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ABSTRACT: Biomass resources are gaining attention to address
environmental issues, ensure energy efficiency, and ensure long-
term fuel sustainability. The use of biomass in its raw form is
known to present a number of issues, including high shipping,
storage, and handling costs. Hydrothermal carbonization (HTC),
for example, can increase the physiochemical properties of biomass
by converting it into a more carbonaceous solid hydrochar with
enhanced physicochemical properties. This study investigated the
optimum process conditions for the HTC of woody biomass
(Searsia lancea). HTC was carried out at varying reaction
temperatures (200−280 °C) and hold times (30−90 min). The
response surface methodology (RSM) and genetic algorithm (GA)
were used to optimize the process conditions. RSM proposed an
optimum mass yield (MY) and calorific value (CV) of 56.5% and 25.8 MJ/kg at a 220 °C reaction temperature and 90 min of hold
time. The GA proposed an MY and a CV of 47% and 26.7 MJ/kg, respectively, at 238 °C and 80 min. This study revealed a decrease
in the hydrogen/carbon (28.6 and 35.1%) and oxygen/carbon (20 and 21.7%) ratios, indicating the coalification of the RSM- and
GA-optimized hydrochars, respectively. By blending the optimized hydrochars with coal discard, the CV of the coal was increased by
about 15.42 and 23.12% for RSM- and GA-optimized hydrochar blends, respectively, making them viable as an energy alternative.

1. INTRODUCTION
As a result of population growth and socio-economic needs,
especially in developing countries, energy supply becomes
necessary to sustain modern existence. Climate change is one
of the major global issues because of rising energy
consumption and a growing population. Reducing reliance
on fossil fuels will cut greenhouse gas (GHG) emissions and
improve energy security.1 Consequently, using renewable
energy sources such as biomass and refuse-derived fuel will
help create a more sustainable environment.
Biomass is a lignocellulosic material derived from organic

resources such as wood and agricultural waste.2 In recent years,
there has been a focus on using biomass as a solid fuel for co-
firing to reduce combustion emissions in existing and newly
built power plants. Its low emissions, ash content, and total
sulfur content, among other fuel characteristics, make it a
potential alternative renewable energy source for power
generation.3,4 According to Saba et al.5 and Perlack et al.,6

biomass is the largest and most abundant carbonaceous source
of renewable energy, with zero to net negative GHG emissions.
Nonetheless, biomass has some drawbacks, such as low bulk
density, low carbon content, high oxygen content, high alkali

and alkaline earth metal composition, and poor energy density.
Furthermore, these attributes result in challenges such as high
transportation, storage, and handling costs, limiting biomass
conversion into value-added products for energy and other
carbon-based applications.2 The above-mentioned difficulties
may be mitigated through thermal pre-treatment techniques
such as hydrothermal carbonization (HTC), which is the
approach used in this study.
HTC is a thermochemical conversion process for converting

wet biomass into a carbonaceous solid hydrochar with
enhanced physical and chemical characteristics compared to
raw biomass.7,8 According to Park, et al.,9 HTC offers the
benefit of directly hydro-treating wet biomass material without
the requirement for pre-drying. The final product of HTC, that
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is, hydrochar, has attracted much interest because of its
capabilities as a precursor for soil remediation, activated
carbon, catalysts, solid fuels, and many other carbonaceous
materials for various uses.7 Aside from HTC, other widely used
thermal pre-treatment techniques include slow pyrolysis,
gasification, and torrefaction.10 The choice of a pre-treatment
technique is strongly influenced by the kind of feedstock as
well as the desired characteristics of the hydrochar, which are
ultimately decided by the product’s intended end application.2

The biomass source proposed for this study is Searsia lancea
(SL). These tree species were planted in 2002 as part of
AngloGold Ashanti Limited’s Mine Woodlands Research
Project in South Africa. The tree was planted for
phytoremediation of acid mine drainage and the rehabilitation
of contaminated soils.11 The tree, also known as the
metallophyte plant, can withstand elevated heavy metal
concentrations by phytostabilization of the heavy metal in
the soil through hyperaccumulation and subsequent storage in
subcellular compartments.12 It is estimated that 320 hectares of
land were used to plant the trees, which are now cultivated and
possibly used as firewood by the community.13 Using these
trees as firewood will increase GHG emissions and undermine
the trees’ potential as an alternative energy source. Therefore,
this study intends to utilize hydrothermal carbonization
(HTC) to produce solid fuel from trees with improved
physiochemical and combustion characteristics. In addition,
the feasibility of the response surface methodology (RSM),
coupled with the genetic algorithm (GA), will be used in
optimizing the HTC process.
Numerous studies have developed and utilized mathematical

models using RSM for the HTC process. A quadratic model
was derived from the central composite design of HTC on the
impact of temperature and time in relation to hydrochar yield
from fish waste by Kannan, et al.14 The author found RSM to
be a good fit for the actual data, with an average percentage
difference between the actual and predicted hydrochar yield to
be 7.6%. In another investigation, RSM was used to evaluate
the combined interaction of temperature and hold time and to
optimize these parameters for optimal yield and calorific value
(CV) of the hydrochar from coffee waste.15 The response
surface model used to optimize the hydrochar yield and its CV
was found to be an excellent fit for the actual data. The
integration of RSM and other mathematical and statistical
techniques, especially GA, has been used in various engineer-

ing applications such as process optimization and forecasting
responses.16,17 GA has proven to be an efficient tool for multi-
objective optimization by using gene information and
chromosome processing to optimize the given function.18

With the integration of GA with RSM, the limitation faced by
RSM, that is, estimating data outside of the conditions
investigated, can be minimized, as GA exhibits global
optimization attributes.19

Our previous study20 focused on the product composition of
the obtained hydrochars and the use of RSM to assess the
interactions between the process variables. However, this study
focuses on using GA coupled with RSM to optimize HTC
process conditions. The linear and interactive effect of the
reaction temperature and hold time on the produced
hydrochars was investigated. The RSM model for predicting
the mass yield (MY) and CV of hydrochars from SL was
developed. The developed RSM model was further coupled
with GA to find the optimum HTC conditions for optimal MY
and heat content. The hydrochars produced by the RSM and
GA optimization were characterized for their structural
morphologies, surface functionalities, and physicochemical
and textural properties.

2. RESULTS AND DISCUSSION
2.1. Response Surface Modeling. 2.1.1. Model Data

Fitting. The relationship between the hydrochar preparation
variables and the responses (MY and CV) was established. The
MY ranged from 34.9 to 67.3%, with CVs ranging from 20.3 to
29.7 MJ/kg. The quadratic model was selected for both
responses based on their high-order polynomials with
significant terms and not aliased, according to the sequential
model sum of squares. The model equations are shown in eqs
1 and 2.

Y X X X X

X X

320.24 1.70 1.08 0.0024

0.0026 0.004
1 1 2 1 2

1
2

2
2

= +
+ + (1)

Y X X X X

X X

64.17 0.63 0.17 0.0005

0.0011 0.0002
2 1 2 1 2

1
2

2
2

= + +

(2)

X1 and X2 are the preparation variables for temperature and
hold time, respectively, and Y1 and Y2 denote the responses of
MY and CV, respectively. A plus sign in front of the model

Table 1. ANOVA for the Developed Modelsa

sum of squares df mean square F-value p-value

source Y1 Y2 Y1 Y2 Y1 Y2 Y1 Y2 Y1 Y2 Y1 Y2
model 1203.06 89.60 5 5 240.61 17.92 31.45 26.13 0.0001 0.0002 sig. sig.
X1 1034.91 74.91 1 1 1034.91 74.91 135.27 109.21 <0.0001 <0.0001
X2 1.04 2.94 1 1 1.04 2.94 0.1362 4.29 0.7230 0.0772
X1X2 33.64 1.56 1 1 33.64 1.56 4.40 2.28 0.0742 0.1750
X12 46.19 7.92 1 1 46.19 7.92 6.04 11.54 0.0436 0.0115
X22 36.59 0.1030 1 1 36.59 0.1030 4.78 0.1502 0.0650 0.7099
residual 53.55 4.80 7 7 7.65 0.6859
lack of fit 4.75 1.83 3 3 1.58 0.6097 0.1299 0.8206 0.9374 0.5465 not sig. not sig.
pure error 48.80 2.97 4 4 12.20 0.7430
cor total 1256.62 94.40 12 12
R2 0.9574 0.9491
Adj R2 0.9269 0.9128
Pred R2 0.9061 0.7739

aY1: mass yield; Y2: CV; X1: temperature; X2: hold time; sig.: significant; Adj: adjusted; Pred: predicted.
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terms suggests a synergistic impact. In contrast, a minus sign
indicates an antagonistic effect.
Table 1 shows the analysis of variance (ANOVA) results for

the quadratic models, which reflect the adequacy and
significance of the selected models. The developed models
are statistically significant, as shown by the p-values 0.0001 and
0.0002 and F-values of 31.45 and 26.13 for Y1 and Y2,
respectively. The developed models fit the experimental results
satisfactorily, with R2 values of 0.9574 and 0.9491 and adjusted
R2 values of 0.9269 and 0.9128 for Y1 and Y2, respectively. The
difference between the predicted R2 and the adjusted R2 is less
than 0.2 for both responses, indicating that they are in
satisfactory agreement. A non-significant lack of fit for both
responses also validates the developed models. According to
the statistical analysis, the developed models are adequate for
predicting the MY and CV of the produced hydrochars within
the range of variables investigated.
The predicted values versus the actual (experimental) values

for hydrochar MY and CV are shown in Figure 1. The

predicted values were very close to the experimental values,
suggesting that the developed models demonstrated a strong
correlation between the hydrochar preparation variables and
the MY and CV.
Using perturbation plots, as shown in Figure 2, the influence

of the preparation variables and their interaction with the
hydrochar output were observed. The perturbation plots assist
in measuring the influence of all process variables at a given
point and track changes in each response to a change in
process variables.21 A curvature or steep slope in a response
emphasizes the degree to which the response is sensitive to
that factor. At the same time, a flat line indicates that the
response is not at all sensitive to that factor.22 A steep slope or
a curvature, as shown in Figure 2, indicated the degree of
sensitivity of MY and CV to the preparation factors,
temperature (A) and hold time (B). The perturbation plots
show that factors A (temperature) and B (hold time) have a
steep slope or curvature. The curves of factor A are
significantly steeper than the factor B curves, indicating that

Figure 1. Predicted vs actual hydrochar (A) MY and (B) CV.

Figure 2. Effect of perturbation plot on each of the responses.
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MY and CV are more sensitive to changes in reaction
temperature than to changes in hold time. This observation
that temperature influences the HTC of woody biomass more
than hold time has been reported in the literature.23

The three-dimensional response surfaces, which graphically
represent the regression equation, show the effect of process
parameters and their interaction on hydrochar output. The red
region of the 3D surface plots indicates the highest response
value, as shown in Figure 3. In contrast, the blue region
indicates the lowest response value. As the temperature
increased, the CV also increased and the MY decreased.
Furthermore, the design points, which are the actual observed
points, seem to match well with the surface plots, as shown in
the figure. None of the design points seems to be significantly
above or below the surface, demonstrating the model’s
satisfactory fit.
2.2. HTC Process Optimization. Numerical optimization

was used to determine optimal combinations of preparation
variables for maximum MY and CV. Predicted MY and CV of
53.5% and 26.3 MJ/kg were achieved, respectively, with a
desirability function of 0.813 at the optimum condition of 220
°C reaction temperature and 90 min hold time (Table 2).

The GA optimization algorithm was coupled with the RSM
model to optimize the model parameters. The variation in the
fitness values with respect to the number of generations is
shown in Figure 4. When the number of generations was about
77, the optimization was completed with the following
optimum parameters: 238 °C reaction temperature and 80
min hold time. Under this optimum condition, the predicted

MY and CV are 48.1% and 26.6 MJ/kg, respectively, of the
hydrochar from woody biomass.

2.2.1. Validation of Optimized Conditions of RSM and
GA. The HTC experiments were carried out under optimum
conditions of RSM and GA to validate the predicted
conditions. The experimentally determined and predicted
values of MY and CV under RSM- and GA-optimized
conditions are shown in Table 2. Comparing the experimental
results with the predicted values of the two optimization
methods, the GA-validated values seem closer to the predicted
values than the RSM values, with a lower percentage error of
2.29 and 0.4% for MY and CV, respectively. The percentage
error was calculated using the following equation

Exp Pred
Pred

100%= ×
(3)

where ∂ is the percent error, Exp is the experimental value, and
Pred is the predicted value.
2.3. Characterization of Raw Biomass and Optimized

Hydrochars. 2.3.1. Physicochemical, Surface Area, and Ash
Analyses. The results from the physicochemical analyses
conducted on the woody biomass (SL), optimized hydrochars
OHRSM and OHGA at optimal conditions are presented in
Table 3. SL was found with an inherent moisture content of
8.3%, with both OHRSM and OHGA possessing 3.10 and 2.55%,
respectively. The ash content of SL of 3.91% was decreased by
88% for OHRSM and 84.4% for OHGA. The decrease in ash
content during the hydrothermal process could result from the
decomposition of the inorganic minerals and oxides in the
biomass into the liquid phase.2,5 The total carbon content,
fixed carbon content, and CVs of the hydrochars increased
compared to those of SL, which could be attributed to changes
in the biomass structure caused by high temperature and
pressure. The fixed carbon increased 48.6% for OHRSM and
84.1% for OHGA from 18.41%. The volatile matter decreased
due to the aromatization and repolymerization reactions
occurring concurrently during hydrothermal processes.24,25

The optimized hydrochars, OHRSM and OHGA, had a CV of
about 50 and 55% higher than the raw biomass (SL), with an
energy densification value of 1.50 and 1.55, respectively. The
optimized hydrochars with 25.8 and 26.7 MJ/kg CVs can be
considered fuels. OHRSM, having a higher MY of 56.5% with an

Figure 3. 3D response surface plot for hydrochar outputs as a function of reaction temperature and hold time.

Table 2. MY and CV of the Hydrochar under RSM- and GA-
Optimized Conditionsa

MY (%) CV (MJ/kg)

opt.
temp
(°C)

opt.
hold
time
(min) pred. exp.

error
(%) pred. exp.

error
(%)

RSM 220 90 53.5 56.5 5.6 26.3 25.8 1.9
GA 238 80 48.1 47 2.29 26.6 26.7 0.4

aOpt.: optimum; Pred.: predicted; Exp.: experimental; CV: calorific
value.
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energy densification ratio of 1.50, will have a much more
improved energetic recovery efficiency when compared to
OHGA.
In terms of the heavy metal removal, the concentration of

Cd in the raw biomass sample was reduced from 73.79 mg/kg
to 7.62 and 3.14 mg/kg for both optimized OHRSM hydrochars
and OHGA hydrochars, respectively. The concentrations of Mg,
Pb, Ni, Fe, and K were all reduced below the detection limits
of the instrument.

Figure 5 shows an assessment of the hydrochar yield, energy
yield, and energy densification of the optimized hydrochars

(OHRSM and OHGA) compared to some hydrochars derived
from woody feedstock in the literature. The optimized
hydrochars from this study had energetic recovery efficiencies
of 84.75 and 72.85%, which were found to be comparable and,
in some cases, higher than those of other woody biomass-
derived hydrochars such as tobacco stalk-derived hydrochar
(64.2%),26 corn cob residue-derived hydrochar (70%),27

eucalyptus bark-derived hydrochar (50.1%),28 and pinyon-
derived hydrochar (74.6%).29

The van Krevelen diagram (Figure 6) shows how the atomic
ratios of H/C and O/C change during the HTC process in
relation to decarboxylation, dehydration, and demethylation
reactions.24 The atomic ratios of H/C (1.20 and 1.09) and O/
C (0.48 and 0.47) of OHRSM and OHGA are lower when
compared to that of the SL biomass (H/C: 1.68 and O/C:
0.60). The results showed that as the hydrothermal temper-
ature increased, the H/C and O/C atomic ratios of the
hydrochars decreased, indicating that intense HTC reactions
induced substantial changes in the structural element

Figure 4. Variation in the fitness value with respect to the number of generations obtained during GA optimization.

Table 3. Characterization of Raw Biomass and RSM- and
GA-Optimized Hydrocharsa

parameter SL OHRSM OHGA

CV (MJ/kg) 17.23 25.8 26.7
Proximate Analysis (% as Received)

inherent moisture 8.30 3.10 2.55
volatile matter 69.4 69.08 62.95
ash content 3.90 0.47 0.60
fixed carbon 18.40 27.35 33.9

Ultimate Analysis (% as Received)
total carbon 45.12 55.25 56.21
hydrogen 6.35 5.56 5.13
nitrogen 0.44 0.44 0.43
total sulfur 0.1 0 0
oxygen 35.78 35.18 35.07
H/C ratio 1.68 1.20 1.09
O/C ratio 0.60 0.48 0.47

Surface Area (SA) and Porosity Analysis
BET SA (m2/g) 1.32 9.06 8.33
pore volume (cc/g) 0.005 0.019 0.022
pore diameter (nm) 14.4 8.2 10.6
heavy metals (mg/kg)
magnesium (mg) 15.86 bdl bdl
cadmium (Cd) 73.79 7.62 3.14
lead (Pb) 69.90 bdl bdl
nickel (Ni) 0.64 bdl bdl
iron (Fe) 8.78 bdl bdl
potassium (K) 63.76 bdl bdl

abdl�below detectable limit; O: Oxygen by difference {100 − (M +
Ash + S + H + C + N)}.

Figure 5. Fuel properties of various hydrochars from woody biomass.
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composition. This observation is in agreement with previous
studies.30−32 The reduction of H and O contents in the
hydrochars, as illustrated in the van Krevelen diagram, can be
attributed to dehydration and decarboxylation reactions.30,33 It
is worth noting that the optimized hydrochars derived from
raw SL biomass had higher H/C and O/C ratios than those
derived from other solid fuels such as anthracite and
bituminous coal, suggesting high-quality hydrochars due to
less condensed aromatic structure.34

2.3.2. FTIR and XRD Analysis. The functional groups of SL
biomass and optimized hydrochars are depicted in the FT-IR
spectra shown in Figure 7A. The FTIR spectra reveal a
broadband hydroxyl group (O−H) at about 3100−3400 cm−1.
The more pronounced stretching vibration noted in the raw
biomass (SL) is due to the release of water as a pyrolysis
product. As the hydrothermal temperature increased, the
intensity of the O−H peak decreased. This might be attributed

to the progressive weakening of the O−H bond due to
dehydration reactions.25 A reduction in hydroxyl groups has
been shown to increase the fuel hydrophobicity, energy
storage, and handling properties, an indication of an efficient
solid fuel.35 The peak at 1615 cm−1 represented a typical C�
O stretching. The decrease seen with OHRSM and OHGA may
be ascribed to decarboxylation reactions during the HTC
process.36 The peak at 1033 cm−1 corresponded to the
asymmetric stretching of C−O caused by the alcohol
dehydration reaction24 as well as the inherent cellulose and
hemicellulose, a linear and cross-linked polymer that serves as
structural components of the plant cell wall,37 respectively,
which is more pronounced in the SL sample.
Figure 7B shows the X-ray diffraction patterns of the raw

biomass (SL) and the optimized hydrochars (OHRSM and
OHGA). Two sharp peaks at 2θ values of about 15 and 22°
were observed in the raw biomass as a result of the existence of
crystalline cellulose in the biomass sample.27,38 The peak
intensity at 22° decreased for the optimized hydrochars,
indicating partial cellulose breakdown.39 Two sharp peaks at
2θ values of about 31° were observed for the optimized
hydrochars. These peaks are attributed to amorphous carbon
diffraction,40 which indicates that raw biomass (SL) has been
carbonized due to the HTC process. The increase in
crystallinity of the optimized hydrochars over raw biomass
can be attributed to the hydrolysis of cellulose and hemi-
cellulose in the amorphous region during the HTC process.41

The XRD patterns revealed that HTC could not fully alter the
crystalline microstructure of cellulose. Previous studies
reported a similar observation with sawdust, wheat straw,
and maize stalk-based hydrochar.42

2.3.3. Structural Morphologies and Textural Character-
ization. As shown in Table 3, the BET surface area increased
from 1.32 m2/g for SL to 9.06 m2/g for OHRSM and 8.33 m2/g
for OHGA. The pore volume increased from 0.005 to 0.019 cc/
g for OHRSM and 0.022 cc/g for OHGA. The average pore
diameter of SL decreased from 14.4 nm to 8.2 and 10.6 nm for

Figure 6. The van Krevelen diagram shows the optimized hydrochars
from SL compared to various types of coal.

Figure 7. (A) FTIR spectra and (B) XRD patterns of SL, OHRSM, and OHGA.
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OHRSM and OHGA, respectively. These findings indicate that
the HTC treatment resulted in a more porous material.
As shown in Figure 8, the SEM images provided insight into

the structures of the raw SL biomass and the optimized
hydrochars (OHRSM and OHGA). The morphological charac-
teristics of SL (Figure 8A) are entirely different from those of
the optimized hydrochars (Figure 8B,C). A linked porous
network of surfaces on the hydrochar was observed, as

indicated by visible cavities and pores, in contrast to the thick
wall structure of SL. The micrograms demonstrated the
changes in morphology caused by HTC, with smaller diameter
pores visible in nanometers as opposed to those of SL
displayed in micrometers. The smaller diameter pores on the
surface of the optimized hydrochars could result from cellulose
depolymerization and hydrolysis.40 Falco et al. (2011)43

Figure 8. SEM images of (A) SL, (B) OHRSM, and (C) OHGA.

Figure 9. TGA/DTG curves of samples (A) SL, (B) Coal, (C) OHGA, (D) OHRSM, (E) 50% coal + 50% OHGA, and (F) 50% coal + 50% OHRSM.

Table 4. Physicochemical Properties of the Coal Discarda

proximate analysis (%) ultimate analysis (%)

CV (MJ/kg) IM VM Ash FC TC H2 N2 O2 TS

18.55 3.10 20.65 36.23 40.01 48.2 2.92 1.11 9.9 1.64
aCV: calorific value; IM: inherent moisture; VM: volatile matter; FC: fixed carbon; TC: total carbon; H2: hydrogen; N2: nitrogen; O2: oxygen; TS:
total sulfur.
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reported a similar development of spherical pores with glucose
HTC, albeit with a higher level of uniformity.
2.4. Fuel Properties. 2.4.1. DTG and TG Profiles for Raw

Biomass, Optimized Hydrochars, Coal Discard, and Blends.
The combustion profiles of the raw SL, optimized hydrochars,
coal discard, and their blends at a 50:50 weight ratio (%) with
coal discard are shown in Figure 9. Table 4 shows the
physicochemical properties of the coal discard used in the
blend.
The thermographs (Figure 9) show the burning profiles of

fuels with different combustion characteristics [initial fixed
carbon (ITFC), peak, and burnout temperature (BT)]. From
the differential thermogravimetric (DTG) plot, two different
peaks were seen in all samples compared to only one from coal.
SL was seen with the highest moisture content. It ignited at the
lowest temperature (226 °C), followed by OHGA (267 °C),
with coal igniting at a temperature of around 390 °C. It can be
observed that the reactivity from the first peaks for the coal/
hydrochar profiles does reduce from that of the optimized
hydrochars, while OHRSM was seen with the highest reactivity.
There is also a delay in the ignition of the coal/hydrochar
blends, which could be attributed to the decrease in volatile
matter content and the increase in the carbon content of the
samples. Both optimized hydrochars burn out at a similar
temperature of about 530 °C compared to raw SL at 486 °C.
The blending of coal with the optimized hydrochars was
observed to increase the combustion temperatures of the two
samples by 100 °C.
Another unique observation also made concerning the

burnout stage of the TG plot is that all samples reach their
highest degree of weight loss in this region. The coal has the
highest residue, and both optimized hydrochars have the
lowest residue, similar to their ash content. In conclusion, it
could be noted that the reactivity of low-rank coal can be
improved by blending optimized hydrochars with coal, and
optimized OHRSM was observed as the most reactive fuel.
Figure 10 shows the change in the CV of the blend of coal

discard and optimized hydrochars. It was observed that the

blend of the hydrochar with the coal discard increased the CV
of the blend. A 1:1 blend ratio with OHRSM resulted in a
15.42% (21.41 MJ/kg) increase in the CV, whereas a blend
with OHGA resulted in a 23.12% (22.84 MJ/kg) increase.

3. CONCLUSIONS
This study established the viability of HTC to produce
hydrochar from a woody biomass tree (SL) that was planted to
control the flow of contaminated mine water and remediate
acid mine drainage. The RSM and GA optimization methods
were used to evaluate the optimum conditions of the process
parameters (reaction temperature and hold time) for
maximum yield and CV. The CVs of hydrochars (25.8 and
26.7 MJ/kg) produced under RSM- and GA-optimized
conditions were 50 and 55% higher than that of the raw
biomass (17.23 MJ/kg). The optimal parameters determined
by RSM and GA were compared to the experimental results.
They were found to be close to the experimental results. The
differences between MY and CV were less than 6%. This
demonstrates the effectiveness of the optimization methods
used in this study. Based on their physicochemical properties,
the hydrochars produced under GA and RSM optimal
conditions functioned effectively as solid fuels. The combus-
tion investigation on the hydrochars revealed that blending
low-rank coal, such as coal discard, with hydrochars derived
from SL can improve its energy density.

4. MATERIALS AND METHODS
4.1. Biomass Sample. The woody biomass (SL) was

harvested from the tailings facility in South Africa. Different
sections of the tree, such as leaves, twigs, wood, root (fine-
medium root), root ball (coarse root), stump, and dry biomass
(deadwood), were collected in plastic bags and cut to small
sizes using Band Saw Machines before being transported to the
laboratory. The samples were milled to two particle sizes, 1
mm and 212 μm, on a Retsch SM 200 cutting mill and stored
in appropriate plastic bags. A 1 mm fraction was used for the
HTC, whereas a 212 μm size fraction was used for the
physicochemical analyses.
4.2. Hydrothermal Carbonization. The biomass sample

was pre-treated in a high-pressure Berghof BR-1500. The
reactor was filled with 100 g of an air-dried biomass sample
and 800 mL of deionized water for each run. HTC was carried
out at reaction temperatures of 200, 240, and 280 °C and hold
times of 30, 60, and 90 min, respectively. The mixture was
stirred for the duration of the experiment with the reactor
agitated at 200 rpm. The reactor was allowed to cool to room
temperature at the end of the hold time. The hydrochar was
obtained by filtration, dried at 105 °C in an oven overnight,
and stored for further characterization.
The optimized hydrochars were blended with coal discard (a

byproduct of coal beneficiation). In a float-sink coal
beneficiation process, it is the proportion of coal that is listed
as a sink.44 The hydrochar and coal discard were blended in a
1:1 ratio. The samples were thoroughly mixed using a
Kenwood Type KVL40 (Chef XL) mixer.
4.3. Physicochemical Properties of Raw Biomass,

Optimized Hydrochars, and MY. The physicochemical
properties of the raw biomass and hydrochars obtained under
RSM- and GA-optimized conditions were measured and
compared. The proximate analysis, which measures the
sample’s inherent moisture, ash content, and volatile matter,
with the fixed carbon determined by the difference, was carried
out in accordance with the ASTM D-5142 standard. The CV
was measured for the samples using a Leco AC500 bomb
calorimeter in accordance with the ASTM D5865-04 standard.
The ultimate and sulfur analyses of all the samples were

Figure 10. CV of optimized hydrochars and coal blends.
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performed according to ASTM D 5373-02 and ASTM D 4239-
05 for CHN and total sulfur content, respectively, using a Leco
CHN 628 with an add-on 628 S module.
The raw biomass and the optimized hydrochars were

converted to ash following the CEN/TS 14588 standard,
with inductively coupled plasma atomic emission spectroscopy
(ICP-AES) used to characterize the ash for heavy metals. The
combustion and co-combustion tests were conducted under an
oxidizing atmosphere using air. Approximately 100 mg of each
sample was subjected to a heating rate of 10 °C/min from
room temperature to 850 °C and held until there was a
constancy in weight loss. Individual DTG curves obtained from
the combustion of the samples were used to evaluate the
sample’s combustion properties, including the initiation of
volatile matter, ITFC, peak temperature, and BT. The BET
surface area and pore volume were determined using an
Autosorb iQ-C automated gas sorption analyzer. The surface
morphology was determined and elemental analysis was
performed using a Carl Zeiss Sigma Field Emission Scanning
Electron Microscope equipped with an Oxford X-act EDS
detector and transmission electron microscope FEI�Quanta
250. The functional groups were determined using a Perkin
Elmer FTIR Spectrometer�Spectrum Two over the wave-
number range of 400−4000 cm−1. The X-ray powder
diffraction analysis was conducted using a D2 PHASER Bruker
Meas Srv D2-208365 with SSD 160 operated at 30 kV and 10
mA.
The MY of the hydrochars was calculated using the

following equations

M
M

MY 100%HC

B
= ×

(4)

where MY is the mass yield, MHC is the mass of the hydrochar,
and MB is the mass of the biomass sample.
4.4. Experimental Design and Optimization. In this

study, the influences of the reaction temperature and hold time
on the MY and CV of the hydrochars produced were studied
using a typical RSM design known as the central composite
design (CCD). The CCD is suitable for fitting a quadratic
surface and optimizing variables with a small number of
experiments while also analyzing the interaction between the
variables.45 The CCD for this study has two variables
consisting of four factorial points, four axial points, and five
center points that must be replicated five times to achieve a
reliable approximation of the experimental error and data
reproducibility. The target parameters (responses) for
optimization were MY and CV. A total of 13 experimental
runs were obtained, as seen in Table 5, each representing a
different combination of the preparation variables and the
results obtained. The design and response of each experimental
run were evaluated using Stat-Ease Inc.’s design expert
software version 11.1.2.0.
The experimental outcomes were evaluated using ANOVA.

The regression model was calculated for all responses using the
probability (p-value) and the Fischer test value (F-value).
Subsequently, the best-fitting model for MY and CV was
selected based on the statistical parameters. In addition, the
preparation variables (temperature and hold time) were
optimized to achieve the desired target responses, such as
maximum MY and CV.
4.5. RSM Modeling Coupled with GA Optimization.

The GA belongs to the class of metaheuristic algorithms based

on Darwin’s evolutionary theory. The main idea of the theory
is to produce better offspring with more resilient and better
characteristics than the older ones.46 The GA is proposed in
this model to obtain the optimum values of the MY and CV
using the operation conditions (model-independent variables).
The GA optimization was implemented in MATLAB software
with the GA optimization tool. The parameters used to
perform the optimization are presented in Table 6. The RSM

model was used to generate the objective function to enable
the performance of the GA optimization. At the same time, the
GA optimized the independent variables associated with the
RSM models. This is reasonable as the two optimization
techniques were performed on the same source. Therefore, the
comparison will be more reasonable than using the root
equation from an entirely different approach, as common in
the literature.47 The GA optimized the RSM model’s
independent variables to the responses’ optimum values (MY
and CV). The first procedure in the generated GA was to
create a fitness function by generating a MATLAB function
where the parameters to be optimized were specified. In this
case, these are the response temperature (RxT) and the hold
time (Rt). Afterward, the parameters presented in Table 6
were defined.
The default population size value of 50 has been used as

recommended by MATLAB’s GA optimization interface for
model variables with 5 or less. The creation function, which
defines the function that generates the initial population in GA,
was set to be constraint-dependent. For the fitness scaling
function, the default rank that scales the raw scores according
to each rank instead of their score was used for the proposed
GA optimization. The selection function that selects the

Table 5. Experimental Design Matrix and Results

hydrochar preparation
variables

run
space
type levels

reaction
temperature

(°C)

hold
time
(min)

MY
(%)

CV
(MJ/kg)

1 factorial −1 1 200 90 61.8 23.5
2 factorial 1 −1 280 30 35.6 29
3 center 0 0 240 60 47.1 27.9
4 axial 0 −1 240 30 49.5 27.6
5 center 0 0 240 60 40.1 27.9
6 axial −1 0 200 60 61.9 23.1
7 factorial −1 −1 200 30 67.3 20.3
8 center 0 0 240 60 46.1 28
9 center 0 0 240 60 46.1 26
10 axial 0 1 240 90 46.4 27.9
11 factorial 1 1 280 90 41.7 29.7
12 axial 1 0 280 60 34.9 29.4
13 center 0 0 240 60 40.1 27.9

Table 6. GA Parameters

property comment/value

population type double vector
population size 50
creation function constraint-dependent
fitness scaling function rank
selection function Roulette
crossover function Arithmetic
mutation function constraint-dependent
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parents for the next generation was taken to be Roulette.
Whereas the Crossover function was set to Arithmetic, the
Mutation function was also considered constraint-dependent.
The constraint parameters used were Augmented Lagrangian.
After setting all these parameters, the solver was run, and the
result was obtained.
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