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Energy catalyzes economic development, with research into energy technologies essential for identifying alternatives that could
mitigate against the reliance on fossil energy and its aggravating environmental impacts. This study explored the conversion of food
waste (FW) biomass into hydrochar achieved via hydrothermal carbonization (HTC) technology. The research focused on
evaluating the merits and demerits of using mixed FW feedstock, especially rice, potatoes, vegetables, and/or animal byproducts
such as meat and fish at varying water-to-biomass ratios and through the implementation of water recirculation in the HTC
process. This approach aimed to decrease water consumption while assessing its impact on the fuel characteristics of the resultant
hydrochar. The hydrochar produced demonstrated an enhanced carbon content, which is conducive to combustion, while also
exhibiting improved fuel properties such as elevated heating values, improved energy densities, and reduced volatile components.
Conditions exceeding 200°C, with a reaction time of 6 h, were found to be sufficient to attain an average carbon content of above
70% and a heating value of around 30MJ/kg. Moreover, decreasing the water-to-biomass ratio enabled a reduction in initial water
usage by up to 50%, without significantly impairing the carbon content and fuel attributes of the hydrochar. Thermogravimetric
analysis (TGA) indicated a comparatively elevated combustion temperature of 600°C for the hydrochar generated at an HTC
temperature of 220°C, which corresponded with a substantial increase in the carbon content of hydrochar up to 70.65% from initial
48% in the parent biomass. Consequently, the hydrochar generated from FW under different HTC reaction conditions, including
water volume reduction and recirculation, demonstrated the potential for minimal water consumption. This method represents a
promising strategy for enhancing HTC as a renewable energy technology.
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1. Introduction

The escalating global demand for energy, coupled with the
urgent need to address climate change, has spurred an intense
research drive into sustainable and renewable energy sources.
This research aims to curb the excessive consumption of
fossil fuels which causes a series of environmental problems,
that include greenhouse gases (GHG), photochemical smog
and acidification of aquatic systems [1]. For these reasons,
clean and renewable fuels are essential substitutes for fossil
fuels, which can promote sustainable development. Biomass,
from plants, animals and their derived waste, is increasingly

recognized as a significant andmore environmentally friendly
alternative to fossil fuels [2, 3]. However, the conversion of
biomass into energy still releases CO2, but this emitted CO2 is
the same carbon that facilitated the plant growth, resulting in
a nearly neutral carbon balance [4] when combusted.

Food waste (FW) biomass is characterized by its compo-
sition of cellulose, lignin, protein, and starch and it is readily
available as municipal organic waste that could be utilized
as a substrate for carbon-neutral energy [4]. Using FW bio-
mass as an energy resource could serve as a waste manage-
ment strategy, diverting materials from landfills, and helping
reduce the generation of methane produced from anaerobic
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decomposition in landfills [5, 6]. This approach also contri-
butes to climate change mitigation. FW occurs across the
entire agricultural supply chain (during production, post-
harvest handling and storage, processing, and distribution).
This loss presents a substantial economic and environmen-
tal problem, where, annually, the value of discarded food
exceeds USD 400 billion [5]. Per capita, FW varies averaging
107 kg/year in developed countries down to 56 kg/year in
developing countries [7]. According to Thi et al. [5], the total
global FW generation is estimated to be roughly 1.3 billion
tons annually, with a nearly even split between developed
(670million tons) and developing countries (630million tons).
Therefore, using FW as renewable energy feedstock can
advance a circular economy and address the environmental
and economic challenges of waste disposal.

To effectively utilize biomass as solid fuels, hydrothermal
technology has been developed to upgrade feedstocks and
recover energy in the presence of water [1]. Compared to
hydrothermal liquefaction and gasification, hydrothermal
carbonization (HTC), a thermochemical conversion process
discovered by Bergius in 1913 [8–10], stands out among bio-
mass conversion technologies. This is due to its ability to
convert wet biomass directly into solid biofuel without pre-
drying, technical simplicity, reduced energy penalties, and the
capability to process mixed biomass feedstocks without prior
pretreatment. HTC of raw biomass has been shown to
enhance its fuel properties by reducing volatile matter
(VM), increasing carbon content, and lowering ash content
[2, 9, 11–13]. Consequently, HTC is emerging as a promising
renewable energy technology.

Themechanisms driving the thermal decomposition of raw
biomass by HTC involve a complex interplay of chemical reac-
tions. These reactions, which transform the biomass compo-
nents (lignin, cellulose, and hemicellulose) into a carbon reach
solid, known as hydrochar, include hydrolysis, dehydration,
retro-aldol condensation, isomerization and aromatization,
and polymerization [9], typically conducted in pressurized
water (2–6MPa) [8]. For simplicity, themechanism of cellulose
decomposition is used to elucidate the biomass decomposition
mechanism during the HTC reaction [13] (Equation 1):

C6H10O5ð Þn À!H2O;heat xCnH4O0:5 þ yCO2 þH2O; ð1Þ

where n denotes the degree of polymerization, and x and y
are stoichiometric coefficients. However, HTC yields not
only hydrochar but also a variety of other products [14,
15]. These include phenolic, organic, and furan derivatives
such as acetic, formic, glycolic, and levulinic acids, and
2,5-hydoxyl-methyl-furfural (HMF), which result from the
breakdown of biomass polymers. Since they are water solu-
ble, they are found in the HTC water phase. 2,5-HMF is an
important and adaptable chemical with the potential to serve
as a substitute for numerous petroleum-derived products
because it can be converted into 2,5-dimethylfuran (DMF)
[16, 17]. Both 2,5-HMF and DMF represent valuable pro-
ducts derived from biomass.

The use of water as the reaction medium in HTC may
present a significant industrial challenge due to the continuous
demand for water. For example, a 50% yield of hydrochar at a
1:6 solid-to-liquid ratio would consume 12 t (1 t= 1 metric
tons= 1000 kg) of water to produce 1 t of hydrochar [8]. This
demand for process water may outweigh the advantages of
using HTC technology. Integrating HTC with water-saving
strategies, such as water recirculation and volume reduction,
could improve overall synthesis efficiency. Therefore, effective
water management becomes critical for establishing HTC’s
competitiveness in renewable energy production.

This study investigated the feasibility of converting kitchen
FW into hydrochar via HTC. The primary objective was to
optimize water consumption by the HTC process, thereby
maximizing its energy advantages while fostering environmen-
tally responsible practices and contributing to carbon
neutrality.

2. Materials and Method

2.1. Feedstock Preparation. This study usedmixed kitchen FW
collected from the Mensa Cafeteria at the University of Old-
enburg, Germany. The FW comprised various food residues,
including rice, potatoes, vegetables, and/or animal proteins
such as meat and fish, rendering it an appropriate candidate
for HTC feedstock as it mirrored most ingredients utilized in
conventional culinary recipes. FW was homogenized with de-
ionized water, with the volume of water varying from 40 to
100mL/10 g FW. No additional sample pretreatment was nec-
essary for the HTC process. A portion of FW (10 g) was desic-
cated in an oven at 80°C and subsequently subjected to element
analysis to assess the characteristics of parent biomass before
the HTC reaction.

2.2. Experiment Procedure. Twelve HTC experiments were
performed under varying reaction parameters including tem-
perature, duration, water-to-biomass ratio, and water recircu-
lation to optimize the yield and energy properties of the
resultant hydrochar product (Table 1). Initially, 10 g of FW
was combined with 80mL of deionized water, which was later
varied to identify the optimal reaction conditions. Following
the mixing process, the reaction mixture was promptly trans-
ferred to a high-pressure batch reactor (250mL Teflon-coated
stainless-steel autoclave), which was then subjected to heating
in an oven at 200°C. Upon completion of hydrothermal treat-
ment, the reactor was cooled to ambient temperature and the
resulting hydrochar was isolated as a solid through vacuum
filtration. The solid was thoroughly washed with deionized water
until a clear filtrate was achieved, and the solid residue was
oven-dried at 100°C overnight before characterization analysis.

The experiment was repeated at different temperatures
(180–240°C), HTC_180, HTC_200, HTC_220, and HTC_240
with a residence time of 6 h for each. The optimal conversion
temperature was determined from this, followed by a new set of
HTC experiments at different reaction times (4–8h), HTC_4 h,
HTC_6 h, and HTC_8 h, to identify the optimal reaction time.
A new set of experiments follows this to determine the optimal
water-to-solid ratio (mL/g) (100 to 40mL/10 g of biomass:
HTC_100, HTC_80 mL, HTC_60 mL, and HTC_40 mL). A
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final experiment (HTC_REC) was performed using the water
(recirculated) from the previous HTC experiment.

2.3. Characterization. The analytical methods and equipment
employed in this study included a EuroEA Elemental Analyzer
(HEK GmbH) and a total organic content (TOC) Analyzer
(Shimadzu’s-TOC V CPH) to measure the organic and inor-
ganic content (IC) of hydrochar and HTC process water,
respectively. Scanning electron microscopy (SEM) (Hitachi
S3200NMicroscope) was used to examine the surfacemorpho-
logical properties of the hydrochars. Fourier transform electron
spectroscopy (FTIR) (Bruker Tensor Spectrometer) was con-
ducted to evaluate the hydrophobicity of the untreated and
treated biomass. Additionally, thermogravimetric analysis
(TGA) was performed to analyze the combustion properties
of the hydrochar using an SDT 650 Simultaneous Thermal
Analyzer DSC/TGA System, where samples were heated to
700°C under a nitrogen purge (60mL/min) at a rate of
20°C/min.

2.4. Fuel Properties Calculations. The hydrochar fuel proper-
ties, such as the higher heating value (HHV), could be calcu-
lated according to Yuan et al. [18] Equations (2) and (3).

HHV¼ 0:3383 × 96Cþ 1:422 × 96H − 96O=8ð Þ½ � − 0:0151N;

ð2Þ

where C, H, andN are carbon, hydrogen, and nitrogen content
(wt.%) given by the element analysis. The oxygen (O) content
was determined from N, H, and C contents Equation (3).

O½ � ¼ 100 − N½ � þ H½ � þ C½ � þ Ash½ �ð Þ: ð3Þ

3. Results

A photo of the collected FW is shown in “Supporting Informa-
tion Figure S1a”. The HTC treatment of FW resulted in a
blackish solid that resembled hydrochar (Supporting Informa-
tion Figure S1b). This material’s appearance differs much from

that of the initial FW, indicating that the conversion from
biomass to hydrochar has occurred.

3.1. SEM Analysis. An SEM analysis was performed to illus-
trate the morphological characteristics of hydrochars obtained
from different processing conditions “Supporting Information
Figure S2a–f)”. Most hydrochars exhibit a porous and rough
skeleton structure. Micrographs a and b depict the hydrochar
derived from the initial HTC process, where a volume of 80mL
of water was used per 10 g biomass, shown at both low and
higher magnifications. In contrast, micrographs c and d display
the hydrochar produced with a lower water volume of 40mL/
10 g of biomass), whilemicrographs e and f show the hydrochar
generated using recirculated water, presented as well at low and
higher magnifications. Micrographs e and f show less pores
compared to those in micrographs a. This difference may be
due to the accumulation of excessive organic and inorganic
materials trapped in hydrochar from recirculated HTC water.
Rather, the set of SEM images from both pairs, a and b, as well
as c and d, showed highly porous surfaces, with the low mag-
nification micrographs (a and c) offering a clearer view of the
porous structure. Some pores exhibited smaller diameters,
while others displayed relatively larger diameters. This irregular
porous structure of hydrochar creates numerous active binding
sites, which may present opportunities for various applications
in environmental remediation [19]. Whilst the pore structure
might not interfere with energy applications of hydrochar,
highly VM reduces the fuel quality of hydrochar [20]. Beyond
HTC’s energy applications, the highly porous nature of the
hydrochar, which is ascribed to the significant decomposition
of hemicellulose and cellulose because of HTC treatment [19],
makes it a suitable candidate for use as an adsorbent in various
applications, including nutrient retention for soil amendment
[21] and wastewater treatment [22].

3.2. Element Analysis

3.2.1. Effects of Varying the HTC Temperature on Carbon
Content, Hydrogen-to-Carbon (H/C) and Oxygen-to-Carbon
(O/C) Ratios, and Energy Properties. Temperature change had
considerable effects on the product’s hydrochar properties. The

TABLE 1: Experimental variables per run.

Run Code
Experimental conditions

T (°C) Biomass/water ratio (mL/g) Time (h)

1 HTC_180 180 100/10 6
2 HTC_200 200 100/10 6
3 HTC_220 220 100/10 6
4 HTC_240 240 100/10 6
5 HTC_4 h 220 100/10 4
6 HTC_6 h 220 100/10 6
7 HTC_8 h 220 100/10 8
8 HTC_100 mL 220 80/10 6
9 HTC_80 mL 220 80/10 6
10 HTC_60 mL 220 60/10 6
11 HTC_40 mL 220 40/10 6
12 HTC_REC 220 80/10 6
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carbon content increased significantly from around 48.8% in
the parent biomass to approximately 72% when the tempera-
ture increased to 240°C (HTC_240) (Figure 1). However, the
hydrochar yield decreased from approximately 38.6% in the
original biomass to around 30% as the HTC temperature
increased from 180 to 240°C. The decline in hydrochar yield
with risingHTC temperature was anticipated; Higher tempera-
tures, during biomass conversion, result in more VM being
released from the biomass [15], which produces a more
carbon-rich solid fuel. Likewise, the HHV at 220°C increased
to 33.87MJ/kg (HTC_220) from 28.8MJ/kg (HTC_180). The
HHV value of 33MJ/kg is significantly higher than those
reported byMohammed et al. [15] and Reza et al. [23] (ranging
from 15.57 to 17.58MJ/kg) under different HTC conditions
and feedstocks such as corn stover, miscanthus, switchgrass,
and rice husk. This shows that FW biomass is a good feedstock
for biomass conversion.

Raising the HTC temperature to 220°C significantly
impacted H/C and O/C ratios (Figure 2). The observed
decrease in the H/C atomic ratio from 0.16 in the parent bio-
mass to 0.10 and O/C ratio from 0.82 in the parent biomass to
0.24 in hydrochar, because of HTC treatment, correlates to
increased energy densification and HHV (Table 2). This indi-
cates that the biomass has undergone dehydration and decar-
boxylation reactions during HTC [12], which highlights the

degree of carbonization tailoring the fuel properties of hydro-
char becoming more carbon-rich [2, 24]. During the HTC
reaction, organic materials experience dehydration and hydro-
lysis leading to the elimination of volatile components, includ-
ing water and oxygenated functional groups [2, 20]. This was
further validated by the acidification of residual HTC process
waters, which were found to be relatively acidic (with pH values
of 3.7–4.5) compared to the initial HTCprocess water used (pH
of around 7). The decrease in pH of the HTC process is associ-
ated with the production of organic acids, such as acetic and
levulinic acids, that leak into the water due to the hydrolysis of
biomass during the HTC reaction [20].

The trend of producing less volatile hydrochar indicates a
notable enhancement in fuel quality and an improvement in
the efficiency and effectiveness of combustion, while offering
important environmental benefits. This is supported by Poom-
sawat and Poomsawat [20], who state that the reduction in
hydrochar volatility is linked to lower pollutant emissions dur-
ing combustion, thereby enhancing the environmental impact
of fuel utilization and increasing the ignition temperature of
hydrochar. This finding underscores the importance of opti-
mizing fuel production methods for both quality and
sustainability.

3.2.2. Effects of Varying the HTC Duration on Carbon
Content, HHV, and H/C and O/C Ratios. Figure 3a,b suggest
that the duration of HTC has impacted the effectiveness of
biomass conversion, although Gao et al. [25], Röhrdanz et al.
[21], and Assis et al. [26] initially believed that HTC time had
minimal effect on the biomass-to-hydrochar conversion.
Visual inspection of the HTC product processed for less than
4 h revealed a yellow-brownish substance that did not resemble
the typical black hydrochar (Figure S1b). This observation indi-
cated that the conversion of biomass to hydrochar had not
essentially occurred. Consequently, further analysis was not
pursued, and an alternative reaction was initiated with an
extended synthesis period.

The carbon content after 4 h of reaction (HTC_4 h) was
just under 50% and the HHV was only 21MJ/kg (Figure 3a).
This confirms the significant influence synthesis time has on
the effectiveness of theHTCprocess. AHTC time of 6 h proved
to be optimal for converting FW biomass resulting in the high-
est carbon content of 70.64% and HHV of 33.87MJ/kg.
Extending the reaction time, beyond 6h, did not lead to further
increases in carbon content or HHV.

As noted in Figure 3b, the HC ratio decreased from 0.11 to
0.10, and the O/C ratio declined from 0.30 to 0.24 when com-
paring the initial HTC duration with a 6-h HTC (HTC_6 h).
The observed decline in both H/C and O/C ratios suggests that
theHTC process, even with a relatively short duration increase,
is more complete, facilitating a more carbon-rich structure in
the hydrochar. Figure 3b indicates that the HTC_6h provides
the ideal reaction duration for HTC, as extending the duration
failed to sustain the lower H/C and O/C ratios. Although these
changes appear minor, lower H/C and O/C ratios correlate
with higher energy density (Table 1) and hold significant
implications for the fuel properties of the resulting hydrochar
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[25, 27, 28] which are desirable characteristics for biofuel appli-
cations making hydrochar more suitable as a solid fuel substi-
tute. Interestingly, these results contrast with earlier findings,
[21, 25] which implied that reaction time had negligible effects
on hydrochar properties. The data presented in Figure 3a,b
challenges that notion, emphasizing that even slight modifica-
tions in the HTC process duration can have meaningful effects
on the chemical composition of the hydrochar.

3.2.3. Effects on Carbon Content, HHV, and H/C and O/C
Ratios of HTC Process Water Volume Reduction and
Recirculation. The effectiveness of hydrochar production
through HTC is affected by several key factors, including car-
bon content, HHV, and H/C and O/C ratios. Figure 4 depicts
the properties of hydrochars produced using various water
volumes and recirculation methods, highlighting notable
insights on their application as solid fuels.

The hydrochar produced using 80mL of water (HTC_
80 mL) exhibited the most favorable properties, offering the
highest HHV of 70.64MJ/kg and carbon content of 33.87%
(Figure 4a). These elevated values are attributable to the opti-
mal conditions provided by larger water volume, which likely
facilitated better hydrolysis as the important first step, improv-
ing the following carbonization and reducing the presence of
oxygenated functional groups. The low H/C and O/C ratios of
0.10 and 0.24, respectively, suggest that this hydrochar is more
carbon-rich and has less hydrophilic [20] characteristics what
enhance its combustion efficiency [24]. It is somewhat unusual
that the hydrochar yield increased, as the water volume
decreased, from 23% (HTC_100 mL) to 39.6% (HTC_
40 mL). Although reducing water volume can be an effective
water-saving strategy for HTC, the rise in hydrochar yield may
be linked to higher VM, which could potentially impact the fuel
quality of the resulting hydrochar. This will be better

TABLE 2: Summary of hydrochar characteristics and fuel properties by elemental analysis.

Sample
Elemental analysis (wt.%)

Hydrochar yield (%) N C H O H/C O/C HHV (MJ/kg) ED

Dry FW __ 2.14 48.77 7.67 40.23 0.16 0.82 20.26 __
Varying temperature (180–240°C) at 6 h, biomass-water ratio (mL/g= 8)

HTC_180 38.646 4.21 59.05 9.47 26.06 0.16 0.44 28.81 1.43
HTC_200 30.855 2.72 70.34 7.31 18.44 0.13 0.26 30.92 1.53
HTC_220 32.020 2.22 70.64 9.12 16.82 0.10 0.24 33.87 1.67
HTC_240 32.464 2.49 71.70 7.23 17.38 0.10 0.24 31.45 1.55

Varying time (4–8 h) at 220°C, biomass-water ratio (mL/g= 8)
HTC_4 h 14.595 3.09 48.48 5.92 41.32 0.11 0.30 21.79 1.07
HTC_8 h 27.303 2.64 68.26 7.34 20.56 0.10 0.35 29.88 1.47

Varying biomass-water ratio (40–100mL/g) at 220°C, 6 h.
HTC_40 mL 39.567 2.51 69.42 7.40 19.48 0.10 0.28 30.54 1.51
HTC_60 mL 29.689 2.28 67.35 7.08 22.09 0.11 0.33 28.92 1.43
HTC_100 mL 23.141 2.47 66.56 7.31 22.46 0.11 0.34 28.92 1.43

Water recirculation at 220°C, 6 h, biomass-water ratio (mL/g= 8)
HTC_REC 47.447 2.25 69.82 8.14 18.59 0.12 0.27 31.90 1.04

70 34

32

30

28

24

22

20

26

65

60

Ca
rb

on
 co

nt
en

t (
w

ei
gh

t %
)

H
H

V
 (M

J/k
g)

55

50

45
HTC_4 h

Carbon content
HHV

HTC_6 h HTC_8 h

ðaÞ

0.110

0.105

0.100

0.095

0.090

HTC_4 h

H/C

0.36

0.34

0.32

0.30

0.28

0.26

0.24

O/C

O
/C

H
/C

HTC_6 h HTC_8 h

ðbÞ
FIGURE 3: Effects of HTC reaction time (a) on carbon content and HHV, (b) H/C and O/C ratios of hydrochar.
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understood through TGA, providing more insights into the
combustion properties of the hydrochar produced.

In contrast, hydrochars produced under lower water
volumes, namely at HTC_40 mL and HTC_60 mL, as well as
with water recirculation (HTC_REC), displayed slightly higher
H/C and O/C ratios, resulting in somewhat lower carbon con-
tent and (66%–69%) and HHV (28 – 31MJ/kg) (Figure 4a,b).
While these values are lower than those of HTC_80 mL, the
differences in combustion performance may not be substantial
enough to deter the use of HTC_40 mL or HTC_REC in solid
fuel applications, particularly considering the marginal reduc-
tion in energy density. Moreover, the observation that increas-
ing water volume to 100mL has not improved the hydrochar
fuel properties supports the notion of optimizing HTC condi-
tions for resource efficiency and the overall environmental
impact of HTC technology.

The key takeaway from these findings is the strategic
advantage of using reduced water volumes in the HTC process
by successfully producing hydrochars nearly equivalent in fuel
properties to that from HTC_80 mL. The HTC_40 mL and
HTC_REC methods therefore represent an opportunity for
significant water conservation which can alleviate one of the

critical bottlenecks associatedwithHTC technology, enhancing
its sustainability profile. Anticipated results from TGA, specifi-
cally the ignition temperature and burn-off rates, will ulti-
mately clarify the combustion performance and enhance the
understanding of how these hydrochars behave as solid fuels
under practical energy applications.

Table 2 provides a summary of the characteristics,
highlighting the carbon content, HHV, H/C and O/C ratios,
and energy densification of hydrochars generated under differ-
ent HTC conditions. The values were derived from elemental
analysis and Equations (2 and 3).

3.3. The Van Krevelen Diagram. The Van Krevelen diagram
(Figure 5) effectively assessed various coal-to-biomass regions
(biomass, lignite, peat, and coal) of hydrochars produced under
different HTC conditions by plotting H/C against O/C ratios.
FW was clearly positioned in the biomass region, while hydro-
char produced at 180°C (HTC_180) fell into the peat region,
suggesting that lower temperatures are suboptimal for hydro-
char production from this feedstock. Hydrochars obtained at
200°C (HTC_200) and with 4 h reaction time (HTC_4 h) clus-
ter in the lignite region, indicating improved production
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conditions. However, hydrochars from lower water volumes
(HTC_40 mL and HTC_REC), produced at 220°C over 6 h,
distinctly aligned with the coal region. These findings suggest
that high-quality hydrochars can be achieved with minimal
water usage when optimal temperatures and relatively longer
reaction times are employed.

The Van Krevelen diagram (Figure 5) proved valuable in
delineating various biomass-to-coal regions of hydrochars;
however, these classifications and regions may not have con-
sistent definitions depending on the specific biomass feedstock
utilized [20, 29, 30]. Nevertheless, the diagram offered signifi-
cant insights into the effectiveness of converting FW biomass,
indicating that reducingwater volume and recirculating did not
substantially influence the quality of the resulting hydrochars,
supporting the idea that this approach can be an effective
water-saving strategy for HTC technology.

3.4. Analysis of Total Organic and IC and pH of HTC Liquid
Phase. Analysis of TOC, IC, and pH proved effective in identi-
fying changes in the HTC liquid phase. There is a notable
difference in TOC, IC, and pH levels of HTC residual waters
compared to water measurements taken before the HTC reac-
tion (Table 3).

The IC of water before the HTC reaction (freshwater) was
slightly higher (25.3mg/L) compared to the IC in the HTC
residual water (Table 3). The decreased IC in residual HTC
water could be attributed to the possible uptake of minerals
by the hydrochar generated during the HTC reaction, which

can function as an adsorbent.[31, 32, 34, 35] The TOC showed
a significant increase, from 311mg/L in freshwater, up to above
2000mg/L after HTC treatment (Table 3). The TOC in the
HTC residual water increased even more (up to 5290mg/L)
when the HTC process water was recirculated (HTC_REC).
The increase in TOC could be due to the residual HTC water
receiving twice the organic matter from the biomass in subse-
quent HTC reactions when the HTC process water was reused
without pretreatment. The increased TOC was also revealed by
the observed decrease in pH of the HTC process water, likely
due to the leaked acidic groups.

The pH of residual HTC water ranged from 3.7 to 4.5
(Table 3), showing a considerable decrease from its initial pH
of 7.7 in the water used for the reaction. The acidification of
residual HTC water is linked to the presence of organic matter
and nutrients [36], including acetic acid, clavulanic acid, and
formic acid, which are generated from the degradation of
sugars and lignocellulosic constituents of biomass through
hydrolysis during the HTC reaction [18, 20, 37]. The contami-
nation of HTC process water by organic and inorganic sub-
stances turns this into a highly turbid and polluted liquid [23]
that cannot be disposed of in its current state without pretreat-
ment, as this would exceed the World Health Organization
(WHO) water quality guideline limit of 300mg/L for total dis-
solved solids [1].

3.5. FTIR Analysis. The FTIR spectra of raw biomass and
hydrochar “Supporting Information Figure S3a,b)” revealed
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that the bands in Figure 3b (for hydrochar) exhibited lower
intensity compared to those in Figure 3b (for biomass).
According to Da Silva Lima et al. [31], the reduced intensity
of bands in hydrochar is due to the loss of volatile functional
groups during the HTC reaction. Another significant distinc-
tion between the two spectra is the presence of an absorption
band at 3304 cm−1 in Figure 3a, which is absent in Figure 3b.
According to Röhrdanz et al. [21] and Gao et al. [25], the
stretching vibrations of the -OHgroup are indicative of phenols
and alcohols usually found between 3200 and 3600 cm−1.
Additional vibrations noted in 1000–1450 cm−1 range are
attributed to phenolic and carboxyl groups, as well as stretching
at 1580 cm−1 associated with C ═C double bonds [31]. These
vibrations have also shown a notable decrease in peak intensity
compared to those in the biomass spectra. The absence of the
─OH group in Figure 3b suggests an increased level of dehy-
dration and carbonization, resulting in a hydrophobic surface
for hydrochar. The hydrophobicity of hydrochar is an impor-
tant feature that enhances its fuel properties, as it indicates
lower moisture content [20].

3.6. TGA. The TGA, which monitors sample mass loss as a
function of temperature, was useful for comparing the combus-
tion behavior of raw biomass and the resulting hydrochar pro-
ducts. The normalizedweight loss (TG) and derived weight loss
(DTG) curves allowed the determination of the three main
combustion parameters namely the ignition temperature (Ti),
the temperature at maximum combustion rate (Tm), and the
burnout temperature (Tb) of the starting biomass and the
derived hydrochar, produced under different reaction condi-
tions such as temperature, reaction duration, composition and
water recirculation with the temperature program heating from
30 to 700°C at 20°C/min in nitrogen atmosphere (60mL/min).
Several methods could be used to determine the combustion
parameters which may slightly differ from different methods.
In this study, the Ti, Tm, and Tb (green, blue, and black traces)
in Figure 6 were obtained according to the TG-DTG
intersection method [25, 30]. The temperature at the intersec-
tion of the tangent line and the initial horizontal line of the
reaction on the TG curvewas used to determine Ti, whereas the
tangent line on the TG curvewas taken as the peak temperature
corresponding to Tm on the DTG curve. The Tb was defined
by the temperature at which the combustion rate exceeded −1
wt.%/min on the DTG curve or at the end of the combustion
process where the conversion reached above 90% [25].

Figure 6 and d displays the TG-DTG plots of biomass and
hydrochars under different reaction conditions such as tem-
perature, water volume reduction and recirculation (HTC_220,

HTC_40, and HTC_REC). The Ti shown in Figures 6 is just
below 250°C for the biomass and its derived hydrochars. The
Ti around 250°C may be sufficiently safe as Ti below 200°C
could lead to spontaneous combustion [38], which is a safety
hazard in transportation and storage [18]. Yuan et al. [18] also
obtained a Ti of 256°C from hydrochar produced from corn
and rice straws by HTC. However, it is quite strange for the
biomass to have almost the same Ti value as its derived hydro-
char, which is usually expected to have a lower Ti value than its
derived hydrochar, as it contains a higher proportion of volatile
that should normally cause the initial biomass to ignite at lower
temperatures [29, 39]. This could be explained by the fact that
the TGA of biomass was performed on a dry basis, after pre-
drying the biomass in an oven, which might have somewhat
decreased the volatile substances and improved the Ti of the
parent biomass.

The hydrochar from HTC_REC gave the highest mass loss
rate (85%/min) when using HTC water from the previous
process (Figure 6d) which was quite unusual as hydrochar is
considered to have a lower mass loss rate than the parent
biomass. This could be due to contamination of the hydrochar
by the previously used HTC water, suggesting that, in contrast
to reducing the HTC water volume, direct recycling of water
from one HTC to another without pretreatment affects the fuel
properties of the hydrochar. This may not be a viable water
conservation strategy for HTC if the hydrochar is produced for
energy purposes.

The hydrochar at HTC_220 gave the highest burnout tem-
perature (600°C) compared to its parent biomass (434°C)
before the HTC water was reduced or recirculated (Figure 6b).
This means that freshwater is an ideal medium for the HTC
reaction as it provides the best hydrochar with increased car-
bon content and higher energy yield. In practice, however, this
would only be ideal; producing hydrocarbon from freshwater
would put enormous strain on water resources and become a
water conservation problem. Therefore, any strategy that mini-
mizes water consumption while maintaining acceptable levels
of product quality would be preferable. HTC water reduction
(Figure 6c) instead of recirculation has been shown to signifi-
cantly reduce the amount of water consumed by HTC and has
satisfactory combustion characteristics achieved through
improved combustion parameters such as relatively lower
mass loss rate (53%/min) and improved burnout temperature
(540°C) compared to the original biomass. Therefore, reducing
HTC water volume provides the opportunity to optimize HTC
water consumption with minimal impact on the fuel quality of
the resulting hydrochar.

TABLE 3: TOC, IC, and pH of residual HTC process waters.

Sample pH TOC (mg/L) IC (mg/L)

Freshwater 7.7 311.0 25.3
HTC_80 mL 3.9 2397.0 26.0
HTC_60 mL 3.9 2365.0 23.1
HTC_40 mL 4.0 2153.0 21.5
HTC_Rec 4.1 5290.0 23.0
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4. Conclusions

This study successfully demonstrated the potential of HTC as a
viable method of converting FW into hydrochar suitable for
solid biofuel production. Optimization of HTC process param-
eters significantly enhanced the elemental composition and fuel
properties of the resultant hydrochar while minimizing water
consumption. The optimal conversion conditions identified
included a temperature of 220°C and reaction time of 6 h,
achieving a carbon content of 70.64%, markedly higher than
the biomass value of 48.77%.

The HHV of the hydrochar produced increased from
approximately 20.26MJ/kg in the original biomass feedstock
to 33.87 MJ/kg. Thermal analysis showed burnout

temperatures ranging from 540 to 600°C, confirming the
hydrochar’s suitability for energy generation. Reduction of
H/C and O/C ratios to 0.10 and 0.24, respectively, further
indicated a superior fuel quality of the hydrochar, correlating
with increased combustibility and reduced pollutant emission.

By reducing the water-to-biomass ratio from 80 to 40mL/
10 g FW maintained comparable hydrochar characteristics,
while halving water input, offering a suitable solution for indus-
trial scalability of HTC. Notably, the hydrochar produced with
recirculated HTC water exhibited higher mass loss, suggesting
contamination with VM, which may slightly impair the overall
fuel quality.

These findings substantiate HTC’s role as a renewable
energy technology that converts FW into valuable energy
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carriers, mitigating landfill-related environmental impacts and
aligning with circular economy principles. The approach
advances waste valorization strategies, reduces reliance on bio-
fuel crops and fossil energy, thereby supporting the UN Sus-
tainable Development Goals, particularly goals 7 (affordable
clean energy) and 13 (climate action). Integrating HTC tech-
nology with water-efficient practices presents a compelling
pathway for sustainable energy development with environmen-
tal and economic benefits.
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