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Abstract: This study explores the hydrothermal carbonization (HTC) process applied to the exhausted
chestnut produced by the tannin extraction industry, utilizing process water recirculation to enhance
the efficiency and sustainability of the conversion process. Tannin extraction from wood typically
involves hot water treatment, leaving behind residual wood biomass known as exhausted wood.
These by-products maintain their renewable properties because they have only been exposed to
hot water under a high pressure, which is unlikely to cause major alterations in their structural
components. Hydrothermal treatment was carried out at temperatures of 220 °C and 270 °C for
1 h, with process water being recirculated four times. This investigation focused on analyzing the
effects of recirculation on the yield and fuel properties of hydrochar, as well as characterizing the
combustion behavior of the obtained hydrochar. The results indicated that recirculation of process
water led to improvements in both the mass and energy yields of hydrochar. The mass yield of the
hydrochar samples increased by 5-6%, and the ERE of the hydrochar samples increased by 5-8%
compared to the HTC reference sample. However, alterations in the combustion characteristics were
observed, including decreases in ignition temperature and combustion reactivity. The results indicate
that, with PW recirculations, the combustion index decreased by about 14% and 18% for 220 °C and
270 °C, respectively. Overall, this research demonstrates the potential of utilizing HTC on chestnut
tannin residue with process water recirculation to produce stable solid fuel and provides insights
into the combustion behavior of the resulting hydrochar.

Keywords: hydrothermal carbonization; chestnut wood waste; process water recirculation; hydrochar;
solid fuel; combustion characteristics

1. Introduction

Natural resources like coal have been utilized for over 3000 years, making them
the preferred choice for many countries in addressing energy crises [1,2]. Due to rapid
industrial development over the past centuries, the depletion of high-quality coal has
become increasingly apparent, leaving behind vast reserves of low-rank coal, including
lignite, long-flame coal, non-caking coal, weakly caking coal, and others, which have been
extensively exploited [1,3].

In today’s rapidly evolving energy landscape, the quest for sustainable and efficient
energy sources has become paramount [4]. With traditional energy reservoirs like oil
and coal facing depletion and environmental repercussions, there is a pressing need for
alternative solutions that can meet our energy needs while mitigating environmental
impacts. Biomass-derived resources offer a promising avenue towards achieving these
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goals, leveraging organic materials like agricultural residues and industrial by-products to
produce renewable energy [5].

Within the European Union alone, an estimated 50 million cubic meters of wood
wastes are generated annually, underscoring the significance of wood residues as potential
feedstocks for energy and material production [6]. Within wood processing sectors, notably
those engaged in tannin extraction, numerous by-products emerge, including spent wood
biomass, obtained from the hot water extraction of tannins [7].

In the tanning industry sector, chestnut tannin has the highest price, reaching approx-
imately 15-16 €/kg [8]. Its annual production, primarily concentrated in Europe (Italy,
Slovenia, France, Portugal, and Spain), is estimated at 30,000 tons. Specifically, spent wood
biomass has been identified as a readily accessible material with favorable antioxidant
qualities and effective adsorption capabilities for pollutants [9]. Furthermore, it could be
employed in the energy sector as a fuel for biomass thermal power plants to generate
electricity, or it can be processed into pellets through extrusion for use in stoves.

However, the actual uses of spent chestnut wood biomass involve an energy-intensive
drying phase to reduce its inherently high moisture content prior to any further processing
or application. For this reason, emerging technologies such as hydrothermal carbonization
(HTC) offer a compelling alternative pathway by potentially bypassing the need for this
energy-intensive drying step. Unlike conventional methods that require feedstocks to
be thoroughly dried, HTC operates effectively with wet lignocellulosic biomass waste.
The hydrothermal temperature has a strong influence on the process [10]: by subjecting
the biomass to elevated temperatures (ranging from 180 to 300 °C) in a water-based
environment under autogenous pressure, HTC facilitates the conversion of the wet biomass
into a valuable carbonaceous product [11,12].

In the realm of tannin extraction residues, particularly spent chestnut wood biomass,
HTC presents a promising path for its valorization. By subjecting exhausted chestnut
residues to hydrothermal treatment, it is possible to produce hydrochar, a solid fuel with
potential applications in energy generation. However, to optimize the efficiency and
sustainability of the HTC process, innovative strategies such as process water recirculation
must be explored [13].

Process water recirculation entails reusing the aqueous phase generated during the HTC
process, which typically contains valuable organic compounds and by-products. By recirculating
process water, it is possible to enhance the efficiency of hydrochar production while minimizing
water consumption and environmental impacts. Furthermore, process water recirculation
holds the potential to influence the physicochemical properties and combustion behavior of the
resulting hydrochar, thereby offering insights into its suitability as a solid fuel [14].

Prior investigations conducted by [15-18] have yielded promising results, showcasing
the potential benefits of process water recycling in terms of enhancing hydrochar yield,
improving energy recovery, optimizing combustion performance, and mitigating environ-
mental impacts. Upon review of the existing literature, it became evident that there is a
lack of studies investigating process water recycling specifically within the HTC process
applied to spent chestnut wood biomass.

This research aims to clarify the impact of process water recirculation on the yield,
composition, and fuel properties of hydrochar derived from exhausted chestnut biomass
by conducting a series of hydrothermal treatment experiments at varying temperatures
(220 °C and 270 °C) and recirculating the process water four times. Additionally, the
combustion behavior of the obtained hydrochar was comprehensively characterized to
assess its potential as a sustainable solid fuel.

Overall, this study endeavors to contribute to the efficient utilization of exhausted
chestnut resources for solid fuel production through HTC, thereby advancing the principles
of sustainable development and circular economy in the agri-food industry. Through
detailed characterization and exploration of innovative valorization strategies, this research
aims to unlock the full potential of tannin extraction residues for sustainable resource
management and energy generation.
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2. Materials and Methods
2.1. Materials and Sample Preparation

The exhausted chestnut wood (ECW) from tannin extraction was collected from a
tannin company site in Radicofani (SI), Italy. The initial moisture content of the ECW was
43 wt%. The material was dried at 105 °C for over 24 h, then the dried samples were finely
ground and sieved to achieve a particle size smaller than 0.25 mm. Preparing biomass
with drying prior to HTC aimed at easing storage and handling while preventing sample
degradation. Also, it assisted in grinding the sample, achieving homogenization, and
adjusting the biomass-to-water ratio. The standard NREL protocols [19] were utilized
to conduct a fiber analysis on the ECW, revealing cellulose, hemicelluloses, lignin, and
extractive contents of 13.7%, 13.4%, 56.1%, and 15.6%, respectively. Before the HTC tests,
all the samples were carefully stored in plastic containers. The selection of solvent (either
deionized water or recirculated process water) was decided immediately before each HTC
run to attain the requested dry biomass-to-water ratio (B/W).

2.2. HTC Experimental Procedure

A stainless-steel Parr 4560 mini-batch reactor with a volume of 600 mL was used for
the hydrothermal carbonization treatment. A schematic representation of the experimental
procedure is displayed in Figure 1. At the start of the initial HTC test, 30 g of ECW was
combined with 270 mL of deionized water (DW), and nitrogen was used to purge the air
from the reactor. The reactor was then heated to the target temperatures of 220 °C and
270 °C and maintained for 1 h, with the stirring rate set at 200 rpm.

Distillated
Water (DW)
I HTCO

Z4k|i:) | Drying and Milling
Chestnut ﬁ HTC ;
Wood (ECW)
HTC1, HTC2,
HTC3, HTC4
HY-HTCO, HY-HTC1 /
HY-HTC2, HY-HTC3 |
HY-HTC4
Hydrochar Mixture of Process
lﬁv 5 I ‘ Products 4l Water (PW)
<
Analysis

Figure 1. Schematic representation of the HTC process.

The operating conditions were chosen based on the existing literature, according to
which HTC tests on lignocellulosic biomass are carried out within time intervals ranging
from 30 min to 12 h, with residence times of 1 to 2 h being the most common, and tempera-
tures ranging between 175 °C and 300 °C [20]. After the residence time, an internal cooling
coil connected to an external chiller allowed for an immediate decrease in temperature
by the coolant. The separation of the solid and process water (PW) was achieved using a
Biichner funnel, along with a vacuum pump and filter paper (Whatman filter paper, 8 um).
After washing the hydrochar with distilled water multiple times and drying it in an oven
at 105 °C for 24 h to eliminate any remaining moisture, the PW was used in the next HTC
experiment to analyze the effects of the recirculation.
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The reduction in water volume post-HTC (due to sample filtration and drying or
potential water consumption during the reaction) was compensated by the addition of
DW until reaching 270 mL for the subsequent run. Four PW recycles were conducted at
each reaction temperature. The corresponding hydrochar from each experimental test was
labeled as HY-HTCn-T, where n refers to the number of recirculations (from 0 to 4) and T is
the HTC reaction temperature (220 and 270 °C).

Each experimental test was conducted a minimum of three times to assess data vari-
ance and guarantee reproducibility (the results were deemed acceptable and valid if the
error (Er) < 2.5%).

2.3. Sample Characterization

The ultimate analysis of the raw feedstock and hydrochars was performed using a
LECO Truspec C-H-N analyzer, in accordance with UNI EN 15104 [21]. Additionally, a
proximate analysis was carried out using a thermogravimetric analyzer (TGA-701, LECO
Corp., St. Joseph, MI, USA) following the standards EN 14774-2 [22], EN 15148 [23], and EN
14775 [24] for the moisture content, volatile matter (VM), and ash content, respectively. The
fixed carbon (FC) and oxygen contents were calculated based on differences. The higher
heating value (HHV) of the biomass materials was estimated from the ultimate analyses
based on the experimental correlation [25] reported in Equation (1), where C, H, and O are
expressed in wt %.

HHYV [M]/kg] = —1.3675 + 0.3137C + 0.7009H + 0.03180 1)

A Thermogravimetric Analyzer TGA /DSC 3+ STARe System (Mettler Toledo, Colum-
bus, OH, USA) was used to study the combustion properties. The samples were placed
in a 70 uL Al,O3 pan and heated from 25 °C to 800 °C at a heating rate of 20 °C/min. An
oxidizing atmosphere (21%0;/79%N,) was used with a gas flow rate of 50 mL/min.

2.4. Calculations

The mass yield (MY) of the HTC process was computed as the ratio of the mass of

hydrochar (M) to that of the initial feedstock (Mp) on a dry basis using Equation (2):
Mg

Y[%] = — *1 2

MY [%)] M, * 00 2)

Furthermore, the energy density (ED) and energy recovery efficiency (ERE) were

determined according to Equations (3) and (4), respectively, where HHV}, is the higher

heating value of the hydrochar and HHV of the feedstock.

_ HHV,
ED = IV, 3)
ERE[%)] = ED * MY (4)

Also, the fuel ratio (FR) was calculated by dividing the fixed carbon content of the
sample (FC) by its volatile matter content (VM), as reported in Equation (5).

FC

FR = —
VM

)

Additionally, carbon retention (CR) was defined as the ratio of the carbon fractions in
the hydrochar (Cry) and feedstock (Cy), as described by Equation (6).

CR[%] = %y * MY 6)

Based on the analysis of the weight loss curves (TG) and the corresponding first-order
derivatives (differential thermogravimetric (DTG)), several combustion parameters were
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evaluated. These included the ignition temperature (T;), at which a conversion of 1% of
the initial mass occurred after the initial weight loss due to moisture release; the burnout
temperature (T, ), which is the temperature at which the conversion rate reached 1%/min at
the conclusion of the DTG curve; and the peak temperature (Tp), which corresponds to the
temperature where the highest weight loss rate was observed. Moreover, the combustion
performance of the samples was evaluated based on the combustion index (S) as follows:

— DTGmax DTGmean

S
2T,

@)

where DTGpax is the maximum weight loss rate and DTGnean is the average conversion
rate between T; and Ty,

3. Results and Discussion
3.1. Effects on the Mass Yield of Hydrochars

Figure 2 illustrates how recycling PW affected the mass yield of the hydrochars
produced via the HTC tests conducted at varying temperatures (220 °C and 270 °C). Initially,
it was noted that the mass yields of the hydrochars decreased with increasing temperatures
from 220 °C to 270 °C. This was mainly due to the higher HTC temperature that promoted
greater biomass degradation in terms of cellulose, hemicellulose, and lignin [15,26,27].

70

H220°C
W 270°C

HY [wt.%]
&

20

HY-HTCO HY-HTC1 HY-HTC2 HY-HTC3 HY-HTC4

Figure 2. Hydrochar yields with PW recirculations at 220 °C and 270 °C. Average values are shown
(Er% < 2.1%).

Furthermore, it was observed that the PW recirculation increased the MY to a maxi-
mum of 10% and 16% for both the hydrochars obtained with the third PW recirculation at
220 °C and 270 °C, respectively. This indicates that the recirculation of the process water
had a positive impact on the hydrochar yield, also suggesting that organic compounds
in the process water underwent hydrothermal treatment, generating additional solid sub-
stances, which subsequently boosted the mass yield of the hydrochars [26]. Moreover, the
increase in the MY of the hydrochars related to PW recirculation could be due to the effect
of the latter, which potentially obstructs the diffusion of degraded sugar monomers from
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the surface of the hydrochars into the solution, consequently augmenting the MY of the
hydrochars [28].

Additionally, the organic acids in the PW played a key role. If recirculated, they
might serve as a catalyst, accelerating dehydration reactions that notably enhance the
carbonization process. This acceleration contributes to hydrochar production through
condensation and back-polymerization reactions [29-31]. Additionally, acidic conditions
could facilitate further biomass degradation into monosaccharides, yielding more water-
soluble intermediates, such as the dehydration of glucose into 5-hydroxymethyl furfural
(HMF). Numerous intermediates with notable reactivity could participate in condensation
and polymerization reactions, forming organic compounds that transform into solid-phase
aromatic clusters and aggregate into carbonaceous microspheres. A significant portion
of these microspheres precipitates onto the hydrochar surface, leading to its increased
mass [13,32,33].

Finally, in both cases, where HTC was conducted at 220 °C and 270 °C, the hydrochar’s
mass yield reached its peak value with the third recirculation of PW (63.4% and 43.63%,
respectively). However, there was a slight decrease in the MY with the last recirculation,
possibly because the concentration of organic acids reached an equilibrium value [13,34,35].

3.2. Effects on Proximate and Elemental Composition of Hydrochars
3.2.1. Proximate Analysis

Table 1 shows the results of the proximate analysis for the ECW and for the obtained
hydrochars. The process temperature reported a significant influence on the variations in
volatile matter (VM) and fixed carbon (FC). Without PW recirculation, HTC0-220 exhibited
a decrease in VM content from 79.48% of the raw ECW to 73.58%, along with an increase in
FC content from 19.27% to 25.58%. On the other hand, for HTC0-270, VM and FC values
of 50.97% and 48.57% were achieved, respectively. This indicates that at a temperature of
270 °C, there was a significant increase in the FC content alongside a substantial reduction
in the VM content, highlighting that higher temperatures raise devolatilization and the
formation of FC [36]. In terms of ash content, a more pronounced reduction was observed
at 270 °C, dropping from 1.25% in the initial biomass to 0.46%, compared to the 0.84%
obtained from the 220 °C process. The reduction in ash content observed is attributable to
the leaching effects of the aqueous solvent [37,38].

Table 1. Proximate composition of ECW and obtained hydrochars at 220 °C and 270 °C with PW
recirculations. Average values are shown (Er% < 1.6%).

Proximate Analysis (wt%)

Samples
VM Ash FC

ECW 79.48 1.25 19.27
HY-HTCO0-220 73.58 0.84 25.58
HY-HTC1-220 73.19 0.79 26.02
HY-HTC2-220 73.17 0.78 26.05
HY-HTC3-220 72.15 0.58 27.27
HY-HTC4-220 71.92 0.60 27.48
HY-HTCO0-270 50.97 0.46 48.57
HY-HTC1-270 50.65 0.49 48.86
HY-HTC2-270 49.85 0.50 49.65
HY-HTC3-270 50.60 0.42 48.98
HY-HTC4-270 50.17 0.61 49.22

Ding et al. [34] found that the ash content of rice husk at 220 °C showed an increasing
trend, while Reza et al. [39] found that the ash content of miscanthus and corn stover at
200 °C showed a significant decrease.

The differences in the results could be attributed to variations in the ash composition
and hydrothermal process parameters [40]. During HTC, inorganics are extracted into
the process water, removing them from the hydrochar, while organics dissolve, reducing



Energies 2024, 17, 2732

7 of 15

overall mass yield. If the organic loss exceeds the inorganic reduction, the ash content
increases. Elements like K, Si, Cl, and Fe tend to remain on the solid matrix, becoming
insoluble during HTC and increasing the ash content in the hydrochar [41,42].

Furthermore, PW recirculations at 220 °C resulted in rather constant VM and FC, with
VM contents decreasing only slightly from 73.58% to 71.92% and FC increasing modestly
from 25.58% to 27.48%. The impact of recirculation at 270 °C exhibited a similar trend of
VM decreasing and FC increasing, albeit with minimal influence.

Regarding the ash contents, an opposite trend was noted. At 220 °C, the ash content
decreased with the recirculation of PW. This might be attributed to the growing hindrance
effect caused by ash precipitating on the hydrochar’s surface, which impedes the degra-
dation of organic compounds in later cycles [43]. At 270 °C, the ash content exhibited
an irregular fluctuation with PW recirculation, suggesting that the recirculation had no
significant impact on the ash content.

It is noteworthy that in both cases, the ash contents of the hydrochars remained be-
low that of the ECW (1.25%). Similar results were found in the literature [44—46]. After
four recirculations, the ashes stabilized around 0.60%, showing a reduction of about 50%
compared to those of the raw biomass, suggesting that inorganic constituents may accumu-
late in the PW [36].

3.2.2. Elemental Composition Analysis

Ultimate analysis is an important tool for studying the composition of biomass ac-
cording to its basic elements, since it can help researchers to understand the quality of the
final product. Table 2 shows the results of the ultimate analysis for the ECW and for the
obtained hydrochars, with different PW recirculations (HTCO, HTC1, HTC2, HTC3, and
HTC4) at different temperatures (220 and 270 °C).

Table 2. Ultimate composition of ECW and obtained hydrochars at 220 °C and 270 °C with different
PW recirculations. Average values are shown (Er% < 1.9%). Atomic ratio is reported as well.

Ultimate Analysis (wt%) Atomic Ratio
Samples

C H N (0] H/C o/C

ECW 52.32 5.97 0.10 41.61 1.37 0.60
HY-HTCO0-220 53.43 5.86 0.12 40.59 1.32 0.57
HY-HTC1-220 54.11 5.78 0.16 39.95 1.28 0.55
HY-HTC2-220 54.18 5.71 0.14 39.97 1.26 0.55
HY-HTC3-220 54.80 5.66 0.19 39.35 1.24 0.54
HY-HTC4-220 54.85 5.59 0.22 39.34 1.22 0.54
HY-HTCO0-270 69.23 5.55 0.16 25.06 0.96 0.27
HY-HTC1-270 69.50 5.59 0.24 24.67 0.97 0.27
HY-HTC2-270 69.50 5.45 0.19 24.86 0.94 0.27
HY-HTC3-270 70.00 5.53 0.22 24.25 0.95 0.26
HY-HTC4-270 69.80 5.36 0.26 24.58 0.92 0.26

In terms of carbon contents, there was a slight increase (2-5%) observed at a process
temperature of 220 °C compared to the raw ECW. Similarly, the oxygen content also
showed a negligible change, decreasing by approximately 1-2%. However, the higher
HTC reaction temperature had larger influences on the carbon and oxygen contents. The
HTC performed at 270 °C increased the carbon content in the hydrochar by 32-34% while
decreasing the oxygen content by around 41%. This suggests that the HTC process at 220 °C
is unable to significantly enhance the quality of the raw ECW, unlike the process conducted
at 270 °C [47]. On the other hand, the H and N levels exhibited minimal alterations; a
common occurrence during the hydrothermal carbonization process of lignocellulosic
biomass [13,48].

In addition, the PW recirculation within the HTC process did not significantly increase
carbon formation (ranging from 53.43% to 54.85% for 220 °C and 69.23% to a maximum of
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70% for 270 °C), nor did it significantly reduce oxygen levels (varying from 40.59% to 39.34%
for 220 °C and 25.06% to a minimum of 24.25% for 270 °C) within the final hydrochar.

The atomic O/C and H/C ratios were also analyzed and displayed in a Van Krevelen
diagram (Figure 3). This diagram offers valuable information about the qualities and types
of different fuels and biomasses. A lower O/C-H/C atomic ratio indicates favorable char-
acteristics such as reduced smoke, water vapor, and energy losses during combustion [49].
Additionally, the calorific value of biomass decreases with increasing O/C and H/C ratios.
For HTCO, the H/C and O/C ratios decreased significantly at a temperature of 270 °C,
mainly due to dehydration and decarboxylation. Throughout PW recirculation, there was
no notable decrease in the H/C and O/C ratios, suggesting that the organic compounds in
the PW were more favorable for the decarboxylation reaction. Wang et al. [29] similarly
noted a significant decrease in the O/C ratio with increasing PW recovery, while the H/C
ratio remained relatively stable.

2.0 P
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4= B ©
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Figure 3. Van Krevelen diagram of the raw biomass and hydrochars with areas of known coal and

biomass materials.

3.3. Effects on the Energy Recovery Efficiency

Table 3 shows the energy value results for the ECW and hydrochars. As the hy-
drothermal temperature rose from 220 to 270 °C, the HHVs of the hydrochars displayed an
increasing trend. At a temperature of 220 °C, the change in HHV was minimal, showing a
slight increase of around 1-2%, whereas it was much more pronounced at 270 °C (22-23%).
This could be attributed to the fact that at elevated temperatures, a greater proportion of
biomass (cellulose and lignin) engages in the reaction, whereas at lower temperatures, it
is predominantly hemicellulose that undergoes degradation [50]. Usually, temperature
plays a primary role in governing the reactions within HTC and enhances biomass con-
version efficiency by supplying additional energy for breaking the intermolecular bonds
in the material [51,52]. Moreover, for both the hydrothermal temperatures, the HHV of
hydrochars remained almost constant with an increase in the number of PW recycling
cycles. These results are in line with the findings of Uddin et al. [28], which confirmed that
PW recirculation did not increase the HHYV significantly.
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Table 3. Energy parameters of ECW and obtained hydrochars at 220 °C and 270 °C with PW
recirculations. Average values of HHV are shown (Er% < 1.2%).

Samples HHVs Energy ERE RCe:erI]:t(; :)ln Fuel
(MJ/Kg) Density (%) (%) Ratio

ECW 20.55 - - - 0.242
HY-HTC0-220 20.79 1.012 58.47 59.03 0.348
HY-HTC1-220 20.93 1.018 61.81 62.78 0.356
HY-HTC2-220 20.90 1.017 61.53 62.65 0.356
HY-HTC3-220 21.04 1.024 64.91 66.41 0.378
HY-HTC4-220 21.01 1.022 63.48 65.10 0.382
HY-HTC0-270 25.04 1.218 45.86 49.82 0.953
HY-HTC1-270 25.14 1.223 50.56 5491 0.965
HY-HTC2-270 25.05 1.219 52.12 56.81 0.996
HY-HTC3-270 25.24 1.228 53.58 58.37 0.968
HY-HTC4-270 25.07 1.220 50.70 55.46 0.981

At a temperature of 220 °C, the energy density of the hydrochars remained, with
small fluctuations, rather similar to the starting biomass. By contrast, at a temperature of
270 °C, a higher energy density was obtained, with values around 1.22. The marginal
increase in the energy density of hydrochars might result from the presence of organic acids
in the process water (PW), which facilitate the dehydration of hydrolyzed by-products of
hemicellulose and cellulose, leading to the formation of water-soluble intermediates [53].
These intermediates could undergo polymerization, thereby enhancing the abundance
of solid microparticles. They could increase the carbon contents of the hydrochars, thus
increasing the energy density [13,29].

As the hydrothermal temperature rose, the ERE, which depends on hydrochar yield,
reduced. As the HTC temperature approached 270 °C, the decrease in hydrochar yield
occurred because dehydration and decarboxylation reactions were more prominent at
higher temperatures [54]. Comparing HY-HTC0-220 and HY-HTCO0-270, it can be seen that
the ERE exhibited a different trend to that of the energy density: the first one decreased with
temperature, while the second increased with temperature. Thus, at lower temperatures, a
higher hydrochar yield is obtained, but with a lower quality. Moreover, the higher energy
density could be translated into the possibility of transporting, at the same volume, a
greater amount of energy.

Table 3 shows the variations in ERE with PW recirculation at different temperatures
(220 °C and 270 °C). At a temperature of 220 °C, it was noticeable that the ERE rose from
58.47% (in HTCO) to 61.81% (in HTC1), subsequently peaking at 64.91% (in HTC3), indicating
an overall increase of approximately 8%. Then, it slowly decreased to 63.48% (in HTC4).
Additionally, at the temperature of 270 °C, the ERE of hydrochars followed a similar trend:
it increased from a value of 45.86% (in HTCO) to 50.56% (in HTC1), then reached a maximum
value of 53.58% (in HTC3). Then, it slowly decreased to 50.70% (in HTC4).

The trends observed in both the carbon retention rate and ERE were similar, indicating
that ERE was mainly influenced by the degree of carbon enrichment. Moreover, the
development of a carbon framework structure on the hydrochar surface can increase both
hydrochar yield and energy density [36].

Another useful parameter to establish the quality of a solid fuel is the fuel ratio; that
is, the ratio between its fixed carbon and its volatile matter [55]. Usually, a low fuel ratio
leads to increased flaming combustion, reduced char combustion, and faster burnout [56].
In this study, as can be seen from Table 3, a fuel ratio of 0.348 and 0.953 was obtained for
HTCO at 220 °C and 270 °C, respectively, indicating that the hydrochar obtained was less
readily combustible than the starting biomass.
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3.4. Combustion Behavior of Hydrochars

Figure 4 shows the TG and DTG curves of the obtained hydrochars at different HTC
temperatures and PW recirculations. The initial and subsequent weight loss peaks observed
on the DTG curve primarily correspond to the combustion of volatiles and fixed carbon,

respectively [57].
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Figure 4. Thermogravimetric analysis for the different hydrochars with and without recirculation:
(a) TG curves of the obtained hydrochars (b) DTG curves of the obtained hydrochars.
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As the process temperature increased, the first peak of the DTG curve decreased. The
reason for this could be the increased removal of volatiles and less-stable volatile substances
as the HTC temperature rose [58]. Conversely, the growth of the second peak might be
attributed to a series of reactions occurring during hydrothermal treatment [59-61], such as
dehydration and decarboxylation. These reactions lead to the polymerization of unstable
components in the volatile fractions into relatively stable carbon bonding structures, thereby
boosting both FC contents and carbon contents [36].

Table 4 gives the characteristic parameters obtained from the combustion process of
the hydrochars.

Table 4. Combustion parameters of ECW and obtained hydrochars at 220 °C and 270 °C with
PW recirculations.

T, T T DTGmax DTGmean s
Samples ge) ) &) Co/min)  (Co/min)  (10-5%2min-2°C3
HY-HTC0-220 27631  329.63  508.60  38.60 8.09 8.04
HY-HTC1-220 27720 32929 52881  40.88 7,51 7.55
HY-HTC2-220  277.90 33478 53997  40.75 7.15 6.99
HY-HTC3-220 27779 33584 54196  40.66 718 6.98
HY-HTC4-220 27356 33636 54810  37.95 6.97 6.45
HY-HTC0-270 28036 52636 58111  19.67 6.20 267
HY-HTC1-270 26936 533.86 58836  19.14 5.95 2.67
HY-HTC2-270 28036 53536 59486  17.36 5.93 2,20
HY-HTC3-270 27636 53536  592.61  17.59 5.95 231
HY-HTC4-270 27586 53586 59936  16.96 5.85 218

The ignition temperature, Tj, refers to the temperature at which the rate of weight loss
reaches 1% /min after the initial weight loss due to moisture removal [62,63]. A higher T;
value signifies lower reaction activity [64,65]. The final combustion temperature, T}, is deter-
mined as the temperature where the DTG profile reaches 1% /min at its conclusion [62,66].
DTGmax represents the maximum value of the mass-loss rate during combustion, with T,
being the temperature corresponding to DTGmax. Additionally, DTGmean is the average
conversion rate from T; to Ty, [67].

By increasing the HTC temperature, a slight increase in Ti was observed, while Tp and
Tb exhibited a much more pronounced increase. For HY-HTCO, the temperature at the start
of combustion varied by about 4 °C, while the peak and burnout temperatures varied by
about 197 °C and 73 °C, respectively. With PW recirculations, the Ti and Tp temperatures
at 220 °C showed a small variation, with a maximum of about 5 °C and 7 °C, respectively,
while the burnout temperature showed a much more pronounced change (from 508.6 °C to
548.1 °C). Similarly, at a temperature of 270 °C, Ti and Tp showed a slight variation with
increasing recirculation, while Tb showed a marked increase. This was also reflected in
the increasing trend assumed by the fuel ratio. Therefore, the process temperature and
PW recirculation increased the combustion range, whereas the temperature had a greater
influence. As the HTC temperature increased, the DTGpax for the hydrochars exhibited a
decreasing trend, while there was a slight increase in the corresponding peak temperature
(Tp). This was related to the reduction in volatiles and the concurrent increase in fixed
carbon contents [54].

Moreover, the combustion index (S) was computed to assess the combustion efficiency
of the hydrochar. It serves as an integrated measure of ignition and burn-out characteristics
during combustion, with a higher value indicating superior overall combustion reactiv-
ity [62,67]. Table 4 shows a significant decrease in S as the process temperature increases,
suggesting that the hydrochar approached a less violent combustion reaction and higher
flame stability [63]. This behavior is related to the lower VM content, as also reported by Wu
etal. [36]. A high VM content improves flame combustion and reactivity, but an excessively
high VM content can result in unstable fuel combustion and considerable heat loss [58]. At
a temperature of 220 °C, with the recycling cycles, S exhibited a light decreasing trend, and
the same behavior was found at a temperature of 270 °C.
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4. Conclusions

This study explored the utilization of exhausted chestnut wood biomass, a by-product
of the tannin extraction process, for hydrothermal carbonization to produce hydrochar.
This research focused on optimizing the HTC process by investigating the effects of process
water recirculation on hydrochar yield, composition, and fuel properties.

The results revealed that the HTC temperature significantly influenced the hydrochar
yield, composition, and energy recovery efficiency. At higher temperatures (270 °C),
the hydrochar yield decreased, but the energy density and HHV increased significantly
compared to the lower temperature (220 °C). PW recirculation positively impacted the
hydrochar yield, enhancing it by up to 16% at 270 °C, likely due to organic compounds
catalyzing carbonization reactions. The proximate and ultimate parameters were only
slightly affected by the PW recirculation, while temperature had a significant role. At
270 °C, the FC increased to 48.57% while the VM decreased to 50.97%, compared to 220 °C
with 25.58% FC and 73.58% VM. The ash content dropped notably at 270 °C to 0.46%
compared to 1.25% at 220 °C. Also, at 270 °C, significant increases in carbon (32-34%)
and decreases in oxygen (around 41%) were observed, suggesting improved quality. A
thermogravimetric analysis showed that the combustion index decreased significantly as
the temperature rose, indicating improved combustion stability due to the decrease in the
VM content. In fact, an excessively high VM content can result in unstable fuel combustion
and substantial heat loss. Additionally, the PW recirculation enhanced the flame stability
and combustion performance.

The findings of this paper demonstrate that process water recirculation does not
compromise the properties of hydrochar under diverse experimental conditions. A more
thorough examination of conversion products could be advantageous in providing addi-
tional clarity on the mechanisms of hydrochar formation during process water recirculation.
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