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ABSTRACT

With increasing concerns about global climate change, along with other CO, mitigation measures, waste manage-
ment is also being critical worldwide. On average, one-third of waste generated globally is food/organic waste,
with high environmental hazards and low recycling rates globally. In this study, food waste and agricultural wastes
were comprehensively studied in the perspective of solid fuel production by hydrothermal carbonization technol-
ogy. This study investigates the suitability of food waste and cotton straw as feedstocks for hydrothermal carbon-
ization aimed at producing high-quality solid bio-fuel. Municipal solid waste characterization in Tashkent revealed
that food waste consistently represents the largest fraction of household waste (47-52 wt%), with total biodegrad-
able organics exceeding 54 wt%, confirming its steady availability for thermochemical valorization. Structural
carbohydrate analysis showed that food waste is rich in cellulose (45.22 + 2.1%), hemicellulose (29.39 + 1.8%),
and lignin (25.47 + 1.5%), forming a balanced lignocellulosic matrix favorable for hydrothermal carbonization
reactions. Proximate analysis demonstrated significantly higher volatile matter (77.79 wt%) and lower ash (6.97
wt%) in food waste compared to cotton straw, alongside an High Heating Value of 23.18 MJ/kg, indicating strong
potential for generating energy-dense hydrochar comparable to sub-bituminous coal. Food waste demonstrated
superior characteristics for hydrothermal carbonization compared to cotton straw, with 34% higher volatile matter
and 70% lower ash content. Thermogravimetric analysis revealed a multistage decomposition pattern involving
moisture evaporation, primary and secondary pyrolysis, and high-temperature gasification, with activation energy
trends consistent with the sequential degradation of hemicellulose, cellulose, and lignin. Kinetic analysis revealed
lower activation energy for FW pyrolysis (50.7 kJ/mol primary stage) versus cotton straw (122 kJ/mol), suggesting
more favourable conversion energetics. FTIR analysis of both food waste and cotton straw confirmed dominant
oxygenated functional groups (O—H, C-H, C=0, and C-0), supporting the expected hydrothermal carbonization
pathways of dehydration, decarboxylation, and aromatization that contribute to carbon densification. Overall, the
integrated physicochemical, thermal, and spectroscopic characterization establishes FW as a highly suitable and
abundant feedstock for hydrothermal carbonization-based bio-coal production, either as a standalone substrate or
as a co-feed with agricultural residues such as cotton straw.

Keywords: hydrothermal carbonization, FW valorization, agricultural residue, hydrochar/bio-coal, thermochemi-
cal characterization, waste-to-energy.
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INTRODUCTION

Uzbekistan, with a population exceeding 33
million, generates significantly higher amounts of
municipal solid waste (MSW) than other Central
Asian countries, reaching about 35 million m® an-
nually, while more than 100 million tons of indus-
trial and municipal waste are disposed of in land-
fills each year, accumulating over 2 billion tons
to date (Tursunov et al., 2023). In Tashkent city
alone, daily waste generation has ranged from
1500 to 2100 tons between 2020 and 2024, exert-
ing considerable pressure on major landfill sites
such as Okhangaron and Tulabek (Tursunov et
al., 2024). Rapid urbanization, lifestyle changes,
and rural-to-urban migration further intensify the
burden on existing disposal infrastructure, high-
lighting the urgent need for sustainable waste val-
orization pathways. Given that a substantial share
of household solid waste in developing countries
is organic in nature (Sharma et al., 2020; Tursu-
nov et al., 2023), the conversion of FW and abun-
dant agricultural residues such as CS into value-
added bio-coal via HTC represents a promising
local strategy (Tursunov et al., 2023).

Globally, MSW generation reached approxi-
mately 2.01 billion tons in 2016 and is projected
to increase to 3.4 billion tons by 2050, driven by
population growth, rapid urbanization, industrial-
ization, and changing consumption patterns (Tur-
sunov et al., 2023), (Tursunov et al., 2025). About
one-third of global waste is still disposed of in
open dumps, particularly in developing countries,
while recycling rates remain as low as 5%, leading
to severe environmental and public health conse-
quences. The high organic fraction of MSW—of-
ten exceeding 50% in developing regions—te-
sults in the emission of hazardous gases such as
CHa, CO2, H2S, and NHs from landfills (Sharma
et al., 2020a), contributing to climate change and
ecosystem degradation (Tursunov et al., 2025).
The sustained growth of the global population and
continuous industrial expansion drive an escalat-
ing demand for energy, prompting an intensive
search for sustainable energy alternatives (Kang
et al., 2019). Simultaneously, the world confronts
a profound challenge in managing the enormous
volumes of organic waste generated annually
(Sharma et al., 2020). FW, a significant fraction
of MSW, and abundant agricultural residues rep-
resent highly challenging feedstocks for conver-
sion due to their high moisture content, which can
typically range from 70% to 90% in unprocessed

streams (Pecchi et al., 2020; Yusuf et al., 2020).
This high-water content renders conventional
thermal conversion methods (such as pyrolysis or
incineration) inefficient, demanding an energy-in-
tensive and costly pre-drying step (Babinszki et
al., 2020; Sharma et al., 2020). While alternative
recycling methods like composting and anaerobic
digestion are practiced, they are often constrained
by long reaction times and the biological instabil-
ity of FW. Therefore, developing effective, low-
energy solutions for upgrading these wet organic
resources into stable, energy-dense products is a
global necessity.

HTC has emerged as a promising technology
perfectly suited to bypass the critical obstacle of
high moisture content (Antero et al., 2020; Xu
et al., 2020; Yusuf et al., 2020). HTC is a wet
thermochemical conversion process that simu-
lates natural coalification, typically operating
at mild subcritical water conditions, generally
between 180 and 350 °C and under autogenous
pressure (Khan et al., 2019; Yusuf et al., 2020).
The core technical advantage of HTC lies in its
use of water as the reaction medium; at elevated
temperatures, water acts as a reactive, non-polar
solvent and catalyst, facilitating crucial chemical
transformations without prior drying (Krysanova
et al., 2019; Wiist et al., 2019; Mazumder et al.,
2022; Reza et al., 2014). The fundamental reac-
tion mechanisms include a complex network of
ionic pathways such as hydrolysis, dehydration,
decarboxylation, polymerization, and aromatiza-
tion (Babinszki et al., 2020; Sharma et al., 2020;).
These reactions result in the breaking of complex
polymeric bonds (cellulose and hemicellulose
degrade readily at temperatures as low as 180-
230 °C) and a reduction in the oxygen-to-carbon
(O/C) and hydrogen-to-carbon (H/C) atomic ra-
tios, a process that concentrates carbon and up-
grades the fuel quality (Xu et al., 2020; Sharma et
al., 2020; Reza et al., 2014).

HTC is versatile, accepting a wide spectrum
of feedstocks, including lignocellulosic biomass
(LCB) such as agricultural residues (e.g., mis-
canthus, corn stalk, wheat straw, olive pulp) and
aquatic plants (e.g., Azolla), alongside urban
wastes like FW (FW) and sewage sludge (SS)
(Khan et al., 2019). FW is particularly relevant
due to its volume and high content of easily hy-
drolyzed carbohydrates and proteins (Wang et
al., 2020). For FW and LCB, HTC produces an
energy-dense solid product known as hydrochar
or bio-coal, typically exhibiting fuel properties
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comparable to lignite. The HHV of FW can be
increased significantly, rising from initial values
(e.g., 25.1 MJ/kg) to over 33.1 MJ/kg. This in-
crease is attributed to the removal of low-energy
oxygen and hydrogen atoms. Critically, the HTC
process dramatically reduces the ash and alkali
metal content (specifically K and Na) by dissolv-
ing these inorganics into the process liquid. This
demineralization significantly mitigates the risk
of fouling and slagging during subsequent com-
bustion, a major advantage over traditional dry
carbonization methods (Gao et al., 2019).

Furthermore, co-HTC(co-HTC), which in-
volves treating FW or Ag waste alongside low-
quality materials such as coal waste (CW) or
sewage sludge (SS), provides synergistic ben-
efits (Mazumder et al., 2022). The organic acids
formed during the HTC of FW (like formic and
acetic acid) create a mildly acidic environment
that actively aids the leaching of undesirable in-
organic elements, such as ash and sulfur, from the
blended material (Saba et al., 2017). For instance,
co-HTC of CW and FW has been shown to reduce
sulfur content from 9.6% in raw CW to 2.1% in the
resultant hydrochar, while increasing its elemen-
tal carbon content (Mazumder et al., 2022). This
demonstrates the power of co-HTC in convert-
ing heterogeneous, challenging wastes into high-
quality, homogenized solid fuels suitable for ap-
plications such as co-firing in existing coal power
plants. The physical properties of hydrochar are
also improved, becoming highly hydrophobic and
friable, enhancing durability for storage and re-
ducing transport costs by increasing energy den-
sity. These hydrochars also display higher thermal
stability and increased ignition temperatures com-
pared to raw biomass, reducing the risk of sponta-
neous combustion during storage.

To comprehensively assess the production of
these clean solid fuels, a rigorous list of tests and
laboratory analyses is required for both the feed-
stock and the resultant hydro char.

Compositional and energetic analysis: In-
cludes proximate analysis (volatile matter, fixed
carbon, ash content) and ultimate analysis (C,
H, N, S, O content), crucial for determining
fuel quality indicators like the H/C and O/C ra-
tios (Gao et al., 2019). The HHV is essential for
quantifying energy density and is determined via
bomb calorimetry (Wilk et al., 2021).

Thermal stability and combustion perfor-
mance: TGA and derivative thermogravimetric
analysis (DTG) are necessary to study thermal
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decomposition profiles, kinetic parameters (e.g.,
activation energy, determined using methods
like the Kissinger-Akahira-Sunose (KAS) or
FWO methods (Krysanova et al., 2019; Wilk et
al., 2021), ignition temperature 7, and burnout
temperature 7, to evaluate combustion reactivity
(Saba et al., 2017).

Structural and chemical characterization: FTIR
spectroscopy identifies functional groups (e.g., hy-
droxyl, carbonyl). SEM and potentially XPS and
N2 adsorption (BET method) detail the morpho-
logical features, porosity, surface area, and confirm
the degree of carbonization (Fu et al., 2019).

Inorganic and process liquid analysis: ICP or
XRF analyses track metal migration (e.g., alkali
metals, heavy metals) and quantify critical nutri-
ents (N, P) in both solid hydro char and the aqueous
co-product (Krysanova et al., 2019). Process water
requires analysis for its COD and TOC to evalu-
ate its environmental and energetic reuse potential
(Gao et al., 2019). The effective management of
the liquid co-product is paramount for the over-
all economic viability of the HTC process, as this
stream contains a high concentration of dissolved
organics and leached nutrients (Wiist et al., 2019).
This liquid phase can be recirculated back into the
HTC process or directed toward anaerobic diges-
tion (AD) for enhanced biogas (methane) produc-
tion, thus potentially achieving a self-sustaining,
negative energy output solution for municipal and
agricultural waste valorization (Gao et al., 2019).

While numerous studies have investigated
HTC of individual biomass types, comparative
analyses of contrasting urban and agricultural
waste streams within specific geographic con-
texts remain limited. Moreover, integrated char-
acterization linking compositional properties to
thermal kinetics and chemical functionality pro-
vides more predictive power for HTC optimiza-
tion than isolated analyses. This study addresses
these gaps through systematic comparison of FW
(heterogeneous urban stream) and CS (homoge-
neous agricultural residue) prevalent in Uzbeki-
stan. Specifically, we aim to: (1) quantify and
compare compositional characteristics relevant
to HTC, (2) elucidate thermal decomposition ki-
netics and energetics, (3) identify key functional
groups influencing HTC pathways, and (4) estab-
lish criteria for feedstock selection and blending
strategies for optimized bio-coal production.

This study aims to thoroughly investigate
physical-chemical properties of municipal and ag-
ricultural waste samples, for the purpose of further
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applying them to HTC technology. A rigorous as-
sessment of HTC technology will be conducted
for converting widespread food and agricultural
wastes into sustainable solid fuels, detailing the
process parameters required to maximize fuel
quality while minimizing environmental impact.

METHODS

Sampling and sorting procedures

Waste composition is described as the charac-
terization of solid waste represented by a break-
down of mixture into specified waste components
on the basis of mass fraction or of weight percent
(ASTM, 2016). To investigate waste types and
their share in MSW, a compositional study was
carried out in 2 different districts in Tashkent city.
The studies were done on autumn and summer
seasons. Two random WCP were chosen for gath-
ering waste samples. As per American Society for
Testing and Materials (ASTM) D 5231-92 stand-
ard, sorting sample weight is required to be 91—
136 kg in order to represent the characteristics of
a vehicle load of MSW (ASTM, 2016). Thus, in
this study, a 100 kg waste samples were extracted
from WCP. The samples were taken from the bins
to the special bags and weighted by a scale.

A clean, flat area was prepared as required
on ASTM procedure, and waste bags were un-
packed. Normally, each portion of MSW is placed
in a separate plastic bag and there are plenty of
them. Thus, waste needs to be unpacked from
plastic bags to form representative sample. Then,
unpacked waste pile was thoroughly mixed from
four sided by a shovel. Following that, by using
quartering method, well mixed waste pile was di-
vided into four equal parts and two diagonal sides
were discarded. The other two sites were taken
as a representative sample of a MSW for sorting
stage. In the sorting stage, samples were mixed
second time by a shovel and the segregation
process was done. Based on ASTM D 5231-92
waste composition data sheet, seven main types
of waste were sorted, namely: paper, plastic, food
waste, ferrous, glass, textile and others (ASTM,
2016). First, all the plastics were sorted as they
abundant among waste mixture. Then, paper, tex-
tile, glass and metals were collected respectively.
On the final stage, FW and other types were sepa-
rated. Sorted waste fractions were put in seven la-
belled special plastic bags and the weight of each

fraction were identified by a scale. In the end, re-
sults were recorded to the waste composition data
sheet. For further laboratory analyses, a kilo of
sample from each fraction was taken.

Sample preparation for laboratory analyses

FW and CS samples were collected from lo-
cal sources in Tashkent city in Uzbekistan, and
prepared for subsequent analyses. FW samples
underwent pre-weighing using calibrated elec-
tronic scales to ensure accuracy, followed by dry-
ing in an electric thermostatic blast drying oven
(model: GZX — 9140 MBE) at 105 °C for 4 hours
to remove residual moisture, resulting in approx-
imately 10.3% moisture content. The samples
were cooled at room temperature and re-weighed
to determine final dry mass. CS samples were first
cut into 5-8 cm pieces to ease further size reduc-
tion processes, and then dried overnight in a blast
drying oven (model: LC-101-2B) at 65 °C.

Both FW and CS dried samples were ground
using high-speed universal grinders (model:
FW-100 and 2000c) to achieve fine particle siz-
es. Ground materials were then sieved using a
vibratory sieve shaker (model: Retsch AS 200)
equipped with 1 mm and 0.15 mm meshes to sep-
arate particles into three size fractions: less than
Imm, 0.15 to 1 mm, and higher than 0.15 mm
as per other research works (Periyavaram et al.,
2023; Wu et al., 2023; Yan et al., 2023). Sieved
fractions were packaged in labelled plastic con-
tainers for further laboratory analyses.

Proximate, ultimate and chemical analysis

Table 1 shows the summary of the proximate
analysis protocol applied to FW and CS samples.
As described above, moisture content was deter-
mined by weight loss of the original wet sample
after oven-drying until constant mass is achieved,
and calculated according to ASTM D-3173. Vola-
tile matter was determined by heating 1.0 + 0.1
g of sample in a crucible inside a muffie furnace
(model SX2-5-13E) at 950 °C for 7 min follow-
ing ASTM D3175. Ash content was measured by
complete combustion of 1.0 £ 0.1 g of sample in
a crucible at 750 °C for 4 h according to ASTM
D3174. Fixed carbon was calculated by differ-
ence using the standard equation given in Table 1.

To determine the elemental of food waste and
cotton straw, an ultimate analysis was conduct-
ed using Eltra CHS-580 and German Element
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Table 1. Procedure of conducting proximate analysis

Samples Process Equipment/Device used Process settings/conditions Formula
FW GZX - 9140 MBE 105 °C for 4 hours
Moisture content
(O] LC-101-2B 65 °C overnight
FW o : w. -w
Volatile matter 950°C f";\g_m:”g;i ébased %VM = (Wsampie = Wasn)
cs Muffle Furnace SX2-5- on ) sample
Fw 13E 750°C for 4 hours (based on (w, = Wasn)
_ sample ash
s Ash content ASTM D3174) %Ash = 75@@3 x 100
FW
s Fixed carbon By calculation %FC = 100(%moisture + %volatile matter + %ash)

Analyzers (Model: UNICUBE) analyzer. The cel-
lulose, hemicellulose, and lignin percentages in
CS raw materials were measured using the Van
Soest Method of Detergent Fiber Analysis (Elsha-
reef et al., 2025).

TGA and HHV analyses

TGA was conducted to evaluate the thermal
decomposition behavior and stability of FW and
CS samples, which was considered as a feedstock
for HTC. The analysis was performed using a
thermogravimetric analyzer (model: TGA 5500,
TA Instruments, USA) under a controlled atmo-
sphere. A sample mass of approximately 6.5 mg
was weighed and placed in an alumina crucible.
The analysis was carried out under a constant
flow of helium gas (25 mL/min) to maintain an
inert atmosphere and prevent oxidation. The sam-
ple was heated from temperature 30 °C up to a
final temperature 900 °C at a constant heating rate
of 10 °C/min. The continuous change in sample
mass and the corresponding temperature was re-
corded. The derivative thermogravimetric (DTG)
curves, representing the rate of mass loss were
calculated from the raw TGA data. The TRIOS
program was used to analyze the recorded data

Higher heating value (HHV) and lower heat-
ing value (LHV) of FW and CS were identified
by IKA C5000 bomb calorimeter, and an average
result of triplicate measurements were taken as a
final result.

FTIR analysis

Fourier-transform  infrared  spectroscopy
(FTIR) analysis was performed to identify the
functional groups present in FW and CS samples.
The analysis was conducted in the laboratory of
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the College of Mechanical and Electrical Engi-
neering at Shihezi University. M-FTIR was em-
ployed for sample analysis (model: Nicolet iN10,
thermo scientific). The raw FW and CS samples
were dried and ground prior to analysis to ensure
homogeneity and proper signal acquisition. The
recommended sample size for reliable spectral
acquisition was between 0.1 to 1 mm. While the
lower analytical limit of the instrument was 0.1
mm, this specific range was targeted during sam-
ple preparation to optimize the signal-to-noise ra-
tio and reproducibility. The spectra were recorded
over arange of 4000400 cm™! wavenumbers with
a specific resolution and 16 scans to ensure high-
quality data. Background scans were taken before
each sample measurement and subtracted from
the sample spectra. The resulting spectra were
analyzed to identify characteristic peaks corre-
sponding to different functional groups, provid-
ing insight into the chemical changes.

RESULTS

Municipal solid waste composition

Figure 1 (a, b) shows the composition of
MSW collected from 2 different districts in order
to increase reliability of data. From Figure 1a, FW
dominates the waste stream at 52 wt%, followed
by bones (13 wt%) and minor fractions of paper,
textiles, diapers, metals, glasses, and others. This
high organic content (approximately 66 wt% com-
bined FW and bones) makes the waste highly suit-
able as feedstock for HTC to produce bio-coal.

While on Figure 1b, FW remains the largest
fraction at 44 wt%, with significant contributions
from plastics and glasses (13 wt% each), bones
(6 wt%), and paper/textiles (7 wt% each). The to-
tal biodegradable organic fraction (FW + bones +
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Figure 1. Morphology of municipal waste collected from (a) Chilanzar and (b) Mirzo Ulugbek districts

plant waste) exceeds 54 wt%, confirming strong
potential for HTC-based valorization across dif-
ferent districts of Tashkent city in Uzbekistan, de-
spite noticeable variations in recyclable contents
(plastics, glass, and metals).

Figure la, 1b demonstrates that FW consti-
tutes 44-52 wt% of MSW in Tashkent city, pro-
viding a consistent and abundant lignocellulosic-
rich feedstock for HTC processes aimed at sus-
tainable bio-coal production.

Chemical composition, proximate, ultimate
and HHV analyses

Structural carbohydrates in biomass sample

Table 2 presents the average lignocellulosic
composition of the FW and CS samples used in
this study, determined through standard chemical
fractionation methods. The results reveal that FW
is predominantly carbohydrate-rich, with cellu-
lose constituting 45.22 wt%, hemicellulose 29.39
wt%, and lignin 25.47 wt% on a dry-weight basis
(values represent the mean of triplicate analyses).
The three major polymeric fractions sum to 100
%, confirming complete recovery and the absence
of significant extractives or ash interference in the
analyzed samples after pre-treatment. This rela-
tively balanced distribution — higher cellulose and
hemicellulose content compared to typical woody
or herbaceous biomass — highlights the favorable
suitability of FW as a feedstock for biochemi-
cal and thermochemical conversion processes
targeting value-added energy products, such as

bio-coal. The chemical composition of CS is
dominated by cellulose (42.50 wt%), followed
by hemicellulose (17.32 wt%) and lignin (15.11
wt%), confirming its typical lignocellulosic bio-
mass nature. The relatively high cellulose content
suggests a strong contribution to volatile release
during primary pyrolysis, as cellulose decompos-
es rapidly in the temperature range of 300-370 °C
(Elshareef et al., 2025).

Proximate and ultimate analyses of biomass
samples

Table 2 shows the proximate analysis of the
two HTC feedstocks. FW exhibits 59.46 wt%
volatile matter, 22.65 wt% ash, and 4.61 wt%
fixed carbon. In contrast, CS contains 74.03 wt%
volatile matter, 0.70 wt% ash, and 21.7 wt% fixed
carbon. Therefore, FW is characterized by signifi-
cantly higher ash and lower fixed carbon content
compared to CS. The high volatile matter indi-
cates good reactivity and suitability for thermo-
chemical conversion, while the relatively high
fixed carbon fraction reflects the contribution of
lignocellulosic structures to char formation. The
exceptionally low ash content is a significant ad-
vantage, as it minimizes slagging, fouling, and
inorganic accumulation during HTC or combus-
tion. It makes CS particularly suitable as a struc-
tural biomass feedstock or as a co-feedstock to di-
lute ash-rich materials in blended HTC systems.

The ultimate analysis of FW reveals a lower
carbon content (25.81 wt%) compared to CS, but
substantially higher hydrogen (16.02 wt%) and
oxygen (55.93 wt%) contents. This composition
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Table 2. Proximate, ultimate, HHV and chemical compositions of FW and CS samples

Sample | Food waste | Cotton straw (Elshareef et al., 2025)
Proximate analysis (%)
Moisture content 10.28 3.57
Volatile matter 59.46 74.03
Ash content 22.65 0.70
Fixed carbon 4.61 21.7
Ultimate analysis (%)

Carbon 25.81 44.41
Hydrogen 16.02 5.4
Nitrogen 2.02 1.1
Sulphur 0.19 0.23

Oxygen (by difference) 55.93 48.85

High Heating Value (MJ/kg) 23.18 16.55
Chemical composition

Cellulose 45.22 42.50

Hemicellulose 29.39 17.32

Lignin 25.47 15.11

Note: all samples were used on dry basis.

reflects the dominance of lipids, proteins, and
carbohydrates typically present in food residues.
The elevated hydrogen content contributes posi-
tively to the high HHV (23.18 MJ/kg), while the
higher nitrogen content (2.02 wt%) indicates the
presence of proteinaceous matter, which may
lead to increased nitrogen-containing gaseous
emissions during thermochemical processing.
Despite the lower carbon fraction, the ultimate
analysis confirms that FW possesses high intrin-
sic energy potential, making it a highly attrac-
tive feedstock for HTC, especially when com-
bined with lignocellulosic materials to balance
elemental composition.

The ultimate analysis shows that CS contains
a high carbon content (44.41 wt%) and oxygen
content (48.85 wt%), with comparatively low hy-
drogen (5.40 wt%) and nitrogen (1.11 wt%) con-
tents. The elevated carbon fraction is beneficial
for solid fuel applications, as it directly contrib-
utes to energy density. However, the high oxygen
content reflects a lower degree of natural car-
bonization, which explains the relatively modest
heating value of the raw material (Borges et al.,
2026). The low nitrogen and sulfur contents are
environmentally favorable, as they imply reduced
NOx and SOx emissions during thermochemical
conversion. Overall, the ultimate analysis sug-
gests that CS is a clean but oxygen-rich feed-
stock, requiring upgrading (e.g., HTC) to enhance
carbon concentration and fuel quality.
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Higher heating values

The HHV of 23.18 MJ/kg is comparable to
that of sub-bituminous coal and significantly
higher than many lignocellulosic biomasses, con-
firming the excellent energetic potential of FW-
derived hydro-char after HTC upgrading. CS ex-
hibits an HHV of 16.55 MJ/kg, which is typical
for untreated agricultural residues and notably
lower than that of FW. This lower HHV is primar-
ily attributed to the high oxygen content and lim-
ited lignin fraction, which reduce intrinsic energy
density. Nevertheless, the HHV remains within
the range suitable for bioenergy applications, and
significant enhancement is expected after HTC
due to dehydration, decarboxylation, and carbon
enrichment. Therefore, CS represents a promising
precursor for solid biofuel upgrading, particularly
when HTC severity is optimized or when co-pro-
cessed with high-energy feedstocks.

Blending high-volatile, low-ash FW with
CS in HTC can yield hydro-char with optimized
volatile/fixed-carbon ratios, reduced ash-related
slagging risks, and calorific values suitable for
solid biofuel applications.

Thermogravimetric analysis of biomass
samples

Figure 2 (a and b) shows TGA and DTG test
of biomass sample which explain four stages
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Figure 2. TGA (a) and DTG (b) graphs of FW sample

indicating moisture content evaporation, primary
pyrolysis, secondary pyrolysis, and gasification.
The first stage represents moisture evaporation
occurred between 30 and 140 °C with moisture
loss of 3.22%. The second and third stages (pri-
mary and secondary pyrolysis) demonstrated
maximum weight loss occurred between 140
and 590 °C with weight loss of 48.04 and 35.3%
showing significant peaks of 318 and 535 °C on
DTG curve respectively. Due to decomposition of
cellulose and hemicellulose, the final stage of bio-
mass sample degradation (gasification) started af-
ter 590 °C and followed by a linear pattern when
the temperature attained 770°C, where lignin
content will be decomposed in this stage to form
ash and biochar products (Elkhalifa et al., 2025).
Studies have revealed that the thermal degrada-
tion stages of biomass could be categorized as
water evaporation, volatile matter release, and
gradual carbonization of solid materials (Indira
and Parameswaran, 1986; Zhou et al., 2006).
Based on the TGA curves, it can be conclud-
ed that after evaporation of physically adsorbed
water and light volatiles, the tested waste under-
goes a basic thermal decomposition, in which
primary pyrolysis (from 140 to 430 °C) and sub-
sequent secondary pyrolysis (up to 590 °C) can
be distinguished. Biomass pyrolysis is normally
explained by the decomposition of its main com-
ponents i.e. cellulose, hemicellulose, and lignin.
Indeed, there are no certain temperature ranges
stated for their decomposition, but it is believed
that hemicellulose and cellulose decomposition
is in the ranges of 200-350 °C and 240- 500 °C.
In turn, the decomposition rate of lignin is quite
slower, even covering a wider temperature range
of 150-900 °C (Ganeshan et al., 2018); (Ozsin
and Piitiin, 2017). Therefore, it can be assumed

that primary pyrolysis is related to the collective
contribution from hemicellulose and extractives
(e.g. proteins, starches, lipids, and sugars) (Liu
et al., 2020). In turn, secondary pyrolysis is as-
sociated with cellulose decomposition, whereas
small sections of both pyrolysis are associated
with the decomposition of lignin (Elkhalifa et
al., 2025). Finally, the TGA curve shows anoth-
er slight mass change above 590 °C, which is
probably associated with the decomposition of
carbonaceous materials retained in the residue
and/or decomposition of calcium carbonate gen-
erated from the decomposition of organic calci-
um compounds in the analysed FW sample (Liu
et al., 2020).

The Coast and Redfern method was chosen
to calculate the kinetic parameters of the thermal
decomposition of FW (Table 3), and this choice
is justified in the literature (Elkhalifa et al., 2025;
Indira and Parameswaran, 1986; Zhou et al.,
2006; Ganeshan et al., 2018).

The parameters listed in Table 3 indicate that
pyrolysis of FW comprises a multistage reaction
in which each single reaction contributes partially
to the whole mechanism at different extents. Nev-
ertheless, the high values of R? (above 0.9700)
were recorded for both pyrolysis, thus it can be
assumed that the model used reflects very well
the measurements data. The low value of E_ for
primary pyrolysis results from the degradation of
unstable hemicellulose and extractives with small
molecules (Xu and Chen, 2013). In turn, the E,
value for secondary pyrolysis is more than 4 times
higher, which is influenced by the fact that the
more stable cellulose is decomposed here. More-
over, it is possible that minerals in food samples
hindered the diffusion of heat and the release of
degraded volatiles during secondary pyrolysis
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Table 3. Kinetics parameters of FW pyrolysis

Stage E, (kJ/mol) A (1/min) n(-) R2 (-)
Primary pyrolysis 50.7 1.54E+03 1.22 0.9705
Secondary pyrolysis 234.5 8.13E+14 1.68 0.9716

(Liu et al., 2020), which also affected the value
of activation energy. Finally, a high value of the
pre-exponential factor 4 during secondary pyrol-
ysis indicates a slow and hard degradation effect
(therefore, a high rate of molecular collisions,
i.e., high reaction energy, was needed) (Liu et al.,
2020). Comparable values of E_for biomass py-
rolysis can be found in the literature (Elkhalifa et
al., 2025; Ganeshan et al., 2018; Ozsin and Piitiin,
2017; Liu et al., 2020). As for the reaction order
n, a slightly higher one was obtained for the sec-
ondary pyrolysis, however similar values of n, i.e.
between 1-2 can be found in the literature (Gane-
shan et al., 2018).

The thermogravimetric (TG) and derivative
thermogravimetric (DTG) profiles of CS indi-
cate (Figure 3) a three-stage thermal decompo-
sition behavior, characteristic of lignocellulosic
biomass. In the first stage, occurring between 30
and 200 °C, a minor weight loss of approximately
2.7% is observed, which is attributed to the evap-
oration of physically bound moisture and light
volatiles. The low mass loss in this region con-
firms the relatively low inherent moisture content
of the material. This stage is thermally mild and
does not involve significant structural decompo-
sition of the biomass components.

The second stage, corresponding to primary
pyrolysis, takes place over the temperature range
0f 200-370 °C and represents the most significant
mass loss, accounting for approximately 58.08%
of the total weight. This stage is associated with
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the thermal degradation of hemicellulose and
cellulose, which decompose rapidly within this
temperature interval. The DTG curve exhibits a
pronounced peak at around 338 °C, indicating the
maximum rate of mass loss and confirming cel-
lulose decomposition as the dominant process.
The third stage, referred to as secondary pyroly-
sis or slow carbonization, begins after 400 °C and
proceeds gradually up to approximately 600-735
°C, resulting in an additional weight loss of about
36.49%. This stage is mainly attributed to the pro-
gressive decomposition of more thermally stable
components and the formation of carbon-rich
solid residues. The relatively steady mass-loss
trend at higher temperatures indicates enhanced
char stability, which is favorable for solid fuel or
biochar applications.

Table 4 highlights the kinetic parameters ob-
tained from the TGA data provide quantitative
support for the multi-stage thermal decomposi-
tion behavior observed for CS. The primary py-
rolysis stage, occurring in the temperature range
associated with intensive mass loss (=200-370
°C), is characterized by an apparent activation en-
ergy (Ea) of 122 kJ/mol, a pre-exponential factor
(A)of2.1 x 10"* min', and a reaction order (n) of
1.1, with a high coefficient of determination (R?
= 0.9738). These values indicate that this stage
is kinetically well described by a near-first-order
reaction model and is governed by the rapid ther-
mal degradation of hemicellulose and cellulose,
as identified in the TG/DTG curves.
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Figure 3. TGA (left) and DTG (right) graphs of CS sample (Elshareef et al., 2025)
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Table 4. Kinetics parameters of CS pyrolysis

Stage E, (kJ/mol) A (1/min) n(-) R2 (-)
Primary pyrolysis 122 21E+13 1.1 0.9738
Secondary pyrolysis 53.8 5.22E+12 1.3 0.8163

In contrast, the secondary pyrolysis stage,
corresponding to the high-temperature region
above approximately 400 °C, exhibits a signifi-
cantly lower activation energy of 53.8 kJ/mol,
along with a pre-exponential factor of 5.22 x 10'2
min~' and a higher reaction order (n = 1.3), with
a moderate fit quality (R?> = 0.8163). This kinetic
behavior aligns with the slow carbonization and
char-forming processes observed in the later part
of the TG curve, where mass loss proceeds gradu-
ally up to around 600-735 °C. The reduced acti-
vation energy indicates that secondary pyrolysis
reactions, dominated by the decomposition of
thermally stable structures and char rearrange-
ment, are less energy-intensive than primary de-
volatilization. The higher reaction order suggests
increased complexity of the reaction mechanism,
likely involving overlapping reactions such as
secondary cracking, aromatization, and structural
reorganization of the carbon matrix.

FTIR analysis results of biomass samples

Figure 4a shows FTIR spectra of FW sam-
ples, showcasing the molecular functional groups
in the raw biomass feedstock prior to HTC. The
absorbance profiles reveal prominent peaks at ap-
proximately 3300—3400 cm ™' (broad O-H stretch-
ing from hydroxyl groups in carbohydrates and
water), 2850-2950 cm™ (C-H stretching in ali-
phatic chains from lipids and proteins), 1650 cm™
(C=0 stretching in amides or carboxylic acids),

3
3 150
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Wavenumber, cm -1

—1FW-L e 2FW-L e 3FW-R e 4FW-C = SFW-left-comer ———6FW-top = 7FW-bottom

a)

1400-1450 cm™ (C-H bending), and 1000-1100
cm™! (C-O stretching in polysaccharides like cel-
lulose and hemicellulose). These features con-
firm the organic-rich nature of FW, dominated by
lignocellulosic and proteinaceous components.
The high degree of spectral overlap across sam-
ples (e.g., IFW-L, 2FW-L, 3FW-R, 4FW-C, and
positional variants like left-corner, top, and bot-
tom) indicates compositional homogeneity, which
is advantageous for reproducible HTC yields. In
the context of bio-coal production, the abundance
of oxygen-containing groups highlights the po-
tential for HTC to promote dehydration, decar-
boxylation, and aromatization, transforming the
feedstock into energy-dense hydro-char with re-
duced O/C ratios and improved combustibility.
Figure 4b shows the FTIR spectra of CS sam-
ples, illustrating the functional group composition
of the raw agricultural feedstock. Key absorption
bands include a broad peak at 3200-3500 cm™
(O-H stretching in lignocellulosic hydroxyls),
2800-3000 cm™ (C-H stretching in methyl/meth-
ylene groups), 1600-1700 cm™ (C=0 stretching
in hemicellulose and lignin), 1400-1500 cm™
(aromatic C=C in lignin), and 1000-1200 cm™
(C-0O-C and C-O stretching in polysaccharides).
These signatures underscore the lignocellulosic
dominance in CS, with cellulose, hemicellulose,
and lignin as primary components. The consistent
spectral patterns across samples (1CS-C, 2CS-C,
3CS-LC, 4CS-RC) suggest minimal variability,
ensuring reliable HTC processing. For bio-coal
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Figure 4. FTIR results of FW (a) and CS (b) samples
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production, the prevalence of oxygenated func-
tionalities indicates HTC’s efficacy in driving hy-
drolysis, dehydration, and polymerization reac-
tions, yielding hydro-char with enhanced carbon
content, lower volatility, and coal-like properties
suitable for energy applications.

Comparison of FTIR spectra between FW and CS
feedstocks

FTIR spectroscopy provides valuable insights
into the functional group compositions of bio-
mass feedstocks, which is crucial for optimizing
HTC processes in bio-coal production. Compar-
ing the FTIR spectra of FW and CS reveals both
similarities and distinct differences reflective of
their origins—FW as a heterogeneous municipal
waste rich in organics from diverse sources, and
CS as a lignocellulosic agricultural residue.

Key similarities include broad O-H stretch-
ing bands (3200-3500 cm™ in CS; 3300-3400
cm™ in FW), indicating hydroxyl groups from
polysaccharides and moisture in both. Aliphatic
C-H stretching (2800-3000 cm™ in CS; 2850—
2950 cm™ in FW) and C-O/C-O-C stretch-
ing (1000-1200 cm™ in CS; 1000-1100 cm™
in FW) further highlight shared carbohydrate
structures, such as cellulose and hemicellulose,
making both suitable for HTC’s dehydration and
polymerization reactions.

However, notable differences underscore
compositional variances: FW shows a prominent
C=0 peak at 1650 cm™ (amides/carboxylic acids
from proteins and lipids), absent or less intense
in CS, which instead features stronger signals at
1600-1700 cm™ (C=0O in hemicellulose/lignin)
and 1400-1500 cm™ (aromatic C=C in lignin).
FW’s spectra also exhibit C-H bending at 1400—
1450 cm™, suggesting more aliphatic content,
while CS displays broader lignin-related aromat-
ics. Spectral homogeneity is evident in both, with
minimal variability across samples, but FW’s pro-
files indicate higher oxygen-containing groups
overall, potentially leading to greater hydro-char
yield via enhanced decarboxylation during HTC.

In bio-coal contexts, FW’s protein/lipid-
derived functionalities may promote faster HTC
kinetics and nitrogen-rich hydro-char for soil
amendments, whereas CS’s lignin dominance
could yield more stable, carbon-dense bio-coal
with coal-like aromaticity. Blending these feed-
stocks could balance these traits for optimized
energy recovery and reduced ash issues.
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CONCLUSIONS

The comprehensive characterization of MSW
from Tashkent demonstrates that FW consistently
constitutes the dominant fraction, with biodegrad-
able organic matter (FW + bones + plant residues)
exceeding 54 wt% across districts. This high organic
load, rich in lignocellulosic constituents, underscores
the suitability of urban FW as a primary feedstock
for HTC aimed at bio-coal production.

Detailed compositional and thermal analyses
further confirm the advantageous characteristics
of FW for HTC processing. Structural carbohy-
drate profiling revealed a carbohydrate-dominant
matrix with high cellulose and hemicellulose con-
tents, complemented by significant lignin, align-
ing with biomass types that favor solid fuel path-
ways. Proximate and HHV measurements show
that FW and CS can be used as a reliable feed-
stock for HTC which also can produce hydro-
char competitive with sub-bituminous coal.

Spectroscopic and thermogravimetric analyses
of FW and CS provide mechanistic insight into ther-
mal behavior and chemical functionality relevant to
HTC conversion. FTIR spectra highlight abundant
oxygenated functional groups typical of lignocel-
lulosic and proteinaceous matter, indicating strong
potential for dehydration, decarboxylation, and aro-
matization reactions during HTC that drive carbon
enrichment. TGA/DTG results delineate multistage
decomposition — moisture loss, primary and sec-
ondary pyrolysis, and high-temperature degrada-
tion — with kinetics reflecting the degradation of
hemicellulose, cellulose, and lignin fractions, con-
sistent with established biomass pyrolysis models
(e.g., primary and secondary activation energies
differ significantly). Collectively, these findings
validate FW and CS as a homogenous, high-energy
HTC feedstocks capable of producing hydro-char
with coal-like properties, and they support strategic
integration of urban organic waste streams into sus-
tainable bio-energy frameworks.

This study contributes to future researches on
conversion of organic wastes by HTC technology,
which advances the SDG goals of: Affordable and
Clean Energy, Sustainable Cities and Communi-
ties, and Responsible Consumption.
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