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Abstract: Hydrothermal carbonization (HTC) is an attractive, green technology for the management
of sewage sludge. In this study, low-value secondary sewage sludge was subjected to an HTC
treatment in a 1 L batch hydrothermal reactor and transformed into a high-energy-density hydrochar
under varying HTC conditions (temperature of 150–300 ◦C, carbonization time of 30–150 min and
a solid loading of 10–30%). The resulting hydrochar fuel characteristics were analyzed for ultimate
and proximate analyses, functional group composition and energetic parameters. It was found that
the hydrochar yield decreased with the increasing HTC temperature and reaction time, primarily
due to the loss of organic volatile matter and functional groups. Under the optimum conditions of
150 ◦C, 30 min of carbonization time and 30% solid loading, 80.56% of the hydrochar was recovered,
providing a maximum energy yield of 90.32% and a high heating value of 18.49 MJ/kg. Compared to
the raw sewage sludge (H/C ratio of 2.67 and O/C ratio of 0.51), the hydrochar also had lower H/C
and O/C atomic ratios of 1.42 and 0.18, respectively. The results suggest that significant dehydration
and decarboxylation during the HTC treatment of sewage sludge have resulted in the formation of
carbonaceous hydrochar with energetic properties close to the sub-bituminous coals.

Keywords: hydrothermal; carbonization; sewage sludge; biofuel; hydrochar

1. Introduction

Sewage sludge is a semi-solid material produced inevitably as a byproduct of indus-
trial or municipal wastewater treatment plant operations. In line with the global trend,
Malaysia, as a developing country, has seen an increase in sewage sludge production
resulting from population growth, urbanization and industrialization. To date, Malaysia
produces approximately 1.25 million m3 of sewage sludge per annum, and the number is
expected to reach 10 million m3 per annum by 2035 [1,2]. Due to the high concentration
of organic constituents and biological activity, sewage sludge exhibits poor dewatering
properties, retaining a moisture content typically greater than 65% through mechanical de-
watering; this limits its final disposal options to mainly land dumping, incineration, biogas
(methane) generation and agricultural use (soil fertilization) [3,4]. However, due to stricter
environmental regulations, land scarcity and growing environmental and health concerns,
the traditional method of treating sewage sludge with agricultural and landfill treatments
is now deemed impractical, if not impermissible [5]. These techno-environmental chal-
lenges are compounded by the high costs of sewage-sludge handling and disposal, which
are currently estimated to contribute between 50 and 60% of the total operating costs of
a wastewater treatment plant [6].

As nations progress towards achieving sustainable development goals, there is a need
to leverage eco-friendly technologies to manage readily available resources, such as using
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sewage sludge as a green biofuel. Thermochemical conversion can effectively convert
sewage sludge into value-added end products, i.e., solid biofuel, liquid bio-oil and syngas,
with the proportion varying depending on the process used. This technology offers the
potential to massively reduce the volume of sewage sludge, destroy harmful pathogenic
materials, and recover energy embedded in the sewage sludge. However, most traditional
thermochemical conversion processes, e.g., combustion, pyrolysis and gasification, typically
require the sludge to contain less than 10% moisture, thus necessitating an energy-intensive
pre-drying step that makes it challenging for the overall process to attain a positive net
energy balance.

Recently, another class of thermochemical process called hydrothermal carbonization
(HTC), or wet pyrolysis, has been introduced as a promising clean technology to convert
wet biomass and biosolids into carbonaceous materials called hydrochar [7]. Unlike the
traditional thermochemical processes, this artificial coalification process does not require
energy-intensive drying to convert wet feedstock into hydrochar at relatively high yields
(60–80%). In the past, HTC has been employed to convert a variety of lignocellulosic
biomasses into solid biofuels, including empty fruit bunch [8], palm shells [9] and corn-
stalk [10]. The technology has also been extended to treat more complex wet biosolids, such
as paper sludge [11], food waste [12] and sewage sludge [13,14]. Hydrochar produced from
the HTC has been shown to have potential applications as biofuels and functional carbon
materials [15]. Fundamentally, HTC is a wet-heat chemical process carried out at a mild
temperature range of 180–300 ◦C and an autogenous pressure above the water saturation
pressure. Water is kept in a liquid state throughout the process. Depending on the target
end product, the treatment can proceed in either an inert atmosphere or in the presence
of limited oxygen [16]. It has been established that water, as an environmentally benign
solvent at an elevated temperature and pressure, is an attractive medium for biomass and
biosolid disintegration due to its enhanced solubility and ability to promote ionic reactions
of non-polar organics [16,17].

Previous studies suggested that the HTC process is driven by a series of coalifica-
tion reactions involving hydrolysis, dehydration, decarboxylation, polymerization and
aromatization [15], which are influenced by temperature and reaction time. In principle,
major sewage sludge constituents such as proteins, polysaccharides and lipids solubilize
in heated water before depolymerizing into monomers and oligomers via hydrolysis at
approximately 150 ◦C. Subsequently, the depolymerized entities decompose into reactive
fragments in the liquid phase, primarily through dehydration and decarboxylation reac-
tions. The removal of hydroxyl groups by water formation via dehydration is favored at
HTC temperatures below 180 ◦C, whereas the decarboxylation responsible for the liberation
of carboxyl and carbonyl groups by the formation of CO2 becomes important at a higher
temperature. The coalification process improves with an increase in HTC severity (temper-
ature and reaction time), wherein recombination and condensation polymerization occur
to produce hydrochar with higher aromaticity and hydrophobicity features. While it is true
that hydrochar particles surrounded by water during hydrothermal treatment require an
additional dewatering step before they can be employed as a solid biofuel, dewatering the
hydrochar is considered less energy intensive as most of the bound water in the sewage
sludge has been converted to free water.

The HTC-accelerated coalification process of wet biosolids generates an energy-
densified hydrochar with a more enhanced combustion performance than the untreated
sewage sludge in terms of ignitibility and burning stability [18]. The heating value, fuel
ratio, energy yield and aromaticity of the hydrochar structure have also been shown to
improve significantly compared to the untreated biosolids. It has been reported that the
calorific value for hydrochar obtained from sewage sludge at 180–300 ◦C ranges from 10 to
20 MJ/kg, equivalent to the low-rank coals such as peat, lignite and sub-bituminous [19,20]
coal. More recently, Silva et al. [21] showed that a high energy yield of over 80% and
a calorific value of 13–16 MJ/kg could be obtained from HTC treatment at a relatively low
temperature and a short carbonization time of 100 to 200 ◦C and 0 to 60 min, respectively. In
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another work, Hansen et al. [22] concluded that the HTC of sewage sludge under extended
HTC conditions and an increasing severity (a higher HTC temperature and longer reaction
time) did not contribute to the further improvement of the hydrochar fuel properties and
quality due to high organic devolatilization and higher ash content.

For the practical conversion of sewage sludge into solid biofuel, less-severe HTC
conditions are deemed important to limit excessive devolatilization and decarboxylation
reactions, thereby allowing most of the carbon in the sewage sludge to be retained in the
hydrochar matrix. Additionally, the release of volatile organics into process water can
also be limited to obtain a high hydrochar yield. Therefore, considering the importance
of process conditions on the energetic properties of hydrochar, this study investigated the
influence of reaction temperature, carbonization time and solid loading on the course of
the sewage-sludge transformation under moderate HTC conditions. A laboratory-scale
batch hydrothermal reactor system was used in this study to convert secondary sewage
sludge from selected sewage treatment plants in Malaysia.

2. Materials and Methods
2.1. Sewage Sludge Sample Preparation

The raw, dewatered sewage sludge samples were collected from three sewage sludge
treatment plants (STPs) located in the urban areas of Selangor and Kuala Lumpur, Malaysia.
The STPs are operated by the national sewage treatment company, Indah Water Konsortium.
The dewatered sludge cake is comprised of the waste biosolids obtained after secondary
treatment and requires disposal in a landfill. Upon collection, the sewage sludge samples
were dried in an oven for 24 h at 105 ◦C (ASTM D1762-84) before being ground into
homogeneous particles of less than 1 mm diameter in a grinder (SM 300, Retsch, Germany).
The moisture-free, ground sewage sludge samples were labelled as STP1, STP2 and STP3.
They were stored in sealed plastic bags and kept in a desiccator before being used in the
HTC experiments.

2.2. HTC Experiment

The HTC of the sewage sludge was carried out in a 1 L stainless steel cylindrical reactor
with an internal diameter of 9 cm and height of 18 cm. The high-pressure batch reactor
was designed to operate at a maximum temperature of 350 ◦C and an autogenous pressure
of up to 250 bars. The reactor was equipped with a mechanical stirrer, a pressure gauge
and a K-type thermocouple. Heating was provided by an external electric furnace heater
that had a temperature controller. A schematic diagram of the hydrothermal carbonization
reactor is presented in Figure 1. In each experiment, the dried sewage sludge samples
of 50, 100 and 150 g were dispersed in 500 mL of distilled water to achieve 10, 20 and
30 wt.% solid loading. After the HTC reactor was assembled, it was leak-tested using
high-pressure nitrogen gas. A gentle nitrogen gas flow was then supplied at a rate of
1 L/min for 30 s to create an oxygen-free atmosphere inside the reactor. The dried sewage
sludge and distilled water mixture was heated at 4 ◦C/min to the desired carbonization
temperature and stirred at 150 rpm. The reaction time was taken immediately after the
temperature inside the reactor reached the desired carbonization temperature, and the
corresponding reaction pressure was recorded from the pressure gauge. Variations in the
HTC experimental conditions involving temperature, reaction time and solid loading were
investigated using a one-factor-at-a-time approach, as tabulated in Table 1. At the end of
each run, the heater was immediately switched off and detached from the reactor body.
Cooling water was supplied to quench the reaction and bring the reaction products down
to room temperature. The residual pressure was subsequently released, after which the
solid hydrochar and liquid-phase reaction mixture were carefully collected and separated
in a centrifuge at 4000 rpm for 20 min. The obtained hydrochar was dried at 105 ◦C for 24 h
and characterized. In this work, gaseous products were not collected and analyzed. All
experiments were carried out in triplicate, and the average values were reported together
with experimental error bounds of one standard deviation interval.
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Figure 1. Schematic diagram of the 1 L hydrothermal carbonization reactor.

Table 1. Overall sewage sludge HTC experimental plan.

Temperature (◦C) Solid Loads (wt.%) Reaction Time (min)

150, 200, 250, 300 10 30
150 20, 30 30
150 30 60, 90, 120, 150

2.3. Sewage Sludge and Products Characterization

A proximate analysis was performed to determine the volatile matter (VM), ash and
fixed carbon (FC) composition. The ash and VM tests were conducted following ASTM
D3174-02 [23] and ASTM D3175-07 [24] standard methods, respectively. The FC percentage
was calculated by difference using Equation (1). Meanwhile, the elements of carbon,
hydrogen, nitrogen and sulphur (ultimate analysis) in the sewage sludge and hydrochar
were determined using a CHNS Vario Elemental Analyser III in accordance with the ASTM
D3176-89 method [25]. The oxygen content was calculated by difference using Equation (2).

FC (%) = 100% − moisture(%)− VM(%)− ash(%) (1)

O(%) = 100% − C(%)− H(%)− N(%)− S(%)− ash (2)

A Perkin Elmer Spectrum One Fourier Transform Infrared Spectrometer (FTIR) was
used to qualitatively analyze the surface functional groups of the sewage sludge and
hydrochar samples using KBr palletization method at hydrochar:KBr ratio of 1:100. The
FTIR spectrum was accumulated at a wave number range of 4000–400 cm−1 with 10 scans
per sample.

2.4. Fuel Properties of Hydrochar

The hydrochar yield was calculated using Equation (3). Energy densification, referring
to the relative increase in the energy content of the hydrochar, was evaluated according to
Equation (4). Consequently, the energy yield was obtained using Equation (5).

Hydrochar yield (%) =
Mass of hydrochar
Mass of dry sludge

× 100% (3)
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Energy densification =
HHV of hydrochar
HHV of raw sludge

(4)

Energy yield/recovery (%) = Hydrochar yield × Energy densification (5)

The higher heating values (HHVs) of the raw sewage sludge and the hydrochar
samples were determined using an IKA C5000 BASIC bomb calorimeter in accordance
with the ASTM D2015-00 standard method [26] and the well-established Dulong formula
(Equation (6)), respectively.

HHV = 0.3383C + 1.422
(

H − O
8

)
(6)

where C, H, and O represent carbon, hydrogen, and oxygen, respectively. The HHV was
reported on a dry basis in MJ/kg.

3. Results and Discussion
3.1. Characteristics of Raw Sewage Sludge

The ultimate and proximate compositions and the higher heating values of the dewa-
tered sewage sludge samples collected from the STP1, STP2 and STP3 sewage treatment
plants are presented in Table 2. The moisture content in these samples, measured on
an as-received basis, was found to range between 73.0 and 83.7%. The obtained values cor-
responded well with the moisture content of sewage sludge from other sewage treatment
plants reported in the literature [5]. Fundamentally, moisture exists in sewage sludge in the
forms of (i) free (or bulk) water, (ii) interstitial, (iii) vicinal (or surface) and (iv) chemically
bound (or hydration) water. During the thickening and dewatering stage, the free and
interstitial water was mainly removed, leaving behind the water trapped and bound to the
solid particles. Note that the moisture measured here mainly represents the surface and
bound water. Due to the high moisture content, a window of opportunity exists for directly
applying HTC to convert the sewage sludge into hydrochar. As can be seen from Table 2,
the volatile matter (52.5–61.0%), fixed carbon (10.3–12.6%) and ash (28.7–34.9%) content of
the dewatered sludge samples were comparable, if not superior to other regional sewage
sludges [21,27–30]. The relatively high percentages of fixed carbon and volatile matter
are particularly important for the utilization of sewage sludge as a solid biofuel. As with
other regional sewage sludges, such as those from Ratmalna, Sri Lanka [21] and Shanghai,
China [31], in which the ash contents were reported to be 30.6% and 31.2% respectively, the
ash content was found to be considerably high, mainly due to the presence of ash-forming
constituents of inorganic minerals and heavy metals. As shown in Table 2, all sludge
samples were enriched with the major ash-forming elements Si, Al, Fe, Ca and Mg, all
of which are capable of catalyzing certain carbonization and pyrolysis reactions. Alkali
metals, including sodium (Na) and potassium (K), were also present in all the investigated
sewage sludge samples. In traditional thermochemical processes, these elements may react
with silica from the ash at high temperatures to produce a sticky, mobile, liquid-phase
material that causes blockages in the equipment and affects the thermal conversion process,
especially in a boiler or furnace. In addition, some heavy metals (Cr, Ni, Cu, Zn, Pb, Cd, and
Hg) have also been found in the sewage sludge [32], contributing to a high percentage of
ash in the sewage sludge. The heavy metals in sewage sludge may originate from various
sources, including industrial wastewater, runoff, corrosion of sewerage systems, medicine,
detergents, cosmetics and personal care products.

The ultimate analyses indicate that the raw sewage sludge samples contained favor-
able amounts of elemental carbon (30.9 to 31.8%) and hydrogen (6.8 to 7.8%). The Malaysian
sewage sludges were also found to contain a higher concentration of N-containing com-
pounds, most likely originating from protein, peptides, fatty acids and sugar. The presence
of oxygen, nitrogen and sulphur is detrimental to potential sewage sludge applications as
a solid biofuel as these elements contribute to a lower heating value and release undesirable
SOx and NOx upon combustion. Meanwhile, the higher heating values (HHVs) of the three
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sewage samples were almost identical at approximately 13 MJ/kg, within the range of
9.04–15.20 MJ/kg found in the literature [21,27,28].

Table 2. Characteristics of dewatered sewage sludge samples.

Analysis STP1 STP2 STP3

Moisture content (%, as received) 73.03 83.70 80.97

Proximate (wt.%, db)
Volatile matter 61.00 52.52 57.00
Fixed carbon 10.29 12.58 12.31

Ash 28.71 34.90 30.69

Ultimate analysis (wt.%, db)

C 31.70 30.90 31.80
H 7.66 6.87 7.85
N 5.61 5.06 5.16
O 25.02 20.99 23.24
S 1.30 1.28 1.26

HHV (MJ/kg) 13.74 13.10 13.76

Major ash forming elements, (wt.%, db)

Si 5.37 5.60 5.44
Al 0.73 1.30 1.02
Ti 0.18 0.20 0.21
Fe 1.69 2.35 1.90
Ca 0.55 0.41 0.45
Mg 0.06 0.04 0.04
Na 0.09 0.10 0.12
K 0.12 0.21 0.19
P 1.38 1.13 1.42

Figure 2 presents the chemical functionalities of the raw sewage sludge samples as
observed by the FTIR spectra. Several distinctive absorption bands were observed, having
almost similar intensities for all sewage sludge samples irrespective of the sludge origins.
The bands at approximately 3300 cm−1 can likely be attributed to the -OH stretching
vibrations from the hydroxyl and carboxyl groups. Their presence may be contributed by
the proteins and polysaccharides content in the sewage sludge. Meanwhile, the intensities
of peaks between 3000 and 2800 cm−1 can be associated with the aliphatic C-Hn groups. The
peaks observed at a lower wave number, centered around 1650 cm−1 stretching vibrations,
correspond to that of the C=N amides, while a significant presence of C-O-C aliphatic
ethers was detected at the wave number of 1000 cm−1.
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Overall, the physicochemical analyses suggest that the characteristics of all raw, de-
watered sewage sludge samples investigated in this study closely matched each other.
Considering that all samples were collected from STPs located in urban areas, it is likely
that the general characteristics of the sewage sludge were influenced by similar local hu-
man activities, food consumption patterns, and the surrounding economic and industrial
activities. The few differences observed may be attributed to the treatment method used in
each STP and the aging of the sludge after the dewatering process.

3.2. Effect of HTC Conditions on Hydrochar Characteristics

In order to better understand the effects of the HTC conditions on the upgrading of
sewage sludge into biofuel, the raw sludge sample obtained from STP2 was chosen for
subsequent investigations. This selection took into consideration the need to assess the
applicability and suitability of the HTC technology in upgrading a less-favorable feedstock
into a high-quality hydrochar. The effects of temperature, carbonization time and solid
loading on the hydrochar yield and its propensity for use as solid biofuel were evaluated
primarily by proximate and ultimate analyses, as tabulated in Table 3. The hydrochar
recovered after HTC treatment for all conditions investigated appeared as a dark-brown
solid with a distinctive, unpleasant, sharp smell.

Table 3. Proximate and ultimate analysis of hydrochar.

Sample ID
Proximate Analysis

(wt.%, db)
Ultimate Analysis

(wt.%, db) Solid Yield
(%)

VM FC Ash C H O * N S

HTC1:150 ◦C:10%:30 min 41.70 16.30 42.00 39.30 4.68 8.35 3.89 1.78 73.93
HTC2:200 ◦C:10%:30 min 32.15 16.85 51.00 35.80 4.18 4.55 2.85 1.62 63.09
HTC3:250 ◦C:10%:30 min 28.10 16.90 55.00 34.70 3.93 2.28 2.64 1.45 57.65
HTC4:300 ◦C:10%:30 min 23.29 19.71 57.00 33.95 3.85 1.69 2.13 1.38 48.46

HTC5:150 ◦C:20%:30 min 42.08 16.61 41.31 39.52 4.69 8.78 3.91 1.79 75.97
HTC6:150 ◦C:30%:30 min 42.96 16.65 40.39 39.78 4.71 9.38 3.93 1.81 80.56

HTC7:150 ◦C:30%:60 min 40.53 16.76 42.71 39.25 4.62 7.70 3.92 1.80 78.58
HTC8:150 ◦C:30%:90 min 36.80 17.41 45.79 38.23 4.61 5.68 3.89 1.80 77.35

HTC9:150 ◦C:30%:120 min 35.69 17.50 46.81 38.21 4.44 5.03 3.75 1.76 76.94
HTC10:150 ◦C:30%:150 min 35.05 17.02 47.93 38.19 4.38 4.70 3.61 1.63 74.52

* Calculated by difference.

The results indicate that the hydrochar yield was strongly affected by the HTC temper-
ature. The highest hydrochar yield was observed at the lower end of the HTC temperature
investigated (i.e., 150 ◦C). As the carbonization temperature increased from 150 to 300 ◦C,
the hydrochar yield gradually decreased from 73.9% to 48.5%. The decrease in yield was
mainly due to the primary and secondary decomposition of various components in the
sewage sludge [8], which were caused by complex and simultaneous reactions involving
hydrolysis, dehydration, decarboxylation and condensation. Similarly, temperature–time
interactions resulted in lower hydrochar yield, albeit at a smaller yield percentage reduc-
tion. Extending the reaction to 150 min exposed the sewage sludge constituents to further
degradation. The volatile organic matter that devolatilized and dissolved into an aqueous
phase might polymerize at a longer reaction time, resulting in secondary, polyaromatic,
structured hydrochar. The proximate analysis showed that the volatile matter of the hy-
drochar was considerably lower when compared to the raw, dewatered sewage sludge.
When the reaction temperature was raised from 150 to 300 ◦C, the volatile matter content
gradually decreased from 41.7% to 23.3%. The mass loss observed in the volatile matter was
only partially compensated for by the increase in fixed carbon content. This suggests that
the volatile organic matter in the sewage sludge was likely devolatilized and partitioned
into process water or released as gases (e.g., CO2) during the HTC treatment. Accordingly,
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the ash content markedly increased with the reaction temperature due to a higher degree
of volatile solubilization and inorganic mineral retention [33,34].

Similar trends involving the evolution of volatile matter and fixed carbon and ash
content were observed from experiments investigating the effect of solid loading and
reaction time. One exception was the decrease in ash content with an increasing solid
load, from 42.0% to 40.4%, indicating a decrease in the amount of carbon dissolved as the
solid loading increased, coinciding with the mild increase of the hydrochar produced. On
the other hand, the slight changes in the volatile matter content imply that only a small
proportion of the light organic components transitioned into the HTC’s liquid and gaseous
phases. The effect of solid loading on ash content observed in this study is consistent with
the findings reported for sewage digestate [14]. Compared to solid loading, the effect of
extending the reaction time from 30 min to 150 min on the loss of the volatile matter was
more pronounced, and when combined with the minerals retained within the hydrochar
structure resulted in an upsurge of the ash content from 40.4% to 47.9%, respectively.

The percentage of elemental CHNOS of the hydrochar was found to decrease steadily
with the carbonization temperature and reaction time. It is likely that some organic func-
tional groups bearing the CHNOS elements were lost together with the volatile matter
during the HTC treatment, as confirmed by the FTIR analyses in Section 3.4. In a typical
HTC treatment, sewage sludge constituents, including protein, polysaccharides, lipids and
humic substances, have been shown to undergo dehydration, decarboxylation, condensa-
tion and depolymerization reactions, resulting in the sewage sludge decomposition into
hydrochar and liquid and gaseous products. The loss of carbon content may be explained
by the transfer of carbon from the solid phase into the liquid and gas phase, mainly via
decarboxylation. Meanwhile, the decreasing trend for the hydrogen and oxygen contents
may be attributed to dehydration and decarboxylation reactions. Reductions of the N
and S heteroatoms content were likely related to the dissolution of N- and S-containing
compounds. It was reported that the hydrolysis of N-containing compounds during HTC
encouraged the build-up of ammonium constituents in the process water [35]. A longer
carbonization time (up to 150 min) resulted in lower carbon, oxygen and hydrogen concen-
trations. Due to the dehydration and decarboxylation reactions, the oxygen concentration
dropped significantly from 9.4% to 4.7%. The N content of the hydrochar was substantially
reduced to 3.6% after 150 min of HTC treatment. The hydrolysis and dissolution of protein
components into soluble proteins, amino acids, amide and NH4

+ was the primary cause
for the substantial fall in the N content. The HTC reaction time had very little effect on the
S content of hydrochar, evidenced by the slight reduction in the S content.

In contrast to the other reaction parameters investigated, increasing the solid load-
ing from 10% to 30% only slightly changed the elemental CHNOS concentrations of the
hydrochars produced. This indicates a low elemental yield dependency on the feedstock
composition [36] and a lack of strong association with its impact on dehydration and
decarboxylation processes. This is consistent with the results of Zabaleta et al. [37].

3.3. Fuel Characteristics

Figure 3 illustrates the influence of the HTC parameters on the hydrochar fuel proper-
ties. The HHV of the hydrochar was found to have increased considerably from approx-
imately 13 MJ/kg for the raw dewatered sewage sludge to approximately 16–18 MJ/kg
after the HTC treatment, a 23–38% improvement. The highest HHV value of 18.49 MJ/kg
was obtained from the experiment at 150 ◦C, a 30 min reaction time and a 30% solid load. It
is clear that the HTC was able to convert low-heating-value sewage sludge into coal-like
hydrochar with an HHV ranging from 15 to 19.36 MJ/kg [38,39]. The HHV results showed
a downward trend with an increasing HTC temperature and reaction time (Figure 3a,c);
however, the opposite was observed for the solid loading experiments. These trends were
closely attributed to the changes in the concentrations of the heat-contributing elements
of carbon, hydrogen and ash contents of the hydrochar as a result of the variations in the
HTC parameters. As the HTC condition severity was raised, higher amounts of carbon and
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hydrogen were driven off the hydrochar, primarily via decarboxylation and dehydration
mechanisms at temperatures above 150 ◦C [22]. Dehydration is often attributed to the
removal of hydroxyl groups, while decarboxylation is the thermal breaking of long-chain
carboxylic acids. As these mechanisms were temperature-related, the degree of HHV
loss was more pronounced for the HTC temperature than the reaction time. Meanwhile,
the inorganics and minerals were concentrated in the hydrochar, leading to a higher ash
content and therefore lowering the HHV. The impact of solid loading on the HHV value
was limited, mainly due to a lack of improvement in the carbon and hydrogen contents of
the hydrochar even at a 30% solid loading, as tabulated in Table 3. Moreover, there was
no clear association between the changes in solid loading and its impact on dehydration
and decarboxylation reactions that would significantly influence the HHV by altering the
hydrogen and oxygen compositions in the hydrochar. Such observations were in agreement
with the published results [14].

The fuel properties for hydrochars obtained at various HTC conditions were evaluated
using the energy densification, fuel ratio (FC/VM) and energy yield. The results are
presented in Table 4. Clearly, the HTC temperature exerts considerable influence on the fuel
characteristics of the hydrochar compared to the effects of solid loading and carbonization
time. Interestingly, the results showed that a satisfactorily high energy recovery of over
80% was recorded at the lower end of the HTC temperature investigated, i.e., 150 ◦C, with
a maximum observed at a solid loading of 30% and a 30 min reaction time. Given that
energy densification remained almost stable at this temperature, this implies that hydrochar
was produced at a greater mass yield under these conditions than those obtained at higher
temperatures.

Table 4. Fuel characteristics of hydrochar.

Sample ID Energy Densification Fuel Ratio (FC/VM) Energy Yield (%)

HTC1:150 ◦C:10%:30 min 1.12 0.39 82.79
HTC2:200 ◦C:10%:30 min 1.05 0.52 65.98
HTC3:250 ◦C:10%:30 min 1.03 0.60 59.16
HTC4:300 ◦C:10%:30 min 1.01 0.85 48.96

HTC5:150 ◦C:20%:30 min 1.12 0.39 85.13
HTC6:150 ◦C:30%:30 min 1.12 0.39 90.32

HTC7:150 ◦C:30%:60 min 1.12 0.41 88.06
HTC8:150 ◦C:30%:90 min 1.12 0.47 86.68

HTC9:150 ◦C:30%:120 min 1.11 0.49 85.60
HTC10:150 ◦C:30%:150 min 1.11 0.49 82.76

Meanwhile, Table 5 compares the hydrochar yield, HHV and energy yield obtained
from this work to other conventional carbonization methods, including torrefaction and
pyrolysis. As can be seen, the conversion of sewage sludge into a solid biofuel using HTC
at a lower process severity showed superior performance compared to torrefaction and
pyrolysis. This indicates that HTC could be a preferred treatment approach for sewage
sludge carbonization.

The fuel quality of the hydrochar was assessed by the Van Krevelen diagram (Figure 4),
which characterizes the evolution of the H/C and O/C atomic ratios after HTC treatment.
The diagram depicts the degree and pathway of coalification and compares the fuel quality
of the hydrochar produced against several traditional solid fuels such as coal, peat, lignite
and biomass. The hydrochars produced in the present study showed a progressive degree
of coalification with increasing severity of HTC temperature and reaction time. As shown by
the ultimate analyses, the carbon content was mostly retained in the hydrochar. Meanwhile,
the H/C and O/C atomic ratios of the hydrochar were markedly lower than the starting
raw sewage sludge (H/C 2.67 and O/C 0.51), even for hydrochars produced at the low
HTC temperature of 150 ◦C and short reaction time of 30 min. By increasing the reaction
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temperature further to 300 ◦C and extending the reaction time up to 120 min, the respective
atomic ratios continued to decrease, approaching those in the sub-bituminous coal region,
albeit at a slightly higher H/C ratio.
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Table 5. Comparison of HHV of hydrochar/biochar under different operating parameters and
carbonization method.

Sludge Sample
Location

Carbonization
Method Condition Solid Yield

(%)
HHV

(MJ/kg)
Energy Yield

(%) References

Shah Alam Hydrothermal
carbonization

Temperature:150 ◦C
80.56 18.49 90.32 This studyTime: 30 min

Solid load: 30%

Changsha, China Hydrothermal
carbonization

Temperature:150 ◦C
Time: 30 min 58.51 12.06 64.32 [33]

Jastrzebie-Zdrój,
Poland

Torrefaction
Temperature: 240 ◦C

- 12.06 - [40]Time: 60 min
Time: 50 min

London, Ontario,
Canada Slow pyrolysis Temperature: 300 ◦C

Time: 30 min 50 18.6 65.96 [41]

Dehradun,
India Pyrolysis Temperature: 500 ◦C

Time: 60 min 58.70 10.04 50.41 [42]Energies 2023, 16, x FOR PEER REVIEW 12 of 16 
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HTC conditions.

The observed progression of the hydrochar coalification primarily follows the dehydra-
tion and decarboxylation pathways, resulting in the liberation of hydroxyl and carboxylic
groups, respectively [18,43,44]. The results indicate that the chemical dehydration pathway
(resulting in lower H/C) predominated at mild HTC conditions of 150 ◦C and 30 min.
On the contrary, simultaneous dehydration and decarboxylation pathways, by which the
sewage sludge was carbonized by decreasing the H/C and O/C ratios [36], predominated
at higher HTC temperature and longer reaction time. Hydrochar produced at the extended
reaction time exhibited a lower O/C ratio, implying the loss of oxygen functional groups.
This lead to increased carbon aromaticity and hydrophobicity [45]. The trends were in
agreement with the results of previous studies on the HTC of sewage sludge [46] and
saccharides (e.g., glucose, sucrose and starch) [16]. The O/C values for a 10%, 20% and 30%
solid loading were approximately 0.16, 0.17 and 0.18, respectively, indicating an increasing
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degree of hydrochar carbonization with an increasing solid load, similar to those observed
for the agro-industrial waste hydrochar [47].

3.4. Surface Functionalities of Hydrochar

Figure 5 compares the FTIR spectra of the raw sewage sludge with those of the hy-
drochars obtained at varying carbonization temperatures, solid loading ratios and reaction
times. The accumulated spectra appeared identical in the infrared absorption bands de-
tected, suggesting that the hydrochars retained most of the original chemical functionalities
observed in the raw sewage sludge. Several important absorption band peaks centered
around wavenumbers of 3400 cm−1, 3000–2800 cm−1, 1800–1650 cm−1, 1360 cm−1 and
1200 cm−1 were identified. The peak at around 3400 cm−1 corresponds to the -OH stretch-
ing vibrations from hydroxyl and carboxyl groups which could have originated from the
protein and polysaccharide constituents [48,49]. The -OH peak intensity was lower at
higher reaction temperatures and longer carbonization times, suggesting that dehydration
and decarboxylation may have been promoted under these conditions. The peaks between
3000 and 2800 cm−1 represent the aliphatic C-Hn groups [33]. Compared to the raw sewage
sludge feedstock, these peaks in the hydrochar became slightly intensified as the solid load
rose. The C-Hn peak intensity, however, was not influenced by the HTC temperature and
reaction time, indicating the relative strength of the bond. A distinctively broad peak was
observed at lower wavenumbers between 1650 and 1800 cm−1 and stretching vibrations cor-
responding to that of C=O carboxyl and C=N amides [50,51]. Following the HTC process,
this peak showed a lower intensity. It has been suggested that the C=N functional group is
prone to a hydrolysis reaction during HTC treatment [33]; hence the downward trend under
more severe HTC conditions. The bands at 1360 cm−1 showed -C=C stretching in aromatic
ring carbons. As carbonization time increased, their intensity remained almost constant
with the increasing temperature and solid loading. The analysis also revealed a strong
occurrence of C-O-C aliphatic ethers and -COH in alcohol identified at the wavenumber
centered around 1200 cm−1 [52,53]. The increasing intensity at higher temperatures was
ascribed to the alcohol dehydration reaction. Low signal peaks below 800 cm−1 could be
interpreted as those of aromatic fingerprints; however, this is inconclusive.
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4. Conclusions

In this study, the effects of HTC operating conditions on the fuel properties of hy-
drochars produced from wet sewage sludge were investigated. HTC treatment was found
to improve the physicochemical properties of the raw sewage sludge significantly. Unlike
solid loading, the carbonization temperature and time affected the fuel characteristics of
the produced hydrochar more, mainly due to dehydration and decarboxylation reactions.
At mild HTC conditions of 150 ◦C and 30 min of carbonization time, a hydrochar with
a good fuel quality was obtained at a high yield of 80.56%. The hydrochar exhibited a high
heating value (18.49 MJ/kg), low H/C and O/C atomic ratios that approached those of
sub-bituminous coal grade, and low N and S contents. With an energy recovery as high as
90.32%, HTC is a promising approach for converting wet sewage sludge into a sustainable,
solid biofuel. These results highlight the potential of the HTC treatment to produce a solid
biofuel compatible for co-firing with low-ranked coal for less harmful SOx and NOx gas
emissions. However, the high ash levels remain a technical challenge.
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