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Abstract

There is a need to address the limitations of wheat straw (WS) as a raw biomass fuel,
promote its valorisation into a high-quality renewable solid fuel, and enable this fuel
to replace fossil fuels in applications such as power plants and industrial boilers. This
study focused on optimizing microwave torrefaction parameters to enhance key fuel
properties. Optimal conditions were determined via the Box–Behnken design (BBD) within
Response Surface Methodology (RSM) as 422.32 W of microwave power, 14.95 min of
irradiation time, and a 15 g microwave absorber, resulting in a 69.12% mass yield, an
18.44 MJ/kg higher heating value (HHV) surpassing lignite at 16.76 MJ/kg, and a 25.50%
Energy-Mass Co-efficiency Index (EMCI). Fourier transform infrared spectroscopy (FTIR)
and thermogravimetric analysis/derivative thermogravimetric analysis (TG/DTG) were
conducted to gain insights about chemical composition and thermal stability variations due
to torrefaction. LCA showed that electricity produced from 1 ton of torrefied WS reduces
CO2 emissions by 259.26 kg CO2eq compared to electricity generated from bituminous coal.
From an economic perspective, the usage of torrefied WS for power generation lead to a net
profit of CNY 435.19/ton. This scalable technology, by valorising agricultural waste for fuel
production, delivers dual environmental and economic benefits, laying the groundwork
for industrial deployment.

Keywords: wheat straw; microwave; torrefaction; bio-solid fuel; life cycle assessment;
response surface methodology

1. Introduction
An increase in population frequently comes with issues related to resources and the

environment. The United Nations forecasts that by 2050, the world’s population will reach
9.7 billion, leading to a steady increase in food requirements. Consequently, the associated
agro-industrial waste biomass is projected to escalate, potentially hitting 4 billion tons by
2025 [1]. Presently, agricultural waste disposal methods focus on incineration and landfills;
however, these practices result in significant biomass waste and an increased production of
furans and dioxins, which are detrimental to the environment. Concurrently, the value of
agricultural waste should not be overlooked, as it can generate energy equivalent to 500 tons
of crude oil [2]. More importantly, during combustion, agricultural waste emits minimal
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NOx and SOx [3], rendering it more eco-friendly and cleaner than fossil fuels [4]. Thus,
given the non-renewable nature of fossil fuels and the ongoing issue of energy depletion,
agricultural waste—a sustainable, renewable, and economical resource—is expected to
serve as a clean alternative to fossil fuels.

Wheat is one of the largest grain crops grown globally, and according to the National
Bureau of Statistics [5], China’s wheat production was at 137 million tonnes in 2023. Wheat
straw (WS) is a by-product generated after harvesting, and for every ton of wheat harvested,
about one ton of WS is left in the field. In China, the primary utilization path of WS as
a resource is through fertilizer utilization, meaning WS serves as the primary fertilizer
for field return, with fuel utilization constituting a minor fraction. While the natural
decomposition of WS is generally considered to be carbon-neutral, its negative effects on the
mitigation of other greenhouse gases, e.g., methane and nitrous oxide, have been reported
by some studies [6–8]. It is worth mentioning that WS, as a renewable resource, has an
energy value that deserves significant valorisation. The HHV of WS with a moisture content
of 15% is about 13.46 MJ/kg, which is lower than the HHV of lignite (16.76 MJ/kg) [9].
Meanwhile, WS, distinguished by its minimal sulphur, ash, and volatile matter, stands out
as a prime source of clean energy, and its conversion into a substitute for coal could be a
key path in future energy advancements [10].

Biomass can be transformed into energy through two primary approaches: thermo-
chemical and biochemical processes. Thermochemical conversion approaches encompass
combustion, hydrothermal liquefaction, torrefaction, and gasification, while biochemical
conversion processes include anaerobic digestion and microbial fermentation. Biomass
properties play a key role in determining the suitable conversion pathway; for instance,
lignocellulosic biomass like WS exhibits high thermal efficiency, rendering thermochem-
ical methods more time-efficient compared to biochemical conversion [11]. In addition,
thermochemical technology is the way to achieve a high energy conversion rate of up to
95.5 percent [12]. Among thermochemical methods, torrefaction of biomass to bio-solid
fuel is a practical and promising process. Torrefaction, a mild heat treatment process, aims
to alter the physicochemical properties of biomass at specific temperatures and times to
maximize its quality and energy yield, while simultaneously minimizing elemental ratios
(especially O/C and H/C) [13]. Torrefaction enhances the energy density of biomass,
removes moisture and low molecular weight organic volatiles, and produces hydrophobic
bio-solid fuel with high energy density and grindability. These changes thus make bio-solid
fuel convenient for storage and transport, along with combustion in power plants, boilers,
and other combustion systems. In recent years, different authors have studied the effects of
various operating parameters on the quality of torrefied biomass. For example, studies have
been conducted on jute sticks [14], coconut shell [15], sugarcane bagasse [16], WS [17], etc.
They observed that high-grade bio-solid fuel can be generated under optimum operational
conditions, with its quality matching that of bituminous and anthracite coal [14].

Conventional heating and microwave heating are two common heating technologies
employed in thermochemical conversion processes. Traditional heating transfers energy
from external sources to the core of the sample through radiation, convection, and con-
duction, while microwave heating converts electromagnetic energy to heat inside the
sample [18]. The merits of microwave heating comprise lower energy usage, high thermal
efficiency, easy control, and selective heating. Microwave heating has been emerging as a
novel integrated technology in biomass conversion recently. It has been shown that through
microwave heating, various biomass feedstocks can be converted into products such as
bio-oil, biochar, syngas, and hydrogen, depending on operating parameters, biomass
characteristics, etc. [19–24]. Microwave heats biomass via dielectric heating, which princi-
pally depends on the internal electric field intensity and dielectric properties of materials.
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Biomass has low susceptibility to microwave irradiation and poor dielectric properties,
meaning a higher dose of microwave absorber is required to heat biomass samples via elec-
tromagnetic heating [24,25]. The tangent loss angle of WS under the conditions of this study
was 0.147, while only materials with a tangent loss angle greater than 0.2 are considered
to have excellent microwave absorption capacity [21]. Microwave absorbers encompass
silicon carbide (SiC), ferrites, and carbon-based materials, among others. Silicon carbide
exhibits restricted microwave absorption capability, though its stability is maintained at
elevated temperatures [26]. Meanwhile, traditional magnetic loss materials—including
ferrites and other iron-based compounds—demonstrate robust microwave absorption due
to their distinct magnetic properties. However, ferric oxide powder is challenging to recycle
during microwave torrefaction and can be costly. Carbonaceous materials, such as activated
carbon and graphite, exhibit a superior capacity to absorb microwave energy and convert it
into thermal energy owing to their higher loss factors [27]. Thereby, incorporating activated
carbon as a microwave absorber into dry biomass can enhance heating efficiency.

While a number of reports on biomass torrefaction have used microwave heat-
ing [24,28,29], the optimization of this method remains underexplored, especially when
considering an advanced torrefaction performance index such as the Energy-Mass Co-
efficiency Index (EMCI). Furthermore, research on the optimization of microwave torrefac-
tion is relatively limited, with inadequate exploration of torrefaction process parameters
(e.g., torrefaction temperature, irradiation time, and various biomass types). To the best
of our knowledge, no study has focused on the effect of different microwave absorber
doses on the three torrefaction indices (mass yield, HHV, and EMCI) of WS. To advance
this research, this study not only systematically investigates the impact of microwave
absorber dose on three core torrefaction indicators: mass yield, HHV, and EMCI, but also
elaborates on the characteristics of EMCI for evaluating the storage and transportation of
bio-solid fuel, and conducts an in-depth analysis of the response characteristics of these
indicators to microwave power, irradiation time, and microwave absorber dose, including
the impact of synergistic effects between variables on such characteristics. The in-depth
exploration of EMCI and microwave absorber dose distinguishes this study from existing
optimization studies, thus complementing research on understanding microwave-specific
process-efficiency relationships during WS torrefaction. Over the past several decades,
Response Surface Methodology (RSM) has been frequently utilized in optimization studies
as an integrative approach combining experimental design, mathematical statistics, and
optimization techniques [30]. The advantage of RSM is that it takes into account both
the interactions between influencing variables and the effect of combined variables on
the response. The use of RSM enables the construction of a continuous variable surface
model that assesses process-influencing factors and their interactions, thereby determining
the optimal experimental level range and saving human and material resources [31]. In
this study, the optimization process was designed and conducted using the Box–Behnken
design (BBD) within RSM.

Additionally, to fully understand and assess the potential of WS as a biofuel, the mi-
crowave torrefaction process of WS should be evaluated from economic and environmental
perspectives. Prior studies lack an integrated perspective combining process optimization
with environmental and economic assessments of bio-solid fuel. In this study, a Life Cycle
Assessment (LCA) approach was applied to evaluate the environmental sustainability
of bio-solid fuel, from its production under optimal conditions to its combustion as a
substitute fuel. The main objective of this study was to optimize the torrefaction process
parameters for WS using the RSM approach, to enhance its potential as a high-quality fuel,
and to analyse its environmental feasibility and economic benefits as an alternative fuel.
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2. Materials and Methods
2.1. Raw Materials

WS used in this study was purchased in bulk packages from agricultural suppliers
via Taobao.com [32]; the raw material was whole straw harvested by local farmers and
produced in Luoyang, Henan Province (112◦16′–112◦37′ E, 34◦32′–34◦45′ N). The ultimate
analysis and proximate analysis of WS are shown in Table 1.

Table 1. Ultimate analysis and proximate analysis of WS.

Ultimate Analysis (wt/%) Proximate Analysis (wt/%) HHV
(MJ/kg) O/C H/C

C 43.73 ± 0.2 Moisture content 6.21 ± 0.1

13.46 ± 0.12 0.83 2.02
H 7.36 ± 0.04 Ash content 7.20 ± 0.2
N 0.51 ± 0.05 Volatile matter 73.84 ± 0.03

O 1 48.4 ± 0.3 Fixed carbon content 12.75 ± 0.2
1 O = 100 − C − H − N.

2.2. Preparation of Bio-Solid Fuel

The naturally dried WS feedstock was dried at a temperature of 105 ◦C for 12 h to
remove residual moisture. The dried WS was ground using a crusher and screened through
a 100-mesh screen, and 30.0 g of the raw material was weighed into a quartz ark, with
a moisture content of 0.8% after drying. In order to enhance the heating effect of the
microwave, 3–15 g of activated carbon as a microwave absorber was added to quartz ark
and the mixed material was put into the microwave reactor. The microwave power was set
at (300–500 W) and irradiation time (10–30 min). Finally, the treated material was removed,
placed in a beaker, and weighed to record the change in mass. The process of bio-solid fuel
preparation is shown in Figure 1.

Figure 1. Bio-solid fuel preparation process.

2.3. Optimization Analysis

BBD in RSM optimization methodology is for modelling experimental data. In order
to investigate the optimal process parameters for the preparation of bio-solid fuel, three in-
dependent variables (microwave power, irradiation time, and microwave absorber addition
dose) have been considered by using the RSM-BBD analysis methodology, and each of the
variable used three levels. The selection of experimental conditions was based on the RSM
model and Design-Expert software version 13.2, which produced a total of 17 experimental
runs, in which experimental numbers 1, 4, 6, 12, and 17 were the replicate experimental
groups with the same factor levels to test the experimental pure errors. The codes and
levels of the independent variables are shown in Table 2.
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Table 2. Coding and levels of independent variables for bio-solid fuel optimization.

Element Unit Code
Variable Level

−1 0 1

Microwave power W A 300 400 500
Irradiation time min B 10 20 30

Absorber addition dose g C 3 9 15

2.4. Fuel Performance Indicator Analysis

Mass yield, energy yield, energy density, and HHV serve as key metrics for evaluating
biomass torrefaction performance. Specifically, mass yield and energy yield represent the
total mass and energy proportions between the torrefied product and its raw biomass
feedstock, respectively, with their values computed via Equations (1) and (2):

Mass yield(%) =

(
Mtorrefied

Mraw

)
× 100% (1)

Energy yield(%) =

(
Mtorrefied

Mraw

)
× HHVtorrefied

HHVraw
× 100% (2)

where Mtorrefied is the mass of the biomass after torrefaction, and Mraw is the mass of the
raw material.

HHVs of samples were calculated based on the ultimate analysis data as given in
Equation (3) [33]:

HHV = 3.55 × C2 − 232 × C − 2230 × H + 51.2 × C × H + 131 × N + 20600 (3)

In addition, the energy density was determined by Equation (4):

Energy density =

(
HHVtorrefied

HHVraw

)
(4)

where HHVtorrefied was the HHV of the biomass after torrefaction; HHVraw was the HHV
of the raw material.

To optimize performance, achieving a high energy output from solid fuel with re-
duced volume is critical for boosting processing efficiency and simplifying transportation.
The difference between energy and solid yields is used to calculate EMCI, as shown in
Formula (5). A higher EMCI value stands for higher energy yield and lower solid yield.

EMCI = Energy yield(%)− Mass yield (%) (5)

2.5. Characterisation Analysis Methods

The characterization results of WS and bio-solid fuel produced under optimal pa-
rameters were analysed. Elemental C, H, and N were determined in raw materials and
samples using an Elementar Elemental Analyser. Fourier transform infrared spectroscopy
spectra of feedstocks and products in the range of 400–4000 cm−1 at room temperature
were determined using a Nicolet IS 10 FTIR analyser (Thermo Fisher Scientific, Waltham,
MA, USA). A thermogravimetric analyser (Netzsch, Selb, Bavaria, Germany) was used for
thermal stability testing of experimental feedstock and bio-solid fuel products.

2.6. Life Cycle Assessment

LCA is a powerful tool for comprehensively evaluating the environmental effect and
energy consumption based on all the stages of product’s life and processes, as well as waste
treatment, waste management systems, and processes for recycling and valorisation [34–37].
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This study’s LCA was based on the methodologies outlined by Liu et al. [38] and Gong
et al. [39] to evaluate the carbon emission impact associated with the microwave torrefaction
of WS to solid fuel products.

2.6.1. Goal and Scope

The main goal of this LCA study was to evaluate the pathway of processing WS
via microwave torrefaction and to assess the carbon emission impacts of the produced
bio-solid fuel as a value-added product, with a comparison to traditional coal fuels. The
functional unit of this study was the torrefaction of 1 t of WS to obtain 691.2 kg of bio-solid
fuel. The cradle-to-grave analysis encompasses raw material transportation, pre-treatment,
torrefaction, and power generation processes. The system boundary of the LCA model
for the bio-solid fuel system in this project is shown in Figure 2, which includes the
following: (1) biomass feedstock collection and transport; (2) feedstock pre-treatment
(including grinding and drying); (3) biomass torrefaction; (4) bio-solid fuel transhipment;
and (5) bio-solid fuel combustion for power generation.

 

Figure 2. LCA boundary for biomass torrefaction.

2.6.2. Life Cycle Inventory

Table 3 presents the life cycle inventory, listing the primary inputs and outputs across
its key stages.

Table 3. Life cycle inventory.

Process Stage Inputs Unit Outputs Unit

Transportation Gasoline L/km CO2 kgCO2eq

Pre-treatment Electricity kWh CO2 kgCO2eq

Torrefaction Electricity 1 kWh Bio-solid fuel
CO2

kg
kgCO2eq

Power
generation Electricity kWh

Electrical energy MJ
CO2 kgCO2eq

1 The electrical input of the torrefaction process consists of the energy consumption generated by the microwave
generator and the direct energy consumption from the torrefaction process itself.

The proposed torrefaction plant is located in Luoyang, Henan Province, China
(112◦16′–112◦37′ E, 34◦32′–34◦45′ N). The plant is located at the junction of urban and
rural areas in Luoyang, Henan Province, which is convenient for transporting various types
of agricultural waste.
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(i) Collection and transportation

WS, as a common agricultural industrial waste, is typically collected and centrally
processed during farmers’ production processes, so no additional energy input is required
during the collection stage. The primary input during transportation is the gasoline fuel
consumed by vehicles. A 10-tonne truck consumes 0.226 kg/km, with gasoline emitting
2.7 kg of CO2eq per kilogram. The average transportation distance from the farm to the
torrefaction plant and from the torrefaction plant to the power generation facility is 50 km.
During the transportation phase, the carbon emissions per tonne of WS are given by the
following Equation (6).

GHGt = average transportation distance × CO2 emission per km/truck loading (6)

where GHGt denotes the total greenhouse gas emissions during the transport phase.

(ii) Pre-treatment stage

Pretreatment costs include biomass drying Hdry and crushing Hgrind, according to
Equations (7) and (8):

Hdry =
Mbiomass × ∆T × Cbiomass

1 − 0.25
(7)

Hgrind = Mbiomass × 256.32 (8)

where Mbiomass is the total dry weight of biomass (t); Cbiomass is the specific heat capacity
of biomass (kJ/kg/◦C), and its value is 3.4 kJ/kg/◦C; and ∆T is the difference between the
initial and final temperatures of drying (◦C), which is 80 ◦C in this paper.

In addition, for the drying and torrefaction heat transfer process of biomass, a heat
transfer loss of 25% must be considered. A total of 256.32 MJ/t is the energy required for
grinding per unit of biomass [40].

(iii) Torrefaction

The carbon emissions at this stage originate from the electricity consumed during
torrefaction. Under the experimental conditions with 30 g of WS, microwave power of
422.32 W, irradiation time of 14.95 min, and microwave absorber dose of 15 g, the higher
HHV of the bio-solid fuel is 18.44 MJ/kg, with a mass yield of 69.12%. The global average
efficiency of coal-fired power generation is 37.5%. To generate an energy product with a
calorific value of 1 MJ, 0.017 kWh of electrical energy is required [39]. Additionally, 997 kg
CO2eq are emitted per 1000 kWh of electricity generated [41].

3. Results and Discussion
3.1. Characterisation of Raw Materials

The physiochemical characteristics of WS are shown in Table 1. The WS samples were
well pretreated, with moderate dryness and a moisture content of 6.21%, which does not
affect the initial temperature of torrefaction. The volatile matter content (73.84%) is lower
than that of pequi seeds (85.82%) [42], resulting in a lower proportion of gases and liquids
in the torrefaction products. The ash content (7.2%) is higher than that of jute sticks (2.8%)
and pequi seeds (1.2%), indicating a tendency toward corrosion, slagging, and scaling [43].
Fixed carbon, characterized by a relatively slow combustion rate and persistent heat release,
can prolong combustion duration and boost combustion stability at higher content. The
fixed carbon content (12.75%) of WS is comparable to that of pequi seeds (12.98%) [42].
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3.2. Box–Behnken Results and Analyses
3.2.1. BBD Experimental Design and Results

The mass yield (Y1), HHV (Y2), and EMCI (Y3) of bio-solid fuel were used as the
response values to design the BBD scheme using Design Expert 13.2 software. Table 4
presents the results of 17 experimental runs, where the mass yield of bio-solid fuel spanned
35.93 to 89.87%, the HHV ranged from 13.45 to 18.27 MJ/kg, and the EMCI varied between
0.018% and 19.997%.

Table 4. Experimental results of bio-solid fuel.

Run No
A B C

Y1 (%)
Y2

(MJ/kg) Y3 (%)
min W g

1 20 400 9 68.17 17.23 19.124
2 20 500 15 47.43 18.27 16.939
3 10 300 9 89.87 13.45 0.0180
4 20 400 9 63.77 17.20 17.729
5 20 300 15 77.73 14.73 7.305
6 20 400 9 65.35 17.25 18.328
7 10 400 15 75.27 16.54 17.246
8 30 500 9 35.93 18.01 12.146
9 30 400 15 66.17 17.38 19.291

10 20 500 3 51.63 17.34 14.883
11 30 400 3 65.23 16.79 16.133
12 20 400 9 66.23 17.17 18.265
13 10 400 3 80.74 14.90 8.608
14 30 300 9 72.15 15.39 10.329
15 10 500 9 55.47 17.59 17.037
16 20 300 3 84.90 13.77 1.9360
17 20 400 9 68.91 17.37 19.997

3.2.2. Statistical Analysis

The coefficients of the model equations and their statistical significance are evaluated
using Design Expert 13.2 software. The quadratic regression models for mass yield (Y1),
HHV (Y2), and EMCI (Y3) based on the coding factors are given by Equations (9)–(11):

Y1 = 66.48 − 7.73A − 16.77B − 1.98C − 0.445AB + 1.59AC + 0.7425BC + 1.65A2 − 4.77B2 + 3.72C2 (9)

Y2 = 17.25 + 0.6356A + 1.74B + 0.5159C − 0.3798AB − 0.2636AC − 0.0080BC − 0.3781A2 − 0.7567B2 − 0.4644C2 (10)

Y3 = 18.69 + 1.87A + 5.18B + 2.4C − 3.8AB − 1.37AC − 0.8282BC − 1.88A2 − 6.93B2 − 1.49C2 (11)

Experimental outcomes from the BBD were evaluated via analysis of variance
(ANOVA) and hypothesis testing with p-values and F-values. Here, F-value magnitude
indicates model reliability, whereas p-value size signals the model’s significance level: a
p-value > 0.05 denotes a lack of significance; a p-value < 0.05 indicates greater significance;
and a p-value < 0.0001 signifies that the model is particularly significant.

ANOVA outcomes for mass yield are presented in Table 5. The regression model for
mass yield yields an F-value of 45.89, indicating significance, with only a 0.01% likelihood of
such a high F-value arising from interference. A p-value < 0.0001 signifies that microwave
power and irradiation time are statistically significant for the regression equation. By
comparing F-values and p-values across factors, the primary effects of irradiation time and
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power in this model have p-values < 0.001, meaning they are highly significant for bio-solid
fuel production, whereas the absorber addition dose exerts a weaker influence on yield.

Table 5. ANOVA for mass yield.

Source Sum of
Squares df Mean Square F-Value p-Value

Model 2930.61 9 325.62 45.89 <0.0001 Significant
A-irradiation time 477.87 1 477.87 67.34 <0.0001

B-microwave power 2250.87 1 2250.87 317.21 <0.0001
C-absorber addition dose 31.44 1 31.44 4.43 0.0733

AB 0.8281 1 0.8281 0.1167 0.7427
AC 10.14 1 10.14 1.43 0.2708
BC 2.21 1 2.21 0.3108 0.5946
A2 11.44 1 11.44 1.61 0.2447
B2 95.86 1 95.86 13.51 0.0079
C2 58.14 1 58.14 8.19 0.0243

Residual 49.67 7 7.10
Lack of fit 32.26 3 10.75 2.47 0.2014 Not significant

From Equation (9), the absolute values of the coefficients of the regression equation of
mass yield were A = 7.73, B = 16.77, and C = 1.98, and the effects of B on mass yield are
2.17 times and 8.47 times of A and C, respectively, which implied that B played a more
important role in the torrefaction process, and it can be seen that the main effect of the
various factors on the mass yield was as follows: microwave power > irradiation time >
absorber addition dose.

The ANOVA results of the numerical model for the HHV of bio-solid fuel are shown
in Table 6. In the regression model for the HHV of bio-solid fuel, F = 376.47 and p < 0.00001,
which indicates that the regression equation for the HHV is highly significant; comparing
the F-values and p-values of the factors, the p-values of the primary terms of the model are
all <0.0001, which indicates that the effects of the microwave power, the irradiation time,
and the amount of the absorber added on the torrefaction results are all highly significant.
In addition, the effects of the secondary terms B2 and C2 on the HHV were highly significant,
and the effect of A2 on the HHV was shown to be significant. The p = 0.1578 > 0.05 of the
dislocation term is not significant, which indicates that the external factors interfere less
with the experimental results and the experimental results are predictable.

Table 6. ANOVA for HHV.

Source Sum of
Squares df Mean Square F-Value p-Value

Model 34.63 9 3.85 376.47 <0.0001 Significant
A-irradiation time 3.23 1 3.23 316.27 <0.0001

B-microwave power 24.08 1 24.08 2356.61 <0.0001
C-absorber addition dose 2.13 1 2.13 208.35 <0.0001

AB 0.5771 1 0.5771 56.46 0.0001
AC 0.2780 1 0.2780 27.20 0.0012
BC 0.0003 1 0.0003 0.0248 0.8794
A2 0.6020 1 0.6020 58.90 0.0001
B2 2.41 1 2.41 235.89 <0.0001
C2 0.9079 1 0.9079 88.84 <0.0001

Residual 0.0715 7 0.0102
Lack of fit 0.0496 3 0.0165 3.00 0.1578 Not significant

As can be seen from Equation (10), the absolute values of the coefficients of the HHV
regression equation are A = 0.6356, B = 1.74, and C = 0.5159, and the effects of B on HHV
are 2.76 times and 3.41 times of A and C, respectively, which indicates that B has a greater
influence on the HHV of bio-solid fuel compared with A and C. It can be seen that the
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main effect of each factor on the HHV is as follows: microwave power > irradiation time >
absorber addition dose.

The ANOVA results of the numerical model of EMCI for bio-solid fuel are shown
in Table 7. In the regression model of EMCI for bio-solid fuel, F = 49.24 and p < 0.00001,
which indicates that the regression equation of EMCI is highly significant; comparing the
F and p values of the factors, the p value of the power of this model is less than 0.001,
i.e., the microwave power is highly significant on the storage and transport performance
of bio-solid fuel, whereas the irradiation time and the absorber addition dose had less
effect on the storage and transport performance of bio-solid fuel. In addition, the effect
of the quadratic term B2 on the storage and transport performance was highly significant,
and the effects of A2 and C2 on the storage and transport performance were shown to be
significant. The p = 0.1578 > 0.05 of the misfit term is not significant, which indicates that
the external factors interfere less with the experimental results and the experimental results
are predictable.

Table 7. ANOVA for EMCI.

Source Sum of
Squares df Mean Square F-Value p-Value

Model 596.74 9 66.30 49.24 <0.0001 Significant
A-irradiation time 28.09 1 28.09 20.86 0.0026

B-microwave power 214.40 1 214.40 159.21 <0.0001
C-absorber addition dose 46.18 1 46.18 34.29 0.0006

AB 57.78 1 57.78 42.90 0.0003
AC 7.51 1 7.51 5.58 0.0502
BC 2.74 1 2.74 2.04 0.1965
A2 14.82 1 14.82 11.01 0.0128
B2 202.20 1 202.20 150.15 <0.0001
C2 9.38 1 9.38 6.97 0.0334

Residual 9.43 7 1.35
Lack of fit 6.29 3 2.10 3.00 0.1578 Not significant

As shown in Equation (11), the absolute values of the coefficients of the EMCI regres-
sion equation are A = 1.87, B = 5.18, and C = 2.4, and the effects of B on EMCI of bio-solid
fuel are 2.77 times of that of A and 2.16 times of that of C, which indicates that B has a
greater influence on the storage and transport performance of bio-solid fuel as compared
with that of A and C. From this, it can be seen that the main effect of each factor on the
storage and transport performance is as follows: microwave power > absorber addition
dose > irradiation time.

Table 8 shows the fitting accuracy of the bio-solid fuel model. The complex correlation
coefficient (R2) is an important parameter when discussing the validity of any regression
model. A high value of R2 indicates that the regression model fits to the experimental
data to a high extent, thereby validating the model’s reliability. A regression model is
considered to be suitable if the R2 value is greater than 0.98. In the present work, the R2

value of mass yield, HHV, and EMCI are 0.9833, 0.9979, and 0.9844, respectively. The higher
R2 value indicates that the empirical model linked the process parameters smoothly and is
predicting the responses accurately. The difference in the corrected (R2adj) and predicted
(R2pred) coefficient is less then 0.2 [44], and the larger the value of the two coefficients,
the better the interpretation of the model. In this study, the difference between R2adj and
R2pred of the three models is 0.1442, 0.0191, and 0.1387, respectively, all <0.15, showing
the better reliability of the three models. The coefficient of variation (C.V.) is an indicator
of the degree of variation in a model. In this study, the C.V. for each model was less than
10% [45], further indicating that these models have high fitting accuracy and reliability.
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Table 8. Fitting accuracy of bio-solid fuel.

Model R2 R2adj R2pred C.V. (%)

Mass yield 0.9833 0.9619 0.8177 3.990
HHV 0.9979 0.9953 0.9762 0.613
EMCI 0.9844 0.9645 0.8258 8.380

3.2.3. Residual Analysis

Residual analysis serves to assess model relevance and data reliability. Typically,
during model regression analysis, residual values must be evaluated to validate model
rationality, with residuals expected to follow a normal distribution when excluding ex-
perimental outliers. Residual distributions for mass yield (a), HHV (b), and EMCI (c) are
presented in Figure 3.

  
(a) (b) 

 
(c) 

Figure 3. Residual distribution of mass yield (a), HHV (b), and EMCI (c).

From Figure 3, it is evident that the standardized residual values of each model
contain only a small number of experimental points outside the range of (−2, 2). The
distribution of these experimental points is random with irregular features, which confirms
the rationality of experimental point selection. Additionally, all experimental points are
uniformly distributed along a straight line, with only a few outliers. This indicates that the
standardized residuals of each model follow a normal distribution, thereby validating the
regression performance of the models.

3.2.4. Optimization Analysis and Model Validation

Figure 4 shows a three-dimensional response surface demonstrating the effect of prepa-
ration variables of bio-solid fuel on mass yield. Figure 4a reveals the relationship between
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irradiation time and microwave power on mass yield, showing that high microwave power
and long radiation time are negatively correlated with mass yield. And it was found that in
the torrefaction process, microwave power played a more important role than irradiation
time for mass yield. Figure 4b demonstrates the relationship between irradiation time and
absorber addition dose on bio-solid fuel interaction. Compared with Figure 4a, Figure 4b
shows that the interaction between irradiation time and absorber addition dose has less
effect on mass yield, and this result is in agreement with Antunes et al. According to his
study, the decrease in mass yield is due to the increase in microwave power and the prolon-
gation of the irradiation time, which leads to an increase in dehydration and decomposition
of the biomass, and thus a decrease in the mass yield. Figure 4c demonstrates the effect
of the interaction of microwave power and absorber addition dose on mass yield, which
showed a decreasing trend with the increase in microwave power and absorber addition
dose. This finding provides important clues for a deeper understanding of the interaction
of variables in the bio-solid fuel preparation process.

Figure 4. Three-dimensional surface response of mass yield with design factors of (a) irradiation time
vs. microwave power, (b) irradiation time vs. absorber addition dose, and (c) microwave power vs.
absorber addition dose.

Figure 5 shows the three-dimensional surface response of bio-solid fuel HHV. Figure 5a
shows that with the increase in microwave power and irradiation time, the HHV of bio-solid
fuel rises gradually, and when the microwave power reaches 500 W and the irradiation time
is 30 min, the heating value reaches the maximum value of 18.01 MJ/kg. This is due to the
fact that as the microwave power and irradiation time increase, the oxygen removed forms
CO2, CO, and H2O in higher amounts, thus increasing the higher heating value. This can be
verified by the elemental analysis of products and raw materials under optimal conditions.
Another reason for the increased heating value of the biomaterial is the decrease in moisture
content and the increase in the C/O ratio due to torrefaction [46]. Figure 5b shows that
with the gradual increase in absorber addition dose, the HHV of bio-solid fuel shows a
relatively smooth and linear change, which implies that the microwave absorber addition
dose has less effect on the HHV of bio-solid fuel. Figure 5c has a similar trend to Figure 5a:
Figure 5c shows that the HHV of bio-solid fuel rises with the increase in microwave power
and absorber addition dose, and at the highest point of the curved surface, the interaction
between the two effects reaches the maximum, and the HHV of the bio-solid fuel reaches
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18.27 MJ/kg, which shows the synergistic effect of the microwave power and the amount
of absorber added in the process of bio-solid fuel preparation.

Figure 5. Three-dimensional surface response of the HHV of bio-solid fuel with design factors
of (a) irradiation time vs. microwave power, (b) irradiation time vs. absorber addition dose,
and (c) microwave power vs. absorber addition dose.

Figure 6 shows the three-dimensional surface response of the bio-solid fuel EMCI. As
shown in Figure 6a, the general trend of increasing microwave power and irradiation time
on EMCI is increasing and then decreasing, and the EMCI reaches the maximum value of
19.9972% when the microwave power reaches 400 W and the irradiation time is 20 min.
Figure 6b shows that the EMCI of bio-solid fuel exhibits a smoother linear change with the
gradual increase in absorber addition dose, which implies that the microwave absorber
addition dose has less effect on the EMCI of bio-solid fuel. Figure 6c has a similar trend
of change to Figure 6a: Figure 6c shows that the microwave power has a greater effect on
EMCI than the microwave absorber addition dose during the torrefaction process.

Figure 6. Three-dimensional surface response of bio-solid fuel EMCI with design factors of (a) time at
irradiation vs. microwave power, (b) irradiation time vs. absorber addition dose, and (c) microwave
power vs. absorber addition dose.
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In order to further determine the optimal process conditions for the preparation of
bio-solid fuel, numerical optimization was carried out using Design Expert 13.2 software,
and the optimized process slope shape of bio-solid fuel was obtained as shown in Figure 7.
The optimal combinations of process parameters for the preparation of bio-solid fuel were
analysed as follows: irradiation time of 14.95 min, power of 422.32 W, and the amount
of microwave absorber added of 15 g. Under these conditions, the simulated bio-solid
fuel yield was 67.96%, the HHV was 17.40 MJ/kg, and the EMCI was 19.92%, which was
higher than the HHV of lignite (16.76 MJ/kg) but lower than that of bituminous coal
(24.21 MJ/kg).

Figure 7. Optimized process slope shape for bio-solid fuel.

The mass yield and HHV along with EMCI of the prepared bio-solid fuel under
optimal conditions are summarized in Table 9 with the predicted values of the model. It
can be seen that the errors between the mass yield and HHV of the bio-solid fuel and
the model’s predicted values are less than 6%, which indicates that the optimization of
the BBD experimental model can be used to optimize the parameters of the bio-solid fuel
torrefaction process with a high degree of confidence. Meanwhile, as determined by the
elemental analyser, the O/C ratio of bio-solid fuel was reduced from 0.83 to 0.083, and the
H/C ratio was reduced from 2.02 to 1.261, and the calculated EMCI of 19.89% was higher
than the EMCI value of jute stalks of the previous study (17.63%) [13] by 11.4%, and higher
than that of the EMCI value of the fuel derived from industrial waste material (11.7%) by
41.18%, and higher than the EMCI value of coconut shells in existing studies (16.66%) [15]
by 8.84%.

Table 9. Comparison of experimental and model predicted values of bio-solid fuel performance.

Element Mass Yield (%) HHV (MJ/kg) EMCI (%)

A B C Experimental
Value

Predicted
Value

Experimental
Value

Predicted
Value

Experimental
Value

Predicted
Value

422.32 14.95 15.00 69.12 69.76 18.44 17.40 25.50 19.89
Error(%) 1.16 5.98 22.00

3.2.5. Comparison with Prior Research

Table 10 compares the performance metrics of the bio-solid fuel produced in this study
with those reported in prior research. The optimized bio-solid fuel exhibits a relatively
high mass yield, and its HHV is comparable to the optimized results of other studies;
combined with the relatively high EMCI value mentioned earlier, it demonstrates excellent
fuel performance.
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Table 10. Mass yield and HHV under optimal conditions in other literature.

Biomass Torrefaction
Conditions Mass Yield (%) HHV (MJ/kg) Ref.

WS

422.32 W
14.95 min

15 g
69.12 18.44 This work

287 ◦C
20 min
6% O2

60.15 18.84 [47]

300 ◦C
30 min

N2

46.76 18.58 [48]

299.99 ◦C,
31.89 min
0.75 g/L
0.20 mm

60.15 25.05 [17]

3.3. Characterisation Analysis
3.3.1. FTIR

Figure 8 compares the FTIR spectra of bio-solid fuel and WS feedstock produced under
optimal parameter conditions. As can be seen in Figure 8, most of the peaks of bio-solid
fuel were classified into different wave number ranges, including C-H stretching, C=C
stretching, C-H bending, and C-O bending. The broad peaks detected at 3000–3500 cm−1

for WS are attributed to O-H stretching, which indicates the presence of compounds with
hydroxyl functional groups in WS. In contrast, the bio-solid fuel spectra have a flat curve in
this region, indicating the loss of O-H bonds due to water evaporation during the charring
process, suggesting an improvement in the hydrophobicity of the bio-solid fuel [49]. In the
2800–3000 cm−1 interval, the spectral peaks mainly originate from compounds with C-H
stretching functional groups. Two sharp C-H stretching diffraction peaks were observed
at 2915 cm−1 and 2851 cm−1, which correspond to the asymmetric and symmetric C-H
stretching of alkane compounds in WS, respectively, indicating the presence of aldehydes,
and the presence of aliphatic aldehydes compounds in the feedstock suggests that bio-solid
fuel possesses a good fuel performance. However, the peak intensities of these functional
groups are lower in the bio-solid fuel IR spectrum, possibly due to demethylation or
conversion of methoxy to carbonaceous substances (e.g., CO and CO2) by breaking the
ether bond, resulting in a more aromatic bio-solid fuel. The diffraction peak shown at
1683 cm−1 indicates the presence of carbonyl (-C=O) stretching compounds such as esters,
ketones, acids, or anhydrides. This peak is attenuated in the bio-solid fuel spectrum. In
addition, a high diffraction peak of -C-O-bending in the WS spectrum was detected at 1042
cm−1 and red-shifted compared to the feedstock, indicating the presence of hydrocarbons,
esters, or ethers in large quantities within the WS. The absence of C=O stretching and the
reduced intensity of the C-O bending peaks detected in the bio-solid fuel spectra may be
due to the elimination of oxygenated compounds during the conversion of WS to bio-solid
fuel by torrefaction. Bands in the 1586 cm−1 range are assignable to C=C-stretching com-
pounds, signalling the presence of aromatic species, while bio-solid fuel spectra display
stronger peak intensities relative to WS feedstock spectra—indicating a higher aromatic
compound concentration in the bio-solid fuel than in the raw material. Therefore, WS is
converted to bio-solid fuel with higher aromaticity and higher stability after the carboni-
sation process. This conversion can occur through a number of chemical reactions, such
as dehydrogenation by release of H2 to form unsaturated compounds or dehydration by
release of H2O to form olefins and aromatic compounds. A significant decrease in the bio-
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solid fuel diffraction peaks compared to the feedstock was observed in the 1000–1500 cm−1

region, corresponding to C-O, C-H, and C=C stretching vibrations, which indicates the
decomposition of the hemicellulose, cellulose, and lignin components [15].

Figure 8. FTIR of WS and bio-solid fuel prepared under optimal conditions.

The FTIR spectra of the resulting bio-solid fuel showed that its oxidised compounds
(alcohols, phenols, carboxylic acids, and ethers) were greatly reduced after the charring
process, and the resulting bio-solid fuel mainly contained polycyclic structural components
with high aromaticity and low oxygen content, and the bio-solid fuel had a better thermal
stability, which is conducive to the application of bio-solid fuel to energy.

3.3.2. TG/DTG

Figure 9 shows the TG and DTG curves of the WS (a) and bio-solid fuel prepared under
optimal conditions (b). Thermogravimetric analysis (TG) and derivative thermogravimetric
analysis (DTG) of WS were conducted under a nitrogen atmosphere at a heating rate of
10 ◦C/min, with a temperature range of 25 to 800 ◦C. This experimental framework is
consistent with Chen et al. [50], aiming to characterize its thermal degradation behaviour.
The TG curve of WS exhibits three distinct stages: dehydration, active devolatilization,
and lignin carbonization, while the DTG curve reveals kinetic information by quantifying
the mass loss rate. In the first stage (25–200 ◦C), a slight 3% mass loss occurs due to
the evaporation of physically adsorbed water, analogous to the dehydration stage in
microalgal pyrolysis where moisture removal precedes thermochemical reactions [50].
The second stage (200–500 ◦C) dominates with a 70% weight loss, characterized by a
steep TG decline and DTG peaks at approximately 270 ◦C and 420 ◦C, consistent with the
findings of Dissanayake et al. [51]. This stage is driven by the hierarchical decomposition
of hemicellulose and cellulose. The amorphous structure of hemicellulose degrades first,
releasing CO2 and organic acids, followed by cellulose decomposition into sugars and
furan derivatives, as observed in studies on microalgae and rice straw. The third stage
(500–800 ◦C) involves gradual lignin degradation and carbonization, accompanied by a
broad DTG peak at 550 ◦C which is similar to the mineral residues in unwashed rice
straw that affect combustion behaviour [51]. The TG and DTG curves of bio-solid fuel (b)
indicate slower thermal degradation rates and a higher onset temperature of decomposition
compared to the raw material. The peak thermogravimetric values occur between 300 and
500 ◦C, and at 500 ◦C, the mass fraction of the bio-solid fuel is 82%, which is 62% higher



Processes 2025, 13, 3302 17 of 21

than that of WS, reflecting enhanced thermal stability and more controlled combustion
behaviour. Enhanced thermal stability from torrefaction renders biomass better suited for
uses demanding extended combustion durations and superior fuel quality—a key attribute
for industrial applications, facilitating steady energy output, delayed decomposition, and
reduced volatility during combustion.

Figure 9. TG and DTG curves of WS (a) and bio-solid fuel prepared under optimal conditions (b).

3.4. Carbon Footprint and Economic Benefit Assessment

Microwave torrefaction development is crucial for sustainable benefits associated with
energy substitution, CO2 mitigation, and the reduction of agricultural waste. Therefore, it
is important to examine how torrefaction impacts carbon emission. This section focuses
on quantifying the carbon footprint of microwave torrefaction WS distribution of the
study object, identifying the environmental load contributions of high-emission stages, and
providing scientific support for low-carbon technological optimization and sustainable
development pathways. Economic benefit analysis is also evaluated.

3.4.1. Carbon Emissions Analysis

The carbon emissions breakdown of each unit process is illustrated in Figure 10. It is
estimated that a total of 559.75 kg CO2eq is emitted per ton of WS processed. Excluding
the transport stage, the carbon emissions related to the entire torrefaction process reach
518.07 kg CO2eq/t, accounting for 92.55% of the total carbon emissions. Notably, the
generation of microwave dominates with 298.99 kg CO2eq (53.4% of the total), attributable
to its intensive electricity consumption. Although transportation (41.68 kg CO2eq, 7.45%)
and drying and grinding (3.05 kg CO2eq 0.54%) have relatively lower shares, their emission
drivers warrant scrutiny: transportation emissions are sensitive to distance, cargo turnover,
and fuel type, while preprocessing stages could leverage energy-efficient equipment.

Comparatively, the prominent microwave emission contrasts with conventional
biomass torrefaction LCA results, which is consistent with the findings of Foong et al. [52],
highlighting the uniqueness of microwave volumetric heating and the criticality of power
decarbonization. For torrefaction, integrating bioenergy self-supply (utilizing process
residues for heat) could drastically reduce its carbon footprint.
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Figure 10. Carbon emissions breakdown of every unit processes.

3.4.2. Carbon Emission Reduction and Economic Benefit Analysis

The economic benefit of this study is based on using 1000 kg WS as a benchmark.
The analysis focuses on one scenario: the production of bio-solid fuel from WS at the
optimal conditions as shown in Table 9. The analysis excludes costs associated with WS and
microwave absorbers: WS, as an agricultural waste, incurs no additional raw material costs,
while activated carbon—employed as the microwave absorber—is recyclable, making this
cost negligible. The electricity cost is based on the 2022 grid electricity tariff standards in
China, where industrial electricity is priced at 0.5 CNY/kW·h. Transportation costs consist
of freight and gasoline expenses, with the freight rate set at 0.5 CNY/ton·km, gasoline cost
at 6.5 CNY/kg, a truck fuel consumption rate of 0.223 kg/km, and a loading capacity of
10 tons—collectively constituting the transportation expenses for biomass feedstock. Thus,
the total cost is estimated to be 878.72 CNY/ton.

Bio-solid fuels obtained via torrefaction of 1000 kg WS produce 1067.63 kW·h of energy
along with 1064.43 kg CO2eq emissions. In comparison, a bituminous coal fired power plant
produces 1323.69 kg CO2eq; the decreased CO2 emissions are 259.26 kg CO2eq. This result
falls within the range of net negative GWP for lignocellulosic biomass reported in Cheng
et al.’s study [53], and is 192.64 kg CO2eq higher than the emission reduction value of
pigeon pea stalk biochar [54]. Based on China’s carbon trading market, the benchmark price
for carbon emissions assessment is 37.76 CNY/ton CO2eq (approximately 0.04 CNY/kg
CO2eq) for carbon emission assessment. After comprehensive calculation, taking into
account the revenue from power generation, revenue from emission reduction, and total
costs, torrefying 1 ton of WS into bio-solid fuel for power generation yields a net profit of
CNY 435.19.

Notably, using bio-solid fuel as a complete substitute for bituminous coal in power gen-
eration may not be universally advisable, as the distinct combustion characteristics of bio-
solid fuel could affect combustion efficiency and equipment performance in power plants.

4. Conclusions
This study evaluates the feasibility of wheat straw (WS) as a source of bio-solid fuel

via microwave torrefaction. The statistical analysis via RSM allowed the development of
reduced models (quadratic) for predicting key performance indicators, including mass
yield, HHV, and EMCI. These models exhibit high statistical significance (p < 0.0001) with
regression correlations (R2 > 0.98), underscoring the reliability of the findings in capturing
the relationships between process parameters and fuel properties. Notably, ANOVA results
further indicated that microwave power was identified as the most critical parameter in
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the torrefaction process of WS, while irradiation time played a secondary role in mass yield
and HHV.

The results indicated that the torrefied bio-solid fuel exhibited a significant enhance-
ment in HHV (an approximate 37% increase), coupled with an EMCI of 25.5%, confirming
the potential of WS as a high-quality bio-solid fuel. Furthermore, estimating fossil fuel
equivalence and quantifying CO2 emission reductions underscores the substantial environ-
mental merits of torrefied WS: substituting bituminous coal with this bio-solid fuel yields a
38% reduction in CO2 emissions per unit power generation, with a lifecycle CO2 mitigation
potential of 259.26 kg CO2eq per tonne of torrefied WS, further validating its feasibility as a
sustainable fossil fuel alternative. Future work could focus on its industrial scaling-up and
the combined optimization of RSM and artificial neural networks.
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