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a b s t r a c t

In this paper, the use of grape marc for energy purposes was investigated. Grape marc is a residual lig-
nocellulosic by-product from the winery industry, which is present in every world region where
vine-making is addressed. Among the others, hydrothermal carbonization was chosen as a promising
alternative thermochemical process, suitable for the treatment of this high moisture substrate.
Through a 50 mL experimental apparatus, hydrothermal carbonization tests were performed at several
temperatures (namely: 180, 220 and 250 !C) and residence times (1, 3, 8 h). Analyses on both the solid
and the gaseous phases obtained downstream of the process were performed. In particular, solid and
gas yields versus the process operational conditions were studied and the obtained hydrochar was eval-
uated in terms of calorific value, elemental analysis, and thermal stability. Data testify that hydrochar
form grape marc presents interesting values of HHV (in the range 19.8–24.1 MJ/kg) and physical–chem-
ical characteristics which make hydrochar exploitable as a solid biofuel. In the meanwhile, the amount of
gases produced is very small, if compared to other thermochemical processes. This represents an inter-
esting result when considering environmental issues. Statistical analysis of data allows to affirm that,
in the chosen range of operational conditions, the process is influenced more by temperature than resi-
dence time. These preliminary results support the option of upgrading grape marc toward its energetic
valorisation through hydrothermal carbonization.

1. Introduction

Nowadays, the need for energy is a strong and relevant issue
worldwide. The international community agrees that a strong
effort should be made looking for alternative energy resources,
capable to lower as much as possible the amount of fossil fuels
from the energy portfolio and to develop a sustainable supply
chain. At the same time, another important issue concerns waste
management. As a matter of fact, proper waste management and
treatment may allow both greenhouse gases (GHGs) mitigation
and possibilities for bioenergy production (Pyo et al., 2014; Rada,
2014). These constraints are a strong driving force for the investi-
gation on new and affordable technologies, able to combine proper

and sustainable waste management with the production of clean
and renewable energy.

During the last decades, many processes have been proposed
which could successfully address such issues. Such technologies
can be classified as biological or thermochemical. In the general
case, biological processes are quite sensitive with respect to the
inlet feedstock as, potentially, microorganisms could be easily
inhibited by toxic substances present in the substrate.
Additionally, they need very long residence times (i.e. from one
day to several weeks). Therefore, besides being slower, these pro-
cesses entail bigger volumes, which cause higher design and man-
ufacturing costs. On the contrary, the time scale of thermochemical
processes generally ranges from a few minutes to some hours.
Moreover, since such processes do not rely on microorganisms,
they can overcome the limitations due to chemical lag and the pos-
sible inhibition by toxic agents, as described above. This is a notice-
able advantage for the treatment of heterogeneous feedstock or
substrates with a low degree of purity (e.g. organic wastes, sewage
sludges, etc.). Several thermochemical processes have been
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proposed and discussed for the treatment of different kind of bio-
waste (Khoo, 2009; Iakovou et al., 2010; Devesa-Rey et al., 2011).

Referring to the type of feedstock, thermochemical processes
can be divided into two main groups: dry and wet processes. The
former, such as combustion or pyrolysis, are suitable when the
feedstock has low water content. For example, several authors
have discussed the application of these processes to woody agri-
cultural biomass waste (Barbieri et al., 2013) or municipal solid
wastes (Ragazzi and Rada, 2012; Abnisa and Wan Daud, 2014;
Chen et al., 2014). When the feedstock presents high water content
(i.e. moisture higher than 60%), hydrothermal processes become
more appropriate. These processes make use of hot pressurized
water to convert wet substrates. Pressure is always held high
enough to keep water in its liquid or, possibly, supercritical state.
Among them, a classification on the basis of the process tempera-
ture and the type of obtained products can be done. When the tem-
perature values range between 180 !C and 250 !C, the main
product is a solid material (referred to as hydrochar) and the pro-
cess is called hydrothermal carbonization (HTC) (Castello et al.,
2014). If the temperatures are increased from 250 !C to about
373 !C, hydrothermal liquefaction (HTL) is performed, with the
main production of a liquid phase (Elliott et al., 2015). Finally, ris-
ing the temperature and the pressure above the critical values for
water (373.95 !C and 22.06 MPa), the process is called hydrother-
mal gasification (HTG) or supercritical water gasification (SCWG),
which allows for a combustible gas as main product (Castello
et al., 2014). The application of these hydrothermal processes to
several typologies of biomass has been discussed by many authors
(Fiori et al., 2012a; Lu et al., 2012; Pala et al., 2014; Xiao et al.,
2012; Subagyono et al., 2014; Yedro et al., 2014).

The type of feedstock is another important aspect to be consid-
ered in order to guarantee an appropriate degree of both sustain-
ability and profitability. In particular, the ready availability of the
biomass on the territory around the treatment plant, as well as
its cost, is crucial. As a matter of fact, when a substrate is produced
as a by-product of agricultural and industrial activities established
nearby the conversion plant, its supply and transportation costs
are lowered, which is beneficial to the overall economic balance
of the energy production process. Additionally, such choice
improves the sustainability of the process by reducing the pollut-
ing emissions due to biomass transportation over long distances.
Moreover, if the company that produced that by-product is also
in charge of its disposal, the possibility to collect this by-product
as a feedstock for energy purposes can represent an interesting,
viable and advantageous alternative.

In the region in which the present research group is operating
(i.e. the North-East of Italy), grape marc is widely available, as it
is an important by-product of the wine making industries. Grape
marc already has a utilization for the production of spirits through
distillation. However, downstream of such process, most residual
grape marc is still found as a wet ligno-cellulosic residue, which
must be properly disposed of. HTC could be an effective technology
to achieve both the disposal and valorisation of such feedstock.

Considering that HTC is performed at milder operational condi-
tions than the other hydrothermal processes, this process has been
investigated in the present paper as a suitable way to energetically
valorise the grape marc by-product which is affordable also at the
SME (Small and Medium Enterprise) level.

In this paper, the results of HTC of grape marc performed in a
lab scale batch reactor are presented. Several reaction conditions
were explored, including different reaction temperatures and resi-
dence times. Both solid and gaseous products were sampled and
analyzed. The energy content, the elemental analysis and the ther-
mal stability of the solid was determined, showing the great poten-
tiality of hydrochar as a fuel. Analyses on the gaseous phase were
performed both to try to understand the chemical processes

occurring during HTC and to get information on the gaseous emis-
sions on the environment.

2. Materials and methods

2.1. The feedstock

Grape marc collected after wine production consists of seeds,
skins and, possibly, stalks. Actually, stalks are collected together
with seeds and skins or, vice versa, separately according to the dif-
ferent wine-making procedures. Usually, when grape marc origi-
nates from the wine-making process, it is referred to as ‘‘fresh
grape marc’’, while after it has been used for spirits production, it
is referred to as ‘‘exhausted grape marc’’. In the case of fresh grape
marc, the moisture content ranges between 60% and 70% (Fiori and
Florio, 2010). Thus, after a drying pre-treatment, which could be
addressed also through innovative technologies such as
bio-drying (Rada et al., 2009), grape marc can be exploited for
energy purposes through conventional thermochemical processes
such as combustion or pyrolysis (Fiori et al., 2012b).
Alternatively, it can undergo hydrothermal treatments, like the
HTC here investigated.

For the present research, fresh grape marc was collected at a
wine-production site located in Trentino (North-East of Italy).
The raw feedstock was dried in a ventilated oven at 65 !C for about
48 h. Subsequently, grape marc was let cooling down to room tem-
perature and finally stored into plastic bags, until use. The final
average moisture was measured to be about 5%. This kind of
pre-treatment was performed in order to collect data regardless
of the degree of moisture of the incoming feedstock, which could
be variable. Furthermore, this drying pre-treatment was necessary
to prevent the degradation of the feedstock during the period
between its collection and its actual utilization for the experiments
(up to some weeks). The presence of water would have caused
undesired degradation reactions, as well as mould formation,
which would have altered the quality and composition of the sub-
strate in a significant way. Nevertheless, when applying HTC to
grape marc in a real industrial process, wet grape marc would most
likely be used as received and possibly applying additional quanti-
ties of water, in order to reach the optimal biomass to water (B/W)
ratio.

2.2. The HTC experimental apparatus

As explained above, the hydrothermal carbonization is usually
performed in a temperature range of 180–250 !C. Since water
has to be maintained in its liquid state, pressures reach values of
40–50 bar. Therefore, a 50 mL stainless steel (AISI 316) batch reac-
tor was designed and built, with a design temperature and pres-
sure of 300 !C and 140 bar, respectively. For further technical
information, the reader can refer to Basso et al. (2015). The exper-
imental apparatus was equipped with a thermocouple embedded
inside the reactor. For the measurement of the pressure, both a
pressure gauge and a pressure recorder were used.

2.3. Experimental procedure

The reactor was filled with 5.4 ± 0.1 g of feedstock and
27.0 ± 0.1 g of distilled water, obtaining a biomass to water ratio
of about 0.19 (dry basis). The reactor was sealed with a copper gas-
ket and then it was closed. Before each test, nitrogen was flushed
within the reactor to purge it from the presence of air. The reactor
was warmed up through a band heater. At the end of each test, the
reactor was quenched with the help of a stainless steel block kept
at !26 !C which was put underneath the reactor itself, while fresh



compressed air was blown onto it. To both warm up and quench
the reactor, about 15–20 min were required. The residence times
here considered refer to the period between the reaching of the
set temperature and the starting of the quenching. Three tempera-
tures and three residence times were chosen for the experiments:
180 !C, 220 !C, 250 !C at 1 h, 3 h and 8 h. Test runs corresponding
to all the 9 combinations of such parameters were executed.

The experimental apparatus did not allow for the simultaneous
measure of both the volume and the composition of the gas pro-
duced during the process. Thus, tests were repeated twice at the
same conditions in order to measure separately the volume of
the produced gas and its composition. All the gas composition
measurements were repeated three times. The volume of the pro-
duced gas was measured directly in one series of tests, while in the
other series (where the gas composition was measured), it was cal-
culated considering the measured reactor residual pressure after
quenching. In all the repetitions, temperature and pressure profiles
showed a deviation never higher than 1.0% and 1.4%, respectively.

2.4. Measurements and analyses of the solid phase

At the end of each run, the reactor was opened. Its content was
filtered and both liquid and solid products were collected. The wet
filter and the reactor, both holding a certain amount of solids, were
dried in an oven at 105 !C for at least 8 h. After drying, the filter
and the reactor were weighed again. The hydrochar yield was then
determined in terms of amount of solid recovered with respect to
the amount of substrate initially loaded into the reactor, i.e.
kghydrochar per kgdry feed.

The energy content of the hydrochar was assessed measuring
the higher heating value (HHV) of powdered samples in a calori-
metric bomb (IKA 200C). Isoperibolic method was applied in accor-
dance with UNI EN 14918:2010.

The elemental analysis was carried out in a Thermo NA 2100 to
obtain C, H, N, and S mass fractions. The ash content was then
determined by incineration at 550 !C according to EN 14775 proce-
dure. The O content was deduced by difference.

The thermo-gravimetric analysis (TGA) of solid samples was
carried out in a TG-DTA LabSys Evo (Setaram). About 20 mg of each
sample were heated from 30 to 800 !C in a nitrogen atmosphere at
5 !C min!1.

2.5. Measurements and analyses of the gaseous phase

To measure the amount of gas formed during the HTC process, a
simple experimental apparatus consisting of a plastic graduated
cylinder with the lower part submerged into water was used.
Before each measurement, vacuum was created inside the cylinder
through a pump, to raise the water meniscus up to the zero of the
graduated scale. The zero was positioned on the upper part of the
cylinder, with the graduated scale (in cm) facing downwards. Thus,
a needle valve was opened and the gas flowed inside the cylinder,
causing the water level to decrease. The difference between the ini-
tial and the final position of the meniscus allowed the calculation
of the volume of formed gas.

For the analyses of the gaseous phase composition, a mobile
micro-GC (Agilent 3000), equipped with a MOLSIEVE and a PLOT
U column was used. Detectable components were H2, N2, O2, CO,
CH4, CO2, C2H6 and C2H4.

2.6. Statistical analysis of data

ANOVA was performed to get insights on the influence of both
temperature and residence time on three different variables:
hydrochar yield, hydrochar HHV and gas composition. As far as
hydrochar yield is concerned, the data used for the statistical

analysis are relevant to experimental tests repeated twice. Thus,
for this variable two-way ANOVA with two replications was per-
formed (with significance level a = 0.05).

On the contrary, the hydrochar HHV was measured only once.
Thus, two-way ANOVA without replications (with a = 0.05) was
performed for HHV.

The gas composition was measured three times by the
micro-GC, although these measurements are relevant to the same
HTC test (see Section 2.3). For the gas composition two-way
ANOVA without replications (with a = 0.05) was performed, taking
the values of the gas composition as the average (arithmetic mean)
of the three measurements.

To perform ANOVA the following Ms Excel Data Analysis tools
were used: ‘‘Anova: Two-Factor With Replications’’ for hydrochar
yield, and ‘‘Anova: Two-Factor Without Replication’’ for both
HHV and gas composition.

3. Results and discussion

3.1. Experimental runs

In Fig. 1 typical temperature and the pressure profiles are rep-
resented, with reference to an experimental run performed for
8 h at 250 !C.

In about 20 min the reactor reaches the set point temperature
(in the case shown, 250 !C), that is then kept constant for the
selected residence time (in this case, 8 h). At the end of the process,
the reactor is quenched and this operation takes again about
20 min. An initial increase of the temperature above 250 !C can
be observed: this is due to the time delay in heat transfer from
the heat source (band heater) to the thermocouple providing the
temperature value to the temperature controller.

It can be observed that the temperature along the whole run is
kept constant, while the pressure slightly increases with time. This
increase is due to the formation of gas during the HTC process. An
interesting comparison can be made with the NIST steam tables
data (NIST, 2015), represented by the light gray solid line in
Fig. 1. The gas formed from the feedstock is responsible for the dif-
ference between the vapor pressure (39.762 bar at 250 !C, NIST,
2015) and the actual pressure measured during HTC. It can be
appreciated that gas is formed in the early stages of the process:
immediately after the heating up phase, differences between the
actual pressure and the vapor pressure become evident. The gas
production does not follow a linear trend, but it is more remark-
able at the beginning of the process, while it decreases increasing
the residence time. Finally, when the system is cooled down, the
residual pressure within the reactor testifies once more that a
non-negligible amount of gas formed during HTC.

3.2. Hydrochar yield

Fig. 2 shows the hydrochar yield for all the performed tests and
its dependence on process temperature and residence time.
Hydrochar yield ranges from 0.76 (temperature: 180 !C; residence
time: 1 h) to 0.56 (temperature: 250 !C; residence time: 8 h).
Similar results have been obtained by Pala et al. (2014), performing
HTC on grape pomace. The increase in process temperature and
residence time causes the hydrochar yield to decrease (and the
production of gas to increase, Fig. 4). In the range of operating con-
ditions investigated, the effect of the process temperature is much
greater than that of the residence time. As a matter of fact, the
two-way ANOVA results confirmed that the temperature affects
the hydrochar yield (F > Fc and p = 0.002), while the residence time
cannot be considered statistically relevant (F < Fc and p = 0.173).
Moreover, it is not possible to affirm that the effect of interactions



between temperature and residence time is statistically significant
(F < Fc and p = 0.514).

The minor influence of the residence time on the hydrochar
yield is particular evident at 180 !C: the hydrochar yields are
nearly coincident for all residence times analyzed. At 220 and
250 !C, the system seems more reactive and the effect of residence
time can be noticed (in terms of the average values).

This could be explained by referring to the main reactions typ-
ically taking place during HTC. Some authors (Funke and Ziegler,
2010; Libra et al., 2011) suggested that such reactions include:
hydrolysis of the feedstock, dehydration, decarboxylation, decar-
bonylation, condensation, and polymerization. In particular,
Funke and Ziegler (2010) reported that, when carbonizing lignocel-
lulosic materials, hemicellulose readily hydrolyzes from 180 !C,
while both cellulose and lignin are hydrothermally degraded at
temperatures higher than 200 !C. Therefore, the almost constant
yields at 180 !C shown in Fig. 2 could be due to the fact that only
hemicellulose is degraded and that such conversion is achieved
in the first stage of reaction (i.e. up to 1 h). Thus, at 180 !C the

residence time does not contribute to the degradation of the feed-
stock to both liquid and gaseous products.

3.3. Gas phase: composition and production

Fig. 3 reports the data obtained from the measurements with
the portable micro-GC. CO2 is the gas formed the most during
HTC, with molar fractions ranging from 94% to 99% (Fig. 3a). At
180 !C almost all the gas formed is composed of CO2 (98–99%).
Increasing the temperature, relatively less CO2 is formed while
the CO production increases. Referring to Fig. 3a and b, the influ-
ence of the residence time at 220 !C is negligible, while it is more
pronounced at 250 !C. Moreover, an interesting effect can be
appreciated from both Fig. 3a and b. At 180 !C, increasing the reac-
tion time causes the molar fraction of CO2 to decrease slightly and
the molar fraction of CO to increase slightly. At 220 !C, the reaction
time has no effect of the relative amount of CO2 and CO. At 250 !C,
increasing the reaction time causes the molar fraction of CO2 to
increase and the molar fraction of CO to decrease, thus the trend

Fig. 1. Trends of temperature and pressure during an experimental run (set point temperature: 250 !C; residence time: 8 h); vapor pressure data are also reported (NIST, 2015).

Fig. 2. Hydrochar yield (average of two replications ± standard deviation) at different temperatures and residence times.



is opposite to that detected at 180 !C. A possible explanation to
this phenomenon could be that, at low residence times,
de-carboxylation reactions are favored at low temperatures, while
high temperatures tend to favor de-carbonylation. At 250 !C, the
decrease of CO at increasing residence time, and the corresponding
increase of H2 and CO2, are most likely an effect of the water-gas
shift reaction (Castello et al., 2015) which can effectively take place
at the considered reaction conditions. At 180 !C, the decrease of
CO2 at increasing residence time could be related to some reduc-
tive processes taking place in the aqueous phase. The tests at the
intermediate temperature (220 !C) do not show a relevant depen-
dence on the residence time since, probably, such two tendencies
balance each other. Further work should be performed to better
explain this issue.

Fig. 3c and d shows that, in all process conditions, both H2 and
CH4 are produced in trace amounts.

The two-way ANOVA performed on the gas composition data
allowed to state that both temperature and residence time affect
the gas production for all the gases (F > Fc and p < a).

Fig. 4 reports the total gas production at the different condi-
tions. The gas production trends are clear: the increase of both
temperature and residence time results in an enhancement of
the gaseous phase produced by HTC. This result is in agreement
with that obtained for the hydrochar yield (Fig. 2): increasing the
severity of the process causes higher degradation of the solid feed-
stock in favor of the gaseous products. Furthermore, Fig. 4 shows
how the effect of temperature is stronger if compared to that of
residence time. As a matter of fact, the increase of the produced
gas at increasing residence time (at fixed temperature) is lower
than that at increasing temperatures (at fixed residence time).
This is further evidence that the main reactions involved in HTC
mostly take place in the first stage of the process. Hence, further
research should focus on the reaction steps that characterize the
first hour of operations. Finally, the results shown in Fig. 4 confirm

that the amount of gas produced during HTC is smaller if compared
to that of other thermochemical processes. Hence, when consider-
ing HTC industrial applications, this fact will ease the management
of environmental issues.

3.4. Hydrochar characterization

In Fig. 5 the HHVs of the hydrochar obtained at different HTC
conditions were reported. On the x-axis, the label ‘‘RF’’ stands for
‘‘raw feedstock’’, i.e. dried grape marc.

The increase in HHV due to HTC is significant, ranging from 24%
(residence time: 1 h; temperature: 180 !C) to 54% (residence time:
8 h; temperature: 250 !C). These values of energy densification
seem to be consistent with those obtained by Pala et al. (2014).
Performing HTC of several municipal solid wastes, Lu et al.
(2011) obtained an increase in HHV ranging from 1% to 41% (resi-
dence time: 30 min; temperature: 220 !C), values comparable to
those here obtained.

The two-way ANOVA allows to state that both temperature and
residence time affect the HHV of the hydrochar (F > Fc and p < a).
Also the HHV data of Fig. 5 corroborate the conclusions above
reported when discussing on hydrochar and gas yields (Sections
3.2 and 3.3): the influence of process temperature is greater than
that of residence time. This is in clear agreement with previous lit-
erature results (Funke and Ziegler, 2011; Gaji et al., 2012; Liu and
Balasubramanian, 2012). As a matter of fact, an increase in temper-
ature favors dehydration and the decarboxylation reactions, which
corresponds to a decrease in the content of both oxygen and hydro-
gen in the feedstock. Similar results were found also by other
authors (Heilmann et al., 2011; Dinjus et al., 2011; Mumme
et al., 2011).

The elemental analysis (Table 1) clearly shows that the carbon
content of the hydrochars increases with temperature and resi-
dence time and, correspondingly, the oxygen content decreases.

Fig. 3. Gas phase molar composition (average of three replications ± standard deviation) at different temperatures and residence times: (a) CO2; (b) CO; (c) H2; (d) CH4.



Vice versa, the relative abundance of hydrogen, nitrogen, and ash
seems not affected by the severity of the process. The content of
sulfur, extremely small and often measured equal to zero, was
not reported in Table 1.

The compositional data reported in Table 1 support the energy
densification results previously discussed: the higher is the carbon

content of the substrate, the higher its HHV. Importantly, the
atomic ratio O/C decreases drastically with process time and tem-
perature: from 0.54 (raw biomass) to 0.21 (residence time: 8 h;
temperature: 250 !C). Referring to the van Krevelen’s diagram
(Basso et al., 2015), the HTC process provides hydrochars in the
region of biomass/peat when the process temperature is 180 !C,

Fig. 4. Gas yield (average of two replications ± standard deviation) at different temperatures and residence times.

Fig. 5. HHVs at different temperatures and residence times.

Table 1
Elemental analysis: values in wt.%.

Residence time (h) Temperature (!C) C H O N Ash H/C O/C

Grape marc (dried) 49.71 6.15 35.57 2.43 6.00 1.49 0.54
1 180 56.21 5.88 31.99 2.53 3.38 1.26 0.43
3 180 56.98 5.64 30.18 2.58 4.62 1.19 0.40
8 180 57.23 5.71 29.67 2.78 4.62 1.20 0.39
1 220 59.85 5.74 28.00 2.59 3.83 1.15 0.35
3 220 62.47 5.43 25.85 2.72 3.53 1.04 0.31
8 220 64.10 5.66 24.02 2.24 3.98 1.06 0.28
1 250 64.94 5.80 22.40 2.77 4.09 1.07 0.26
3 250 65.58 6.00 20.35 2.81 5.26 1.10 0.23
8 250 68.07 5.81 19.36 2.56 4.20 1.02 0.21



and in the region of peat for more severe process conditions.
Actually, the hydrochar obtained after 8 h at 250 !C is in the region
of lignite.

Results from TGA testify that the mass loss of the hydrochar
samples during analysis greatly reflects the HTC operational condi-
tions: the mass loss is in the range of 65.7–67.9 wt.% for the hydro-
chars obtained at 180 !C, while it is comprised between 51.8 and
57.2 wt.% for the hydrochars obtained at 250 !C (complete set of
results not shown).

The derivative mass loss (DTG) is reported in Fig. 6 for five sam-
ples including the raw material and the hydrochars obtained after
1 or 8 h HTC treatment at 180 or 250 !C.

For the raw sample, a large peak of DTG is observed at low tem-
perature with three relative minima at 80, 102 and 134 !C. These
peaks are due to dehydration and release of volatile compounds.
After HTC treatment, the peak appears to be only centred at
80 !C, likely due to residual water content. Therefore, the HTC
treatment impacts the presence of volatile compounds in the
remaining solid.

Raw sample shows three other main peaks centred at 262, 310,
and 408 !C. These peaks correspond to the thermo-degradation of
organic compounds present in the grape marc.

Considering hydrochars obtained at low temperature (180 !C),
the main mass loss is represented by a peak centred at a tempera-
ture of about 337 !C. Interestingly, such peak is more intense than
the peaks of grape marc, meaning that new compounds are pro-
duced during HTC. Moreover, this peak is slightly shifted to a
higher temperature if compared to the peak detected for the raw
material (310 !C), meaning that the new compounds are slightly
more stable. At the highest treatment temperature (temperature:
250 !C; residence time: 1 h), the peak is shifted to 371 !C, testifying
that the new formed compounds are even more stable.

HTC has a clear impact on the compounds which are degraded
at 262 !C, as the peak is much less intense after HTC. Thus, a large
part of these compounds were removed during HTC.

The peak centred at 410 !C is also impacted by HTC, as its inten-
sity increases with the increase of temperature and residence time.
The highest impact is found for the most severe conditions (tem-
perature: 250 !C; residence time: 8 h).

To summarize the information contained in Fig. 6, the increase
of temperature and residence time causes a decrease in the amount
of volatile compounds and thermo-sensitive molecules, and results
in an increase in thermal stable compounds in the hydrochar. This
is in complete agreement with the compositional data of Table 1:
the increase in carbon content indicates an increase in ‘‘fixed car-
bon’’, which is testified by the increased thermal stability proved
by TGA. In addition, as previously discussed, the increase of carbon

content sustains the higher HHV of the hydrochar produced at the
most severe conditions, as shown in Fig. 5.

4. Conclusions

In this paper, hydrothermal carbonization was studied as a
viable process to energetically valorise grape marc. In particular,
the research was performed with an experimental apparatus,
through which several tests were carried out at different tempera-
tures and residence times.

The results obtained for both solid and gaseous products
showed that temperature is the main parameter affecting the pro-
cess. An increase in temperature reduces hydrochar mass yields in
favor of the gaseous phase. Despite less solid formed, the hydro-
char produced at higher temperature has a higher carbon content
and thus a higher HHV. At 250 !C, the HHV increase due to HTC
is significant, and varied from 43% to 54%, depending on residence
time. Conversely, the increase in HHV was only equal to 24% at the
less severe process conditions (1 h, 180 !C). In addition, increasing
the severity of the process greatly increases the thermal stability of
the hydrochar produced.

The gaseous phase is mainly composed by CO2, with some CO
being generated at higher temperatures. Other molecules, such as
H2 and CH4, are only produced in traces. Their amounts tend to
increase when more severe process conditions are adopted.

HTC seems to have great potentialities for meeting the chal-
lenges of both energetically valorising winery industry residues
and improving their management. Future research will include
in-deep analyses of the liquid phase, in order to better understand
the chemical reactions occurring during HTC. Moreover, to address
real industrial applications of the HTC process, an economic evalu-
ation is mandatory.
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