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A B S T R A C T   

Pyrolysis and combustion behavior of the hydrochar (HY) from co-hydrothermal carbonization (co-HTC) of vine 
pruning (VP) and exhausted grape marc (EGM) by using vinasse as wet catalytic vector was investigated through 
thermogravimetric analysis (TGA). For both raw- and co-HTC biomass, different iso-conversional methods were 
used for kinetic analysis, and the thermodynamic parameters were determined. Overall, even if HY exhibited a 
lower activation energy compared to EGM and VP during both pyrolysis and combustion, HTC has positive ef
fects on the hydrochar’s structure, which achieved a more thermodynamically stable, structurally ordered, and 
energetically favorable state. The obtained kinetic and thermodynamic parameters would contribute to the 
development of biomass thermochemical conversion technologies and the application of hydrochar-based energy 
systems.   

1. Introduction 

In 2020 the European Union (EU) surpassed its 20 % target of gross 
final energy consumption from renewable sources, as outlined in the 
2009 Renewable Energy Directive (RED I), by achieving a 22 % share 
[1]. The recent agreement between the European Parliament and the 
Council in the recast RED II (2018/2001/EU) introduced a new 
strengthening renewable energy target of at least 42.5 % share by 2030 
(RED III) [2,3]. This means almost doubling the current share of 
renewable energy sources (RES) in the EU. RES achieved their highest 
level of integration in the power sector, accounting for 37.5 % of the 
total electricity generated in the EU in 2021. Subsequently, the heating 
and cooling sector followed with a RES share of 22.9 % while in trans
port contributed to 9.1 % of the overall share [4]. Solid biomass stands 
out as the most prominent renewable energy source, dominating the 
renewable energy supply in Europe [5,6]. It finds extensive application 
in heating and industrial sectors, accounting for a substantial 41 % share 
in 2021. Following behind are wind energy (13 %), hydropower (12 %), 
liquid biofuels (8 %), and biogas (6 %), while heat pumps and solar 
photovoltaics represent less than 6 % individually. With its great po
tential to boost the EU to get on track with the 2030 agenda, bioenergy 
from biomass has become of central role in the clean energy transition. 

Vine pruning (VP) residue, exhausted grape marc (EGM), and vinasse 
are waste by-products generated by the winery and distillery industry. 

These by-products have the potential to be used as feedstocks for the 
production of biofuels. The conversion of these biomasses into biofuels 
represents an opportunity to reduce waste, contribute to sustainable 
energy production, and promote a circular economy approach while also 
addressing environmental concerns. In the European Union, around 
26.4 million tonnes of fresh grapes in 2022 were produced, about 25 % 
of which remained as waste marc [7,8]. The latter could generate up to 
525 million liters of ethanol and thus around 6,565 million liters of 
vinasse as a residue of the distillation process [9–12]. The economic and 
environmental challenges associated with the proper management of 
winery waste pose a significant concern. However, the primary obstacle 
in utilizing winery and distillery waste lies in their high moisture levels, 
causing great transportation expenses and increased energy consump
tion for the necessary drying before their utilization [13]. The hydro
thermal carbonization (HTC) process has been largely evaluated as a 
valuable option to convert wet biomasses into solid biofuels (hydro
chars) with upgraded chemical-physical characteristics. Unlike pyroly
sis, gasification, torrefaction, and incineration, HTC can efficiently 
handle wet feedstocks without previous dewatering since water works as 
a reactant, solvent, and catalyst [14–17]. 

Our previous work successfully demonstrated the effectiveness of the 
HTC process on the production of hydrochar (HY) from the co- 
hydrothermal carbonization of VP and EGM by using vinasse as mois
ture source [18]. A high-quality hydrochar and an enriched spent liquor 
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residue with bioactive compounds were obtained at the optimal HTC 
operational conditions (temperature, residence time, and biomass-to- 
liquid ratio) while minimizing the energy consumption of the entire 
process. The findings demonstrated a circular and sustainable strategy 
for waste management in the winery and distillery industry. 

The great potential of hydrochars as an alternative to fossil fuels due 
to their high carbon content, calorific value, increased hydrophobicity 
and grindability (which means reduced problems for storage and 
transport), and carbon neutral potential has been largely evaluated. 
Prasongthum et al. [19] investigated the production of hydrochar from 
oil palm trunks, resulting in lower slagging and fouling issues during 
combustion in comparison to raw biomass. Sattasathuchana et al. [20] 
found that the utilization of hydrochar from co-HTC of palm kernel shell 
and bamboo to produce electricity in a municipal power plant could 
reduce the fuel storage size by 34 %, save around 28,000 USD/year of 
transportation cost and reduce 2300 ton/year of CO2 emissions during 
burning in comparison of raw biomass. Yu et al. [21] explained that the 
combination of HTC and pelletization on Ginkgo leaf residues is an 
efficient technique to produce a solid biofuel with upgraded character
istics. Also, Wu et al. demonstrated that the co-hydrothermal carbon
ization synergy of food waste and corn stover is beneficial for the 
physicochemical properties and combustion performance of the result
ing hydrochar [22]. Furthermore, the HTC process was demonstrated to 
be a valuable environmental solution to produce hydrochar as a sub
stitute for fossil coal for metallurgical applications [23]. Although prior 
studies have investigated the pyrolysis and combustion characteristics of 
hydrochar from various biomass sources, the unique properties of both 
raw- and co-hydrothermal carbonized biomass from winery and distill
ery residues have not been extensively studied. This work provides novel 
insights by conducting detailed thermal and kinetic analyses of the py
rolysis and combustion behavior of hydrochar from co-hydrothermal 
carbonization of vine pruning and exhausted grape marc by using 
vinasse as wet catalytic vector. 

Model-free iso-conversional methods have been used for studying the 
decomposition kinetics by using data obtained from thermal gravimetric 
analysis (TGA) [24–26]. The kinetic parameters, i.e. activation energy 
(Ea), pre-exponential factor (A), and reaction mechanism (f(α)), collec
tively known as ‘kinetic triplet’, and thermodynamic parameters, 
enthalpy (ΔH), Gibbs free energy (ΔG), and entropy (ΔS) were deter
mined. Understanding and optimizing the design and performance of 
reactors and energy systems requires a deep comprehension of the 
temperature at which biomass breaks down. This study provides valu
able insights into the mechanisms, rates, and factors involved in the 
pyrolysis and combustion of winery and distillery by-products and 
hydrochar. By gaining this comprehensive knowledge, it becomes 
possible to develop sustainable and effective biomass use techniques, as 
well as advance the field of hydrochar-based renewable energy [27]. 
Furthermore, incorporating kinetic information within computational 
fluid dynamics, would guide the design and optimization of large-scale 
reactors, determine residence times, and assess mass and heat transfer 
efficiencies. This aids in the efficient and cost-effective development of 
industrial processes. 

Finally, building upon our previous work aimed at finding an alter
native strategy to manage the waste generated by the winemaking in
dustry [18], this research addresses an important gap in the circular 
bioeconomy. The comprehensive investigations of the pyrolysis and 
combustion behaviors of the winemaking waste-derived hydrochar 
provide novel data that expands the limited existing knowledge on this 
feedstock, representing an opportunity to enhance the sustainability of 
the winery and distillery industry. 

2. Materials and methods 

2.1. Preparation and analysis of samples 

A local farm in Umbria, located in the center of Italy, provided the 

vine pruning residue while Bonollo distillery (Italy) the exhausted grape 
marc and vinasse. The optimum HTC process parameter for hydrochar 
production, corresponding to a reaction temperature of 246.3 ◦C, a 
residence time of 1.6 h and a solid-to-liquid ratio of 0.066 with a 50 wt% 
raw biomasses blend respectively of VP and EGM, were determined in 
our previous work [18]. Data about ultimate analysis, proximate anal
ysis, compositional analysis, and Lower Heating Value (LHV) of the raw 
biomasses and the hydrochar can be found in our previous study [18]. 

2.2. TG analysis under N2 and air 

The pyrolysis and combustion behavior of the samples were evalu
ated from the thermogravimetric curves obtained on the Leco TGA-701 
analyzer (LECO Corporation, St. Joseph, MI, USA). The samples were 
heated from room temperature (about 25 ◦C) to 800 ◦C at four different 
heating rates (10, 20, 30, and 40 ◦C/min), assuming that complete 
degradation of the sample is achieved at this temperature. Two gas at
mospheres of nitrogen (N2) and air (21 % O2/79 % N2) were used 
respectively to simulate pyrolysis and combustion conditions with a gas 
flow rate of 50 mL/min. To ensure reliable results, each test was repli
cated three times, and the averages were calculated to account for 
experimental reproducibility, which fell within the range of ± 3 %. 
During each test, a blank run was performed using an empty pan to 
compensate for buoyancy effects. The weight loss (TG) curves and their 
respective first-order derivatives (differential thermogravimetric (DTG)) 
were recorded over time and temperature. Several parameters were 
directly computed by analyzing the results to identify the main pyrolysis 
and combustion characteristics, i.e. the initial temperature (Ti), the final 
temperature (Tf), and the peak temperature (Tp). Ti represents the 
temperature at which a conversion of 1 % of the initial mass is obtained 
after the initial weight loss caused by the moisture. Tf is the temperature 
at which the degradation is almost complete and was defined as the 
temperature at which the conversion rate reaches 1 %/min at the end of 
the DTG curve. The fuel reactivity was considered by accounting Tp 
which corresponds to the temperature of the maximum weight loss rate. 
Lower reactivity is determined by higher peak temperature [28]. 

2.3. Kinetic, reaction mechanism, and thermodynamic analysis 

The kinetics analysis of the raw biomasses and hydrochar pyrolysis 
and combustion was evaluated by the integral iso-conversional methods 
of Starink (STK) [29], Kissinger-Akahira-Sunose (KAS) [30], and Ozawa- 
Flynn-Wall (OFW) [31,32]. According to the Arrhenius equation, the 
general equation of reaction rate can be expressed by Eq. (1): 

dα
dt

= k(T)f(α) = Ae− (Ea/RT)f(α) (1)  

where t is the time, T is the absolute temperature (K), A is the pre- 
exponential factor (s− 1), Ea is the apparent activation energy (kJ/ 
mol), and R is the gas constant (8.314 J/mol K), and f(α) is the reaction 
mechanism. 

The conversion degree α during the reaction of the sample can be 
defined as: 

α =
m0 − mt

m0 − mf
(2) 

where m0 and mf represent the initial and final weights of the sample 
respectively, and mt represents the weight of the sample at time t. 

Rearranging Eq. (1) by introducing the constant heating rate β = dT/ 
dt the differential form of the non-isothermal rate law becomes: 

dα
dT

=
A
β

e− (Ea/RT)f(α) (3) 

Since the differential form exhibits low accuracy, leading to scattered 
derivative curves, the integral form of Eq. (3) is usually more suitable for 
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determining activation energy values [33,34], which brings to Eq. (4): 

g(α) =
∫ α

0

dα
f(α) =

A
β

∫ T

T0

e− (Ea/RT)dT (4) 

As the integral form (Eq. (4)) does not have an analytical solution, 
the approximate solutions of STK (Eq. (5)), OFW (Eq. (6)), and KAS (Eq. 
(7)) were considered to determine the kinetic parameters, since iso- 
conversional methods can obtain reliable kinetics parameters by using 
multiple heating rates without requiring the reaction model [33]. 

ln
(

β
T1.92

)

= − 1.0008
Ea

RT
+Const (5)  

ln(β) = ln
(

AEa

Rg(α)

)

− 5.331 − 1.052
Ea

RT
(6)  

ln
(

β
T2

)

= ln
(

AR
Eαg(α)

)

−
Ea

RT
(7) 

For the STK method, the activation energy can be obtained from the 
slope of the fitted straight line by plotting ln(β/T1.92) vs. 1/T at the given 
conversion degree α. Similarly, by using the OFW method, based on 
Doyle’s approximation [35,36], a linear relationship is established by 
plotting ln(β) against 1/T and the resulting slope is equal to –1.052Ea/R. 
Lastly, from the KAS method, the value of Ea can be determined from the 
slope of the fitted straight line formed by using ln(β/T2) vs. 1/T. 

While iso-conversional methods are highly accurate in determining 
Ea values, they do not provide information about the pre-exponential 
factor. Thus, the energy compensation effect (ECE) method was used 
to estimate the values of A. By taking the logarithm on both sides of Eq. 
(3) and rearranging the terms, ln Ai and Ea,i can be calculated from the 
intercept and the slope of the regression lines by plotting ln[β(dα/dT)/ 
fi(α)] vs. 1/T, where i refers to the mechanism function listed in Tab. SI 
1. The linear relationship between Ea,i and ln Ai, known as the 
compensation effect and described by Eq. (8), allows to find the 
compensation parameters a and b [37]. 

lnAi = aEa,i + b (8) 

Once the compensation parameters are determined, the values of A 
are obtained with Eq. (8) by using the Ea values beforehand determined 
by an iso-conversional method. 

To complete the kinetic triplet is essential to determine the decom
position mechanism, which could be predicted by the master-plot 
method. By approximating to zero the lower limit (T0) of the integral 
on the right side of Eq. (4), as the rate of decomposition is extremely 
slow at ambient temperature [38,39], the mentioned equation can be 
rewritten in Eq. (9): 

g(α) = AEa

βR
p(u) (9) 

where p(u) =
∫ u

∞ −

(
e− u

u2

)

du is the temperature integral and u = Ea/ 

RT. p(u) has no analytical solution and can be expressed by numerical 
approximation as Doyle’s (Eq. (10)), which gives sufficiently reliable 
results [40]. 

p(u) = 0.0048e− 1.0516u (10) 

Using a reference at point α = 0.5 and according to Eq. (9), Eq. (11) is 
obtained: 

g(α)
g(0.5)

=
p(u)

p(u0.5)
(11) 

Thus, the experimental curves plotted as p(u)/p(u0.5) for a given α, 
using data obtained at various heating rates, and the theoretical master 
plot represented as g(α)/g(0.5) are comparable when an appropriate 
kinetic model is employed. 

Establishing thermodynamic parameters such as changes in enthalpy 
(ΔH), Gibbs free energy (ΔG), and entropy (ΔS) is a prerequisite for 
scaling up a process to industrial level, as it enables accurate energy 
calculations [41,42]. These parameters were evaluated using kinetic 
data (Ea and A) and thermogravimetric data points according to Eq. (12), 
(13), and (14), where kB is the Boltzmann constant (1.381 × 10− 23 J/K), 
and h is the Plank constant (6.626 × 10− 34 J/s). 

ΔH = Ea − RT (12)  

ΔG = Ea +RTpln
(

kbTp

hA

)

(13)  

ΔS =
ΔH − ΔG

Tp
(14)  

3. Results and discussion 

3.1. Pyrolysis behavior 

The thermal degradation profiles of VP, EGM, and HY under a ni
trogen atmosphere at a 10 ◦C/min heating rate are shown in Fig. 1. The 
TG and DTG profiles at 20, 30, and 40 ◦C/min are displayed in the 
Supplementary material (Figure S1) since no significant differences 
were revealed. All the DTG (%/min) curves present the dehydration 
stage in which weakly bonded water molecules are released between 50 
– 150 ◦C. Then, the devolatilization and the decomposition of the major 
components of the biomass, i.e. hemicellulose, cellulose, and lignin, 
occur [43]. While EGM exhibited two main stages between 154 – 291 ◦C 
(stage I) and 291 – 649 ◦C (stage II), VP showed a single decomposition 
stage (123 – 657 ◦C). Compared to the EGM, VP exhibited high mass loss, 
which might be due to the lower ash and higher volatile content [18]. 
On the other hand, the area under the decomposition curve of HY 
considerably decreased in comparison with VP and EGM. Throughout 
the HTC process, water removes a portion of the loosely bonded amor
phous cellulose, hemicellulose, and lignin, along with other water- 
soluble extractives and intermediate products [44]. As a result, the 
solid hydrochar is comprised of tightly bonded cellulose, hemicellulose, 
and lignin formed through recondensation reactions [45]. Conse
quently, the weight loss experienced by HY is lower compared to the VP 

Fig. 1. Thermal degradation profiles of HY, EGM, and VP under N2 atmosphere 
with a heating rate of 10 ◦C/min. 
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and EGM. Interestingly, the HY displays a lack of decomposition peak 
within 280 – 360 ◦C suggesting that hydrothermal treatment caused the 
degradation of cellulose besides hemicellulose, fats, and proteins [46]. 
While the second degradation stage between 310 and 728 ◦C (stage II) 
could be associated mainly with the degradation of lignin, the first one 
(stage I) between 114 – 310 ◦C may be related to the degradation of 
repolymerized products, which formed during the HTC process [47,48]. 

3.1.1. Effect of heating rate 
From the TG and DTG results reported in Fig. 2 and Table 1, it is 

remarkable that the heating rate affects the conversion and product 
distribution for each sample and results in an important parameter in 
possible commercial applications in determining the type of reactor to 
be used [49,50]. When the samples are heated at higher β a slight shift is 
observed and the peak temperature of weight loss increases. This phe
nomenon, referred to as heat transfer limitation, caused the observed 
thermal lag. As the heating rate increases, the temperature gradient 

between the interior and exterior of the particles also increases. This 
leads to a lower degree of reaction occurring inside the particles 
compared to the outside, requiring higher temperatures to decompose 
the material [39,51]. In contrast, when lower heating rates are 
employed, the particles experience a gradual and more efficient heat 
transfer towards the inner portions and among the particles [52,53]. As 
a result, the peak of the weight loss rate shifts towards lower values. 
Furthermore, by considering the temperature of initial (Ti) and final (Tf) 
degradation, the pyrolysis of HY took place over a broader temperature 
range, spanning from 181 to 657 ◦C, in comparison to VP, 186 – 565 ◦C, 
and EGM, 181 – 571 ◦C. Notably, the Tp significantly resulted higher for 
HY than raw biomass for each heating rate (Table 1), and the residue 
rate, by considering β = 10 ◦C/min as a reference, rose from 19 % of VP 
and 29 % of EGM to 40 % (Fig. 2). These findings indicate that the 
feedstock exhibited improved thermal stability after undergoing hy
drothermal carbonization [54]. 

Additionally, to assess the release performance of volatile compo

Fig. 2. TG and DTG profiles of (a) HY, (b) EGM, and (c) VP under the N2 atmosphere at each heating rate.  
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nents during the pyrolysis process, the devolatilization index (Di) was 
determined according to Eq. (15) [55], where DTGmax is the maximum 
weight loss rate and ΔT1/2 is the temperature range when the value of 
DTG/DTGmax is 1/2. Achieving a larger devolatilization index leads to 
higher yields of volatile products, making the devolatilization process 
easier. 

Di =
DTGmax

TiTpΔT1/2
(15) 

From the results listed in Table 1, the Di of VP resulted higher than 
those of EGM for each heating rate. This could be related to the higher 
content of hemicellulose and cellulose in VP which are more reactive 
and easier to devolatilize. Nevertheless, compared to its precursors, the 
devolatilization index of HY at each β was considerably lower, indicating 
that HTC can increase the content of more thermal stable compounds 
such as lignin while reducing volatile matter, hemicellulose, extractives, 
and part of the cellulose. Thus, the HTC promotes the thermal stability of 
the hydrochar [56,57]. Furthermore, for all the materials Di increased as 
the heating rate increased, indicating the devolatilization performance 
was improved 13 times for HY, and 5 times for EGM and VP as β went up 
from 10 to 40 ◦C/min. 

3.2. Combustion behavior 

The TG and DTG results of hydrochar and its biomass precursors 
under the air environment are displayed in Fig. 3 performed at a heating 
rate of 10 ◦C/min. The results for β equal to 20, 30, and 40 ◦C/min are 
available in the Supplementary material (Figure S2) since no note
worthy differences were appreciated. Overall, the mass loss curves for 
HY, EGM, and VP during combustion resulted in similar trends although 
with significant differences. The observed profiles align with the com
bustion patterns commonly observed for biomass fuels, mainly charac
terized by dehydration, devolatilization, and char oxidation stages 
[58,59]. For all the samples, the initial mass loss between room tem
perature and around 130 ◦C was due to moisture evaporation. 
Following, the devolatilization stage (stage I) occurred between 157 – 
377 ◦C and 156 – 377 ◦C for EGM and VP, respectively. Then, the 
combustion of fixed carbon (stage II), related to the decomposition of 
lignin, emerged between 377 – 708 ◦C for EGM, and 377 – 650 ◦C for VP 
[60]. Co-HTC remarkably changed the combustion behavior. For the 
HY, stage I (135 – 374 ◦C) was particularly weakened, whereas stage II 
(374 – 830 ◦C), i. e. the char oxidation, leaned to be plentiful. These 
results suggest that the HTC process is an effective thermal treatment 
aimed at reducing volatile compounds while increasing fixed carbon 
[61–63]. 

3.2.1. Effect of heating rate 
Fig. 4 presents the combustion TG-DTG profiles of all samples at 

different heating rates, while Table 2 the combustion parameters. For 
each heating rate, the raw biomasses presented relatively lower Ti 
compared to HY. The lower content of thermally unstable VM, which 
releases the heat earlier and reduces the ignition temperature, makes the 
HY safer during handling, storage, and transportation operations [64]. 
The impact of increasing the heating rate was limited to causing a shift 
of the TG and DTG profiles to higher temperature ranges, while having 
only a minor effect on their overall patterns, primarily due to the in
fluence of heat transfer limitations [65]. However, it is interesting to 
note that, for EGM and HY, the slower heating rate (10 ◦C/min) allows 
for better access of oxygen to the char particles, facilitating the oxidation 
process and providing more time for the reactions to take place. In this 
case, the slower heating rate promotes more complete oxidation of the 
char, resulting in a higher mass loss rate during the char oxidation stage. 
On the other hand, increasing the heating rate can cause the volatiles to 
be rapidly released before sufficient oxygen is available for their com
bustion. As a result, a larger proportion of the mass loss occurs during 
the devolatilization stage, rather than during the subsequent char 
oxidation stage [66]. 

Table 1 
Pyrolysis parameters of HY, EGM, and VP at each heating rate.  

β Ti Tf Tp –DTGmax –DTGmean Di 

[◦C/min]  [◦C]  [◦C]  [◦C]  [%/min]  [%/min]  [10–6 %min− 1◦C− 3] 
HY       
10  213.54  476.66  367.27  2.33  2.61  0.12 
20  200.80  542.01  381.16  4.56  4.62  0.25 
30  189.13  597.54  387.69  7.75  6.22  0.52 
40  180.70  657.33  393.52  10.55  7.40  1.58 
EGM       
10  236.87  466.60  272.06  3.74  3.18  0.50 
20  223.57  516.13  319.87  7.24  5.54  0.78 
30  217.42  545.15  343.14  10.86  7.55  1.11 
40  181.48  570.60  342.94  14.98  8.88  2.46 
VP       
10  237.44  391.41  336.61  6.78  3.57  0.97 
20  200.25  482.11  349.79  13.30  5.80  2.23 
30  198.68  526.55  357.41  19.79  7.24  3.31 
40  185.90  565.20  362.09  26.52  9.29  4.50  

Fig. 3. Thermal degradation profiles of HY, EGM, and VP under air atmosphere 
with a heating rate of 10 ◦C/min. 
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Fig. 4. TG and DTG profiles of (a) HY, (b) EGM, and (c) VP under air atmosphere at each heating rate.  

Table 2 
Combustion parameters of HY, EGM, and VP at each heating rate.  

β Ti Tf Tp –DTGmax –DTGmean S 

[◦C/min]  [◦C]  [◦C]  [◦C]  [%/min]  [%/min]  [10–7 %2min− 2◦C− 3] 
HY       
10  274.65  573.60  446.62  4.29  3.10  3.07 
20  237.41  665.76  324.40  6.06  4.47  7.22 
30  222.49  782.80  313.24  7.97  5.17  10.64 
40  216.36  799.68  337.77  10.31  6.59  18.15 
EGM       
10  227.20  519.65  436.23  7.48  3.04  8.48 
20  220.00  618.42  299.28  14.67  4.56  22.34 
30  215.32  629.77  305.36  21.43  6.51  47.82 
40  171.79  655.36  312.07  25.43  7.61  100.05 
VP       
10  220.29  469.05  315.82  9.07  3.57  14.24 
20  202.06  510.31  319.43  19.90  5.80  55.39 
30  170.38  541.42  329.34  22.65  7.24  104.31 
40  161.98  548.57  331.59  34.71  9.29  223.97  
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After co-HTC, HY had higher FC and lower ash and volatile contents 
compared to EGM and VP, resulting in higher Tf. A higher burnout 
temperature indicates that the combustion process has been more 
thorough and complete. It implies that a larger proportion of the fuel has 
been combusted, resulting in improved combustion efficiency. This is 

desirable as it maximizes the utilization of the energy content and re
duces slagging and fouling tendency during combustion, leading to 
higher energy conversion [67]. 

These findings were confirmed by the combustion index (S) calcu
lated according to Eq. (16) [68], where DTGmean is the average 

Fig. 5. Trend of apparent activation energy of HY a – b, EGM c – d, and VP e, during pyrolysis obtained by STK method.  
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conversion rate between ignition (Ti) and burnout temperatures (Tf) 
[42]. The higher value of S represents better combustion performance as 
the material is easier to ignite [69]. 

S =
DTGmaxDTGmean

T2
i Tf

(16)  

Overall, the combustion index of HY for each heating rate was lower 
than that of EGM and VP. S at 10 ◦C/min was respectively 3.07 × 10–7, 

8.48 × 10–7, and 14.24 × 10–7 %2min− 2◦C− 3. The difference in S be
tween the co-hydrothermal carbonized hydrochar and the raw bio
masses increased with the heating rate, reaching respectively 18.15 ×
10–7, 100.05 × 10–7, and 223.97 × 10–7 %2min− 2◦C− 3 at 40 ◦C/min for 
HY, EGM, and VP. 

HY showed a lower flammability compared to the original biomass 
material. The hydrothermal treatment may have induced structural 
changes in the biomass, resulting in the formation of a more condensed 

Fig. 6. Trend of apparent activation energy of HY a – b, EGM c – d, and VP e – f, during combustion obtained by STK method.  
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and stable carbonaceous structure in the hydrochar. Also, it was found 
that an unstable flame and large heat loss may result during the com
bustion of solid fuel with high VM content [25,70]. Hence, although 
EGM and VP exhibited higher S values, their combustion performance 
may still be inadequate. In contrast, HY, characterized by lower VM and 
high FC content, might grant a combustion process that is less turbulent 
and features a more stable flame. The decrease in the combustion index 
for HY can have both advantages and disadvantages depending on the 
application. While it may reduce the risk of uncontrolled combustion 
and self-heating, making it safer to handle, store, and transport, it may 
also impact the energy density of the material in certain applications, 
such as energy production or biofuel utilization [71–73]. However, 
lower combustion properties might be advantageous if used as a solid 
fuel or carbon source in steelmaking processes, e.g. electric arc furnace 
(EAF), as a substitute for fossil coal [74,75]. The reduced combustibility 
ensures the hydrochar may sustain the required high temperatures in the 
furnace without burning too quickly or uncontrollably. It provides a 
stable carbon feedstock for the metallurgic process, contributing to 
efficient and controlled heat generation and carbon dissolution [23,76]. 

3.3. Kinetic parameters analysis 

The kinetic study of pyrolysis and combustion is of great significance 
to fully assess the behaviors of the samples. As previously discussed in 
sections 3.1 and 3.2, the main pyrolysis and combustion region of both 
the raw biomasses and the hydrochar exhibited distinct weight loss 
stages. To evaluate the kinetic accurately, the kinetic triplets were ob
tained by stages. 

3.3.1. Activation energy 
Fig. 5 and Fig. 6 present the changes in the apparent activation en

ergies at each conversion degree obtained with the STK method during 
pyrolysis and combustion, respectively. No significant differences in Ea 
values between the iso-conversional methods were appreciated. The 
numerical results from the STK, OFW, and KAS methods, regarding both 
atmospheres, were reported in the supplementary material (Table S2 – 
S7). According to Table S2 – S7, the coefficient of determination (R2) 
was above 0.9 for all the samples indicating that the apparent activation 
energy obtained for α between 0.1 and 0.9 had a high degree of con
sistency. Also, the fitting results based on the iso-conversional methods 
from the pyrolysis and combustion tests are displayed in Figure S3 and 
Figure S4, respectively. As shown in Fig. 5, in the full pyrolysis 
decomposition stage of VP and the first stage of HY and EGM, the 
apparent activation energy did not change significantly with α, mainly 
because of the rapid degradation of weakly bonded amorphous cellulose 
and hemicellulose. In the second stage, as α increased, the activation 
energy of HY and EGM gradually rose until reaching a certain limit and 
then decreased. Once the weak bonds were degraded, the degradation of 
all-crystalline cellulose began, with lignin contributing to a further in
crease in activation energy [77]. Furthermore, regarding the average 
activation energy values, HY exhibited a lower value (82 kJ/mol) 
compared with EGM (171 kJ/mol) and VP (156 kJ/mol), in the first 
stage of pyrolysis. In the second stage, Ea of HY increased up to 160 kJ/ 
mol, remaining lower than EGM (197 kJ/mol) and slightly higher than 
VP. This was related to the HTC process that alters the structure of the 
hydrochar by degrading hemicellulose and cellulose, which makes the 
HY require less energy during the first stage of pyrolysis while increasing 
lignin content that provides thermal stability and presents higher bond 
energy [78,79]. 

During combustion (Fig. 6), Ea slightly increased with α between 0.1 
and 0.2 for all the samples because of the volatiles release and their 
combustion [80], then began to decrease as it continued into the second 
stage because the active char reacts continuously with the available 
oxygen and undergoes thermal cracking to form lower compounds [81]. 
During both the first and second stage of combustion, the average 
activation energy value of HY (116 and 47 kJ/mol respectively) 

remained lower than EGM (158 kJ/mol and 114 kJ/mol) and VP (149 
kJ/mol and 103 kJ/mol). This remark highlighted that HY has a greater 
porous structure and higher surface area, which contribute to surface 
combustion reactions [61,78,80]. 

Li et al. [82], Kabakcı SB [80], Wilk et al. [83], and Santana et al. 
[84] have also observed similar phenomena. Their studies revealed that 
the HTC treatment reduced the activation energies necessary for the 
pyrolysis of cedarwood sawdust and wood sawdust, as well as the 
combustion of acacia and coffee beans. Interestingly, contrasting results 
were obtained in the pyrolysis kinetic studies of corn cobs [62] and 
coconut shell waste [85], as well as the combustion kinetic studies of 
wood sawdust [80] and agricultural waste [16] (Table 3). In these cases, 
the activation energies for hydrochars were found to increase. There
fore, it appears that the HTC treatment may not have a favorable impact 
on the subsequent pyrolysis and combustion processes of these biomass 
materials, as it could potentially raise the activation energy requirement 
[86]. 

3.3.2. Pre-exponential factor 
The energy compensation effect method was used to estimate the 

values of A. Table S8 and Table S9 list the values of A during pyrolysis 
and combustion at each conversion rate calculated according to Eq. (8), 
where the values of the activation energy used came from the STK 
method since no significative variations of Ea values were highlighted 
between the iso-conversional methods. The corresponding plots are 
given in Figure S5 and Figure S6. The high coefficients of determination 
(R2 > 0.99) demonstrate the applicability of ECE, which is the linear 
correlation between Ea,i, and ln[Ai]. During the first stage of pyrolysis, 
the overall pre-exponential values of HY were lower than those of EGM 
and VP, remaining prettily constant with α in the order of 105 – 106 s− 1. 
However, a slight variance of A with α was revealed in the second stage 
for EGM and HY, indicating more complex chemical reactions. The pre- 
exponential factors of EGM and HY increased from an order of 1013 and 
107 s− 1 up to 1018 and 1013 s− 1 at a conversion rate of 0.8 and 0.6, 
respectively, then decreased to 1014 and 106 s− 1 at α = 0.9. A higher pre- 
exponential value implicates an increased frequency of molecular col
lisions, thereby necessitating a greater amount of heat transfer [87]. 
Furthermore, while values of A less than 109 s− 1 typically indicate poor 
reactivity related mainly to surface reactions, or tight complex if not 
dependant on the surface area, A values greater than 109 s− 1 represent 
simple complex inbound reactions, which demand larger activation 
energies [88,89]. 

During the first stage of combustion, the pre-exponential values of 
HY showed a small increase of A from 109 to 1011 s− 1 between α = 0.1 
and 0.2, then decreased up to 104 s− 1 at α = 0.9. In the second stage, all 

Table 3 
Estimated activation energies of the pyrolysis and combustion of the raw and the 
HTC-treated feedstocks from previous studies.  

Sample HTC conditions Ea Reference 

Pyrolysis    
Cedarwood sawdust   80.8 [82] 
Cedarwood sawdust Hydrochar 240 ◦C – 10 min  55.3 [82] 
Corn Cobs   46.0 [62] 
Corn Cobs Hydrochar 230 ◦C – 60 min  70.4 [62] 
Wood sawdust   162.8 [80] 
Wood sawdust Hydrochar 220 ◦C – 90 min  153.1 [80] 
Coconut shell waste   194.5 [85] 
Coconut shell waste Hydrochar 200 ◦C – 30 min  221.9 [85] 
Combustion    
Acacia   99.8 [83] 
Acacia Hydrochar 200 ◦C – 240 min  95.8 [83] 
Agricultural waste   86.2 [16] 
Agricultural waste Hydrochar 240 ◦C – 60 min  99.5 [16] 
Wood sawdust   152.4 [80] 
Wood sawdust Hydrochar 220 ◦C – 90 min  171.7 [80] 
Coffee beans   138.7 [84] 
Coffee beans Hydrochar 250 ◦C – 40 min  132.4 [84]  
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the samples provided a pre-exponential value ≤ 109 s− 1, decreasing from 
101 and 10–1 s− 1, from 109 to 101 s− 1, and from 107 to 103 s− 1, 
respectively for HY, EGM, and VP. Generally, A values below 104 s− 1, are 
primarily associated with the combustion of porous carbon character
ized by a lower Ea value [90]. These findings suggest that a broad range 
of pre-exponential values implies a more complex composition of the 
sample, requiring multiple energy levels at different conversion degrees 
during the combustion process [78,87]. 

3.3.3. Reaction mechanism 
The kinetic mechanism function was determined by using the 

master-plot method based on the activation energy from the STK 
method. According to Eq. (11), the best fit between the experimental 
and theoretical curves of the master plot revealed the most appropriate 
reaction model. The results are displayed in Figure S7 and Figure S8. 
Different reaction mechanisms were identified for each step of pyrolysis 
and combustion of HY, EGM, and VP. During the first stage of pyrolysis, 
HY and EGM are dominated by the one-dimensional diffusion–reaction 
mechanism (D1), migrating respectively to the reaction order model F4 
and F6 in the second stage. This was mostly ascribed to the ongoing 
release of volatiles and the creation of more porous structures, which 
improved the diffusion mechanism [91]. Instead, VP was characterized 
by reaction order model F3, thus was assumed that the rate of reaction 
was mainly proportional to the concentration of the reactants. Also, 
during the first and second stages of combustion of EGM and VP the 
experimental master plot revealed the best fit with the theoretical curves 
of the reaction order model F3 – F1 and F2 – F1, respectively. However, 
HY was best described with the two-dimensional diffusion mechanism 
(D2) in the first stage, approaching the second-order geometrical 
contraction model (R2) in the second stage. This behavior suggests that 
after volatile release, combustion processes began at the outside of the 
char particles and moved inside toward the central core. This model 
assumed that the reaction rate was controlled by the decomposition 
occurring on the surface, thus resulting in the contraction of area 
[89,92]. 

Combining the reaction model with Eq. (3), the kinetic equations 
describing the pyrolysis and combustion of HY, EGM, and VP can be 
obtained, as reported in Table 4 and Table 5. 

3.3.4. Thermodynamic parameters 
By replacing the corresponding value of Ea obtained from the STK 

method (Table S2 and Table S5) in the Equations (12) – (14), the value of 
Gibbs free energy, ΔG, change of enthalpy, ΔH, and change of entropy, 
ΔS, were obtained. The corresponding values at each conversion degree 
for both the pyrolysis and combustion are listed in Table S10 and 
Table S11, while a graphical representation is displayed in Fig. 7 and 
Fig. 8. Enthalpy is the total energy consumed by biomass samples during 
pyrolysis or combustion reactions predicting the bond strength [61]. 
The results demonstrate a similar shifting pattern between the change of 
ΔH and Ea for all the samples during both pyrolysis and combustion. 
Moreover, the positive values of ΔH revealed that pyrolysis and com
bustion of HY, EGM, and VP were based on endothermic reactions, 
meaning that molecules absorbed heat energy to break and establish 

new chemical bonds [93]. Also, the average difference between Ea and 
ΔH, for each material and in both the case of pyrolysis and combustion, 
was less than 6 kJ/mol, meaning that HY, EGM, and VP are prone to 
reaction since the potential energy barrier is low [87]. 

The Gibbs free energy provides information about the spontaneity 
and direction of reactions. Higher values of ΔG imply lower favorability 
of the reactions [61]. Overall, HY showed a lower average value of ΔG 
compared with EGM and VP in both the case of pyrolysis and combus
tion, meaning that the reactions of HY’s precursors require an input of 
more energy. 

The ΔS value reflects the degree of disorder in a system. The higher 
ΔS, the less the system is near to its own thermodynamic equilibrium, 
demonstrating more reactivity [65]. The lower value of ΔS for HY in
dicates that the hydrochar is more structurally ordered compared to the 
original biomasses. This could be the result of the removal of volatile 
components and the restructuring of carbonaceous materials after HTC, 
leading to a more stable and structured product. 

Considering all available data, including kinetic and thermodynamic 
characteristics, as well as combustion and pyrolysis indexes, might be 
inferred that the hydrochar achieved a more thermodynamically stable, 
structurally ordered, and energetically favorable state through the co- 
HTC process, thus resulting in a potentially valuable product. 

4. Conclusions 

This study contributes novel data and understanding on the unique 
properties and conversion kinetics of winemaking waste-derived 
hydrochar. This expansion of the knowledge base is an important step 
towards the valorization of winemaking waste streams and the devel
opment of a circular bioeconomy. 

Thermogravimetric analysis of pyrolysis and combustion highlighted 
that potentially co-HTC might reduce unstable biomass compounds, i.e. 
hemicellulose and cellulose, while increasing those with higher bond 
energy such as lignin. Also, modifying the resulting hydrochar’s struc
ture promotes its thermal stability and might grant a less turbulent 
combustion process, expressed by the reduced devolatilization and 
combustion index compared to the raw biomasses. Interestingly, the 
hydrochar from co-HTC of VP and EGM exhibited reduced activation 
energy for both pyrolysis and combustion processes. The diffusion–
reaction mechanism dominated the pyrolysis’ first stage of HY and EGM, 
while the reaction order model controlled both their second stage and 
that of the VP. Also, during combustion, stages I and II of EGM and VP 
were regulated by the reaction order model, however, HY by the diffu
sion model in the first stage and the geometrical contraction model in 
the second stage. Lastly, the analysis of thermodynamic parameters 
suggests that HY achieved a more stable thermodynamic state and 
favorable energy characteristics through the co-HTC process. These 
outcomes highlight the potential value of HY from HTC of winery and 
distillery by-products as a solid biofuel and provide practical utility in 
terms of designing and optimizing large-scale reactors. Also, they 
contribute to the efficient and economically viable development of 

Table 4 
Pyrolysis rate equations of HY, EGM, and VP at 10 ◦C/min.  

Sample Reaction rate equation Stage [◦C] 

HY dα
dt

= 1.97× 106e− (82.19/RT)0.5α 114 – 310  

dα
dt

= 9.68× 1012e− (160.19/RT)(1 − α)4 310 – 728 

EGM dα
dt

= 2.53× 1015e− (170.93/RT)0.5α 154 – 291  

dα
dt

= 2.07× 1017e− (197.50/RT)(1 − α)6 291 – 649 

VP dα
dt

= 2.30× 1012e− (155.66/RT)(1 − α)3  123 – 657  

Table 5 
Combustion rate equations of HY, EGM, and VP at 10 ◦C/min.  

Sample Reaction rate equation Stage [◦C] 

HY dα
dt

= 8.28× 1010e− (115.92/RT) [ − ln(1 − α) ]− 1 135 – 374  

dα
dt

= 12.41e− (47.08/RT)2(1 − α)1/2 374 – 830 

EGM dα
dt

= 1.33× 1013e− (158.61/RT)(1 − α)3 157 – 377  

dα
dt

= 2.59× 109e− (114.02/RT)(1 − α) 377 – 708 

VP dα
dt

= 6.92× 1011e− (149.27/RT)(1 − α)2 156 – 377  

dα
dt

= 6.73× 106e− (103.51/RT)(1 − α) 377 – 650  
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industrial processes, as well as support the advancement of biomass 
waste valorization and the transition towards more sustainable energy 
systems. 
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