-0
https://doi.org/10.1007/s10973-022-11515-0
https://doi.org/10.1007/s10973-022-11515-0
https://doi.org/10.1016/j.fuel.2022.124663
https://doi.org/10.1016/j.fuel.2022.124663
https://doi.org/10.1016/j.fuel.2022.124663
https://doi.org/10.1016/j.egyr.2020.10.043
https://doi.org/10.1016/j.egyr.2020.10.043
https://doi.org/10.1021/acsomega.1c05270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c05270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c05270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c05270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.egypro.2017.12.062
https://doi.org/10.1016/j.egypro.2017.12.062
https://doi.org/10.1016/j.energy.2017.07.040
https://doi.org/10.1016/j.energy.2017.07.040
https://doi.org/10.1016/j.ecmx.2019.100008
https://doi.org/10.1016/j.ecmx.2019.100008
https://doi.org/10.1016/j.ecmx.2019.100008
https://doi.org/10.1016/j.esd.2015.08.004
https://doi.org/10.1016/j.esd.2015.08.004
https://doi.org/10.1016/j.esd.2015.08.004
https://doi.org/10.1021/acs.iecr.3c04486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.3c04486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.3c04486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.3c04486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fluid.2023.114011
https://doi.org/10.1016/j.fluid.2023.114011
https://doi.org/10.1016/j.fluid.2019.112397
https://doi.org/10.1016/j.fluid.2019.112397
https://doi.org/10.3390/en15239083
https://doi.org/10.3390/en15239083
https://doi.org/10.3390/en15239083
https://doi.org/10.3390/en15239083
https://doi.org/10.1016/j.fuel.2016.04.111
https://doi.org/10.1016/j.fuel.2016.04.111
https://doi.org/10.1016/j.fuel.2016.04.111
https://doi.org/10.1016/j.egypro.2017.03.318
https://doi.org/10.1016/j.egypro.2017.03.318
https://doi.org/10.1016/0378-3820(83)90022-X
https://doi.org/10.1016/0378-3820(83)90022-X
https://doi.org/10.1016/0378-3820(83)90022-X
https://doi.org/10.1021/acsengineeringau.2c00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsengineeringau.2c00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsengineeringau.2c00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0016-2361(01)00131-4
https://doi.org/10.1016/S0016-2361(01)00131-4
https://doi.org/10.1016/j.energy.2019.116501
https://doi.org/10.1016/j.energy.2019.116501
https://doi.org/10.1016/j.energy.2023.127616
https://doi.org/10.1016/j.energy.2023.127616
https://doi.org/10.1007/s41660-022-00291-x
https://doi.org/10.1007/s41660-022-00291-x
https://doi.org/10.1007/s41660-022-00291-x
https://doi.org/10.1016/S0165-2370(97)00028-4
https://doi.org/10.1016/S0165-2370(97)00028-4
https://doi.org/10.1016/S0165-2370(97)00079-X
https://doi.org/10.1016/S0165-2370(97)00079-X
https://doi.org/10.1016/j.jaap.2012.10.004
https://doi.org/10.1021/acs.energyfuels.7b03956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biortech.2012.07.018
https://doi.org/10.1016/j.biortech.2012.07.018
https://doi.org/10.1016/j.fluid.2015.09.025
https://doi.org/10.1016/j.fluid.2015.09.025
https://doi.org/10.1016/j.fluid.2015.09.025
https://doi.org/10.1016/j.enconman.2021.113981
https://doi.org/10.1016/j.enconman.2021.113981
https://doi.org/10.1021/acs.iecr.4c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.4c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijhydene.2020.05.045
https://doi.org/10.1016/j.ijhydene.2020.05.045
https://doi.org/10.1016/j.ijhydene.2020.05.045
https://doi.org/10.1016/j.fluid.2023.113872
https://doi.org/10.1016/j.fluid.2023.113872
https://doi.org/10.1021/ie200534n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie200534n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.3c02665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.3c02665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.3c02665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ces.2021.116462
https://doi.org/10.1016/j.ces.2021.116462
https://doi.org/10.1016/j.energy.2018.02.063
https://doi.org/10.1016/j.energy.2018.02.063
https://doi.org/10.1016/j.energy.2018.02.063
https://doi.org/10.1016/j.energy.2021.120339
https://doi.org/10.1016/j.energy.2021.120339
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(56) Chai, M.; Xie, L.; Yu, X;; Zhang, X,; Yang, Y.; Rahman, M. M,;
Blanco, P. H.; Liu, R; Bridgwater, A. V,; Cai, J. Poplar Wood
Torrefaction: Kinetics, Thermochemistry and Implications. Renewable
Sustainable Energy Rev. 2021, 143, 110962.

(57) Kartal, E.; Ozveren, U. Investigation of the Chemical Exergy of
Torrefied Biomass from Raw Biomass by Means of Machine Learning.
Biomass Bioenergy 2022, 159, 106383.

(58) Silveira, E. A;; Luz, S. M,; Ledo, R. M.; Rousset, P.; Caldeira-
Pires, A. Numerical Modeling and Experimental Assessment of
Sustainable Woody Biomass Torrefaction via Coupled TG-FTIR.
Biomass Bioenergy 2021, 146, 105981.

(59) Nocquet, T.; Dupont, C.; Commandre, J. M.; Grateau, M,;
Thiery, S.; Salvador, S. Volatile Species Release during Torrefaction of
Wood and Its Macromolecular Constituents: Part 1 - Experimental
Study. Energy 2014, 72, 180—187.

(60) Silveira, E. A; Galvao, L. G. O.; S4, I A;; Silva, B. F.; Macedo,
L.; Rousset, P.; Caldeira-Pires, A. Effect of Torrefaction on Thermal
Behavior and Fuel Properties of Eucalyptus Grandis Macro-
Particulates. J. Therm. Anal. Calorim. 2019, 138 (5), 3645—3652.

(61) Singh, R. K; Chakraborty, J. P.; Sarkar, A. Optimizing the
Torrefaction of Pigeon Pea Stalk (Cajanus Cajan) Using Response
Surface Methodology (RSM) and Characterization of Solid, Liquid
and Gaseous Products. Renewable Energy 2020, 155, 677—690.

(62) Singh, R. K Sarkar, A; Chakraborty, J. P. Effect of
Torrefaction on the Physicochemical Properties of Eucalyptus
Derived Biofuels: Estimation of Kinetic Parameters and Optimizing
Torrefaction Using Response Surface Methodology (RSM). Energy
2020, 198, 117369.

(63) Zhang, C.; Ho, S. H.; Chen, W. H,; Xie, Y.; Liu, Z.; Chang, J. S.
Torrefaction Performance and Energy Usage of Biomass Wastes and
Their Correlations with Torrefaction Severity Index. Appl. Energy
2018, 220, 598—604.

(64) da Silva, J. C. G.; Pereira, J. L. C.; Andersen, S. L. F.; Moreira,
R. d. F. P. M;; José, H. J. Torrefaction of Ponkan Peel Waste in
Tubular Fixed-Bed Reactor: In-Depth Bioenergetic Evaluation of
Torrefaction Products. Energy 2020, 210, 118569.

(65) Chen, W.-H.; Peng, J.; Bi, X. T. A State-of-the-Art Review of
Biomass Torrefaction, Densification and Applications. Renewable
Sustainable Energy Rev. 2015, 44, 847—866.

(66) Helwani, Z.; Zulfansyah; Fatra, W.; Fernando, A. Q.; Idroes, G.
M,; Muslem; Idroes, R. Torrefaction of Empty Fruit Bunches:
Evaluation of Fuel Characteristics Using Response Surface Method-
ology. IOP Conf. Ser.:Mater. Sci. Eng. 2020, 84S (1), 012019.

(67) Vashishtha, M.; Patidar, K. Property Enhancement of Mustard
Stalk Biomass by Torrefaction: Characterization and Optimization of
Process Parameters Using Response Surface Methodology. Mater. Sci.
Energy Technol. 2021, 4, 432—441.

(68) Cengel, Y. A; Boles, A. M. Termodinamica, AMGH, Ed., 7th
ed; Gomes, P. M. C.,, Eds., AMGH Translator; Porto Alegre - RS,
2013.

CAS BIOFINDER DISCOVERY PLATFORM™

PRECISION DATA
FOR FASTER
DRUG
DISCOVERY

CAS BioFinder helps you identify
targets, biomarkers, and pathways

Unlock insights

3597

https://doi.org/10.1021/acsomega.4c08299
ACS Omega 2025, 10, 3585—-3597


https://doi.org/10.1016/j.rser.2021.110962
https://doi.org/10.1016/j.rser.2021.110962
https://doi.org/10.1016/j.biombioe.2022.106383
https://doi.org/10.1016/j.biombioe.2022.106383
https://doi.org/10.1016/j.biombioe.2021.105981
https://doi.org/10.1016/j.biombioe.2021.105981
https://doi.org/10.1016/j.energy.2014.02.061
https://doi.org/10.1016/j.energy.2014.02.061
https://doi.org/10.1016/j.energy.2014.02.061
https://doi.org/10.1007/s10973-018-07999-4
https://doi.org/10.1007/s10973-018-07999-4
https://doi.org/10.1007/s10973-018-07999-4
https://doi.org/10.1016/j.renene.2020.03.184
https://doi.org/10.1016/j.renene.2020.03.184
https://doi.org/10.1016/j.renene.2020.03.184
https://doi.org/10.1016/j.renene.2020.03.184
https://doi.org/10.1016/j.energy.2020.117369
https://doi.org/10.1016/j.energy.2020.117369
https://doi.org/10.1016/j.energy.2020.117369
https://doi.org/10.1016/j.energy.2020.117369
https://doi.org/10.1016/j.apenergy.2018.03.129
https://doi.org/10.1016/j.apenergy.2018.03.129
https://doi.org/10.1016/j.energy.2020.118569
https://doi.org/10.1016/j.energy.2020.118569
https://doi.org/10.1016/j.energy.2020.118569
https://doi.org/10.1016/j.rser.2014.12.039
https://doi.org/10.1016/j.rser.2014.12.039
https://doi.org/10.1088/1757-899X/845/1/012019
https://doi.org/10.1088/1757-899X/845/1/012019
https://doi.org/10.1088/1757-899X/845/1/012019
https://doi.org/10.1016/j.mset.2021.08.002
https://doi.org/10.1016/j.mset.2021.08.002
https://doi.org/10.1016/j.mset.2021.08.002
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

