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Abstract
Hydrothermal carbonization (HTC) of dried olive pomace (DOP) was performed in
subcritical water under HTC conditions (180-250 °C) to assess the potential of the
generated hydrochar to produce energy. The effects of process parameters (holding
time, temperature and DOP/water weight ratio) on the yield and the quality of the
hydrochar were examined. The mass yield of hydrochar was between 56% and 71% and
its HHV increased by more than 23% compared to the HHV of DOP giving a hydrochar
similar to a lignite type coal. The results reveal that a 30 min treatment at 215 °C with
DOP/water weight ratio of 1/6 maximizes the energy yield (83%) of the HTC process.
Both the DOP and the hydrochar were characterized by ultimate, proximate and
thermogravimetric analyses. The ultimate and thermogravimetric analyses showed that
the hydrochar is more carbonaceous and more thermally stable than untreated DOP. The
HTC conversion of raw DOP was carried out by dehydration reactions. The proximate
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analysis showed that hydrochars contained lower ash and volatile matter compared to
the raw DOP.
Keywords: Hydrothermal carbonization; Dried olive pomace; Solid fuel; Thermochemical properties.
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Nomenclature
HTC
DOP
HHV
MC
VM
FC
FTIR
TG
DTG
MY
ED
EY

hydrothermal carbonization
dried olive pomace
higher heating value (MJ/kg)
moisture content (%)
volatile matter (%)
fixed carbon (%)
Fourier transform infrared spectroscopy
thermogravimetry
derivative thermo-gravimetry
hydrochar mass yield (%)
energy densification ratio
energy yield (%)

1. Introduction
Biomass energy or bioenergy is considered as the fourth largest energy source (behind
oil, coal and natural gas), accounting for about 14% of global primary energy
production [1]. In 2012, 70% of global renewable energy used to generate heat came
from biomass [2]. In addition, compared to coal, lower sulfur and nitrogen content in
biomass fuels reduce gaseous pollutant emissions during combustion and thereby
reduce the emission of greenhouse gases [3,4,5]. Finally, in terms of CO2, biomass fuels
are considered as carbon neutral.
Biomass energy conversion is carried out by biochemical or thermo-chemical
transformations. Biochemical conversion of biomass includes fermentation and
anaerobic digestion to produce ethanol and biogas, respectively. Thermo-chemical
processes can be classified into two categories: (i) dry processes (combustion,
gasification and pyrolysis), and (ii) hydrothermal processes [5-8] The combustion of
biomass produces thermal energy, while gasification, pyrolysis and hydrothermal
treatment degrade the biomass into gas, liquid and solid fuels [6]. The optimal
conversion method depends on the biomass nature, the desired type of energy vector,
the environmental constraints and economic factors. Biomass with high moisture
content is suitable for hydrothermal conversion, while biomass with lower moisture
content (< 50%) is more suitable for dry thermo-chemical processes. Indeed, high
moisture reduces the calorific value of biomass and increases the cost of storage and
transportation of the raw material [7]. In addition, a biomass drying process is required.
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To overcome this constraint, which is a source of energy consumption, hydrothermal
treatment of the original wet biomass fuel can be implemented as an elegant solution.
Some studies indicate that it is possible to obtain energy savings of over 50% by using
HTC rather than other pre-treatment technologies like dry torrefaction [9–11].
HTC occurs in subcritical water between 180 °C and 250 °C and may last a period of
time ranging from few minutes to several hours [11–17]. The pressure is autogenous
with the saturated vapor pressure of the subcritical water and the gas produced during
HTC process [11,14].
The main product of the HTC process of biomasses is a stable, carbonaceous (55-74%
carbon) solid, a lignite-like material called "hydrochar" [16], which is characterized by a
high calorific value (21.1 to 30.6 MJ/kg) [4,13,18–21]. The nature of the biomass and
the operating conditions (holding time i.e. the HTC process time, temperature and the
biomass/water weight ratio) affect the composition of the final products [9,10,22,23].
The condensable phase consisting of sugars (glucose, xylose, fructose, sucrose), furfural
derivatives (furfural, HMF), organic acids (formic, acetic, lactic) and phenolic
compounds (phenol, catechol, cresol), and the un-condensable fractions including CO2
and CO, are the by-products of the HTC process [11,13,24]. During HTC, raw biomass
is surrounded by hot water in the liquid state in the subcritical phase and undergoes
changes in its structure by a series of chemical reactions, such as hydrolysis,
dehydration, decarboxylation, aromatization, condensation, depolymerization and
Fischer-Tropsch type synthesis [10,16,25–27]. Certain polymers constituting the
biomass (hemicellulose, cellulose, lignin) become less stable under hydrothermal
conditions [22,27–29]. Libra et al. [16] and Kambo and Dutta [27] reported that
decomposition of biomass by HTC is dominated by similar chemical reactions to those
of pyrolysis. However, these authors indicated that HTC decomposition of biomass is
initiated by hydrolysis which leads to lower biomass decomposition temperatures
compared to pyrolysis. In addition, and according to Pala et al. [10] and Kambo and
Dutta [27], HTC reduces the ash content of hydrochar due to biomass demineralization,
while pyrolysis generally increases the ash content of the char. Non-lignocellulosic
materials may also be investigated by the HTC process such as municipal solid waste
[30], sewage sludge [31], wastewater [19], digested maize silage [32] and algae [33].
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The olive oil industry sector is very important in the Mediterranean Europe and North
Africa, with, for example, around 420 000 t/year of olive pomace generated in Morocco,
and 130 000 t/year in the Meknes-Tafilalet region alone. Olive pomace is a by-product
of the olive oil industry containing water, oil, olive skin, olive pulp, and olive stones
[34]. In fact, three kinds of pomace can be considered depending on the extraction
technique. In the traditional system after mechanical pressing two phases are obtained:
(i) water and oil; and (ii) pomace. The second technique is called 3-phase decanter
process. After a crushing/grinding operation of olive, water is added and centrifugation
is applied which creates three phases: (i) vegetation water and process water, (ii) oil,
and (iii) pomace. The third olive oil extraction technique is the 2-phase decanter process
where no water is added; therefore only two phases are obtained after centrifugation
generating (i) oil and (ii) olive pomace.
The 3-phases extraction system presents several advantages (complete automation,
better quality oil, smaller area needed) compared to traditional pressing but with some
disadvantages also like high energy and water consumption, huge wastewater
generation and important installation cost. To reduce water consumption, 2-phases
extraction system was developed and widely used. However, great difficulties exist for a
second oil extraction process from 2-phase olive pomace [35]. These wastes need to be
treated to prevent potential negative effects on the environment, especially on water
sources. Energy recovery from this waste could provide both a solution for its disposal
and for generating additional energy for different needs, such as heat or steam for olive
trituration units and for domestic heating in the olive producing regions.
To improve the oil extraction yield, some oil extraction units are equipped with a
system able to separate the olive pulp from the olive stones [35]. Álvarez-Murillo et al.
[17] studied the influence of operating parameters (holding time, temperature and
biomass/water ratio) on the HTC conversion of olive stone. Only limited studies have
been performed on the HTC treatment of olive pomace [11]. Volpe and Fiori [36]
worked on the waste material issued from a 2-phase olive oil extraction process. They
studied the effect of temperature between 120 °C and 250 °C and that of biomass/water
ratio from 7% to 25% at 250 °C considering that holding time has no influence on the
HTC process results.
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On the basis of this background, the main objective of the present work is to assess the
energy potential of hydrochar obtained from HTC processing of olive pomace produced
from 3-phases olive oil extraction process. The influence of the process parameters
(holding time, temperature and biomass/water weight ratio) on the quality and the yield
of hydrochar is investigated. The biomass/water weight ratio is studied up to 50%. The
increase of this parameter increases obviously the hydrochar generated per operation
and therefore reduce the energy consumption per operation to heat the water. Together
with the fact that we are working with solar-dried pomace samples, our intention is to
provide data for the HTC processing of olive pomace under relevant conditions for large
scale applications by minimizing the energy needs of the process and therefore
maximizing the global process energy efficiency.
2. Materials and methods
2.1 Feedstock material
Depending on the olive oil extraction technology, the moisture content of the olive
pomace may reach values up to about 70%: approximately 25-35% for traditional
processes, 45-55% for 3-phase centrifugal and 60-70% for 2-phase centrifugal systems
[37]. Dried olive pomace (DOP) used in this work was obtained from 3-phase
centrifugal extraction systems [37] in Meknes-Tafilalet region (Morocco). After openair drying of the olive pomace, the raw DOP had a residual moisture content of 7% and
a residual oil content of 10% (determined by Soxhlet hexane extraction). The feedstock
was preserved in plastic bags in a refrigerator at ~5 °C.
2.2 HTC experimental procedure
HTC experiments were conducted in a 50 mL batch reactor (purchased from Top
Industrie, France) made of a nickel base alloy (Inconel 718). The HTC autoclave was
placed in a furnace connected to a control panel which allowed adjusting and displaying
the temperature during the experiment. DOP and distilled water were introduced into
the batch reactor at room temperature. For each experiment, 300.001 g of distilled
water was used, except for experiments with a biomass/water ratio equal to 1/2 where
180.001 g was introduced. The mass of raw DOP was weighed to obtain the

6

biomass/water ratio target. So the mass of raw DOP varied from 30.001 g to 90.001
g. The mixture was manually stirred to ensure thorough wetting of the feedstock. To
eliminate the residual air, vacuum was applied to the reactor Air was purged with a
vacuum pump. After purging reaching a pressure less than 60.10-3 bar, the heating
program was started to reach the pre-set temperature. Once the temperature reached the
set value, the experiment was carried out for a fixed duration of time. At the end of this
time, the reactor was cooled to room temperature using air circulation. Pressure (Pexp)
and temperature (Texp) were measured permitting to calculate the gas volume produced
at room temperature. For this purpose the total volume, including the reactor, pipes and
valves volumes has been measured giving a total volume of 66 mL. Gaseous products
were purged. The solid and liquid products were separated via Büchner filtration. The
liquid phase was weighed, stored and protected from light in a refrigerator (~5 °C). The
pH of the liquid phase was measured, and the collected hydrochar was weighed and
dried at 105 °C for 24 h [11,38]. The analytical techniques used to characterize the raw
DOP and the hydrochar are described in the next section.
The holding time, temperature and DOP/water ratio were chosen to study the effect of
operating parameters on the performance of HTC conversion. In a first series of
experiments, the conditions 215 °C and 1/6 DOP/water weight ratio (equivalent to 86%
of moisture content) were fixed while the holding time was varied between 0 and 120
min. The holding time is the duration for which the process temperature is maintained
fixed. In fact, the holding time was increased until observing a decrease of the energy
yield (Eq. 3). A flash test (holding time = 0 min) was also carried out to study the
influence of the heating and cooling steps of the reactor on the HTC process (Fig. 1). In
additional experiments, the temperature was varied between 180 °C and 250 °C at the
optimized holding time and the DOP/water weight ratio of 1/6. Finally, the DOP/water
weight ratio was varied between 1/10 and 1/2 (equivalent to: 91% to 67% of moisture
content, respectively) at both optimal holding time and temperature.
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2.3 Biomass and hydrochar characterization
Analyses of extractives, i.e. hemicellulose, cellulose and acid insoluble lignin fractions
of raw DOP were performed according to the literature protocols [39,40]. The analyses
were repeated in duplicate giving a maximum standard deviation of 3.3%.
 Ultimate and proximate analysis
Elemental composition was determined using a FLASH 2000 CHNS/O analyzer
(Thermo Scientific). The moisture content (MC) of the samples was measured by a
gravimetric method in accordance with European standards (EN 14774-3: 2009: E).
Thermo-gravimetric analysis (TGA) was carried out using a STA 449 F3
thermogravimetric analyzer (NETZSCH) to determine the volatiles, fixed carbon and
ash contents. The TGA was carried out using a heating rate of 10 °C/min. The ash
content was obtained by the combustion of the sample in air at 550 °C for biomass and
815 °C for hydrochar over a period of 2 h (EN 14775: 2009: E). For the volatile matter
(VM), the analysis was performed at 900 °C for 7 minutes in N2 ambience (EN 15148:
2009 E). The fixed carbon (FC) percentage was obtained from the following
relationship: FC (%) = 100 − [MC (%) + ash (%) + VM (%)]. The standard deviation of
triplicate runs is: 0.3% for VM, 0.2% for ash, 0.1% for MC and 0.4% for FC.
The high heating value (HHV) was determined using a bomb calorimeter (Parr 1261)
and HHV values are given in MJ/kg on a dry basis. The measurements were repeated in
duplicate giving a maximum standard deviation of 0.5 MJ/kg.
 Fourier transform infrared spectroscopy
The functional groups of raw DOP and hydrochars were analyzed by Fourier transform
infrared spectroscopy (FTIR) on a NICOLET 6700 FT-IR spectrometer (Thermo
Scientific). Each spectrum was recorded over 64 scans, in a wavenumber range from
4000 cm-1 to 800 cm-1 with a resolution of 16 cm-1.
 Criteria to determine HTC performances
The mass yield of the HTC experiments was obtained from the amount of dry biomass
introduced in the reactor. Gas fraction was obtained by considering that the gas was
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CO2 [36]. The ideal gas law was then applied using Pexp and Texp. The volume occupied
by the gas (Vexp at Texp) was calculated by difference: Vexp = total volume – residual
liquid – hydrochar volume. Hydrochar density was measured and found equal to 0.37;
while the density equal to 1 was used for the liquid. The liquid fraction was calculated
by difference as: Liquid yield (wt.%) = 100 – Hydrochar yield (wt.%) – Gas yield
(wt.%). The experiments with a holding time of 120 min were carried out in triplicate
giving a maximum standard deviation of 2.5% for the hydrochar yield.
The HTC performance to produce hydrochar was based on three criteria:

Mass yield (%) 

Mass

dried hydrochar
Mass
dried DOP

Densificat ion energy ratio 

(1)

HHVdried hydrochar

(2)

HHVdried DOP
Energy yield (%) = Mass yield (%)  Densification energy ratio

(3)

For simplicity, the abbreviation (HC-DOP-X) is used hereafter to denote the hydrochar
(HC) in accordance with the studied operating parameters, where X represents the
holding time or the HTC treatment temperature or the DOP/water weight ratio. DOP
was olive pomace as received from the olive oil factory after the open air drying process
and is HTC processed without any grinding or other preparation. Dried DOP was the
DOP without 7% of moisture.
3. Results and discussion
Systematic HTC experiments were performed in order to examine the influence of
different parameters on the DOP conversion process. Holding times were in the range of
0 to 120 min, chosen temperatures were 180 °C, 200 °C, 230 °C and 250 °C and
DOP/water weight ratio was between 1/10 and 1/2 (equivalent to: 91% to 67% of
moisture content, respectively).
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3.1 Raw material characterization
The results of proximate and ultimate analyses of the raw row DOP are given in Table
1. The MC of DOP (7.4%) is of the same order of magnitude as those encountered in
the literature (5.8%) [41,42]. Both VM (74.2%) and FC (16.1%) fractions of DOP in
this work are close to the values found by Di Blasi et al. [42]. The DOP has low ash
content (2.3%), which is an advantage for energy recovery. Ultimate analysis revealed
that raw DOP has higher carbon (53.5% vs. 47.5%) and lower oxygen (38.6% vs.
45.8%) contents than a conventional woody biomass, such as red oak bark [43].
The extractives, hemicellulose, cellulose and acid insoluble lignin contents of raw DOP
are also given in Table 1. The results show that the raw DOP contains 39% of
hemicellulose and 13% of cellulose with a fraction of acid insoluble lignin and
extractives of 29% and 19%, respectively.
The DOP shows a HHV of 22.5 MJ/kg (comparable to the value of 22.3 MJ/kg reported
by Chiou et al. [41]). For example, this HHV is higher than traditional woody biomass,
such as red oak bark (18.9 MJ/kg), fir (21.0 MJ/kg), beech wood (19.3 MJ/kg) and pine
wood (19.9 MJ/kg) [5,43,44].

3.2 Mass yield
Fig. 2 shows the mass yield for the studied experimental conditions. In the first series of
experiments, representing the influence of holding time (Fig. 2A), hydrothermal
degradation reactions allow the production of 61% to 70% of hydrochar, at 120 min and
5 min, respectively. The mass yield evolution as a function of holding time reveals a
maximum value at 5 min and a decrease until 61% at 120 min. Besides, the treatment
with a holding time equal to 0 min (flash experiment) shows the influence of the
equipment. In our case, the heating and cooling rates are equal to 6 °C/min and 4
°C/min, respectively (Fig 1). These conditions allow a hydrochar production of 66%.
The liquid yield is similar between 5 and 60 min and reaches its maximum values in the
0 and 120 min experiments. During the flash experiment, the reactor temperature is
higher than 160 °C, i.e. the start temperature of hemicelluloses hydrolysis, during 33
min which might explain the high yield of the liquid fraction. For 120 min, high liquid
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fraction is produced from solid phase decomposition. The gas yield remains low and
increases with holding time.
Fig. 2B shows that when temperature increases, the hydrochar yield decreases, while the
liquid and gas yields increase. Liquid fraction is produced in largest quantity at a
temperature of 250 °C where the lowest hydrochar yield is observed.
For the last series of experiments (Fig. 2C), when the DOP/water weight ratio is
between 1/6 and 3/10, there is no effect on the hydrochar yield. For the 1/10 DOP/water
weight ratio, lower percentages of solids but higher percentages of liquid fraction are
observed in comparison to the previous cases. This may be explained by a higher
solvent proportion promoting the solubilization of biomass.
For the conditions of 0 min and 1/10 DOP/water weight ratio, a significant amount of
liquid phase is produced. In fact, the solubilization of hemicellulose and extractives into
liquid phase is favored at weak HTC conditions [11,24]. When holding time or the
temperature increase, the gas and liquid yields increase, while the yield of hydrochar
decreases due to the intensification of HTC reactions [11,14,45]. The release of the VM
also decreases the yield of hydrochar [13]. At the strongest HTC conditions of
temperature (250 °C) and holding time (120 min), the highest quantity of liquid phase is
obtained by the degradation of the solid phase during the HTC process.
At a fixed 30 min holding time and a DOP/water weight ratio of 1/6, the temperature
effect is more dominant in comparison to the effects of holding time and of DOP/water
weight ratio at the set temperature of 215 °C. In fact, the temperature indirectly affects
the HTC by changing the properties of pure water. Lower temperatures favor ionic
reactions which structure the solid residue, whilst higher temperatures favor biomass
decomposition into liquid and gas fractions [26,46]. The dielectric constant of the water
decreases from 40 F.m-1 (180 °C and 10 bars) to 28 F.m-1 (250 °C and 40 bars) which
increases the solubility of organic compounds in subcritical water [25,27]. In addition,
the ionic product (Kw) varies from 10-11.6 (180 °C) to 10-11 (250 °C) favoring acid and
base-catalyzed reaction [25,27].
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The pH level of the aqueous phase is between 4 and 5 for all experiments. This can be
explained by the formation of organic acids such as acetic acid, with smaller amounts of
formic and lactic acids [8,13,24,26,47].
3.3 Hydrochar characterization
Proximate analysis establishes the propensity of the solid fuel for combustion, pyrolysis
or gasification. Table 2 highlights the influence of different parameters on the proximate
analysis of DOP after HTC conversion. Hydrochar is less humid than raw DOP (1.83.7% vs. 7.4%). The same observation was reported by Yan et al. [12] and Sermyagina
et al. [23]. In fact, HTC eliminates hydroxyl and carboxyl groups during hemicellulose
and cellulose hydrolysis reactions, giving rise to a more hydrophobic residue than the
initial raw material [12,26]. Hence, lower moisture reduces the transport cost of solid
waste and avoids biological deterioration (fermentation) during storage.
VM and FC contents determine the ease with which solid fuel can be gasified or
converted by combustion [5]. Generally, a high VM fraction reduces the combustion
efficiency and raises pollution emission levels [10,20]. Experimental results in Table 2
show that the VM/(VM+FC) ratio of the carbonaceous matrix in DOP decreases after
HTC reactions, as also reported in the literature by Sermyagina et al. [23]. In the case of
peat, this ratio is equal to 0.7 and as it can be seen from Table 2, four present
experimental conditions allow to produce hydrochars with VM/(VM+FC) ratio inferior
to this value [4]. So the hydrochar produced by HTC of DOP could become a promising
alternative to solid fossil fuels.
The presence of inorganic compounds in the fuel causes the fouling and slagging of the
equipment during combustion, pyrolysis or gasification [48]. HTC of DOP allows the
restructuring of hydrochar to show lower ash content than raw DOP (<0.1-1.8% vs.
2.3%) which reduces the problems related to slagging and fouling. Inorganic
compounds of biomass are transferred into the liquid phase by acid solvation via the
acetic acid generated during the HTC reactions [10,27].
Table 3 shows the results of the ultimate analysis of raw DOP and produced hydrochar.
For all hydrochars, the content of carbon is higher than that of raw DOP, while the

12

fraction of oxygen is lower and the content of hydrogen remains constant. The nitrogen
content is found unchanged. and Sulfur is not detectable detected meaning that its
percent weight is less than the detection limit.
The Van-Krevelen diagram provides general information on the quality and nature of
the solid fuel: lower atomic O/C and H/C ratios reduce the energy loss by fumes and
steam released during combustion [20,27]. The characteristic zones for biomass, peat,
lignite, coal, and anthracite are also shown (Fig. 3). The evolution of the atomic O/C
and H/C ratios permit the estimation of the degree of deoxygenation of the biomass by
decarboxylation or by dehydration.
Fig. 3 shows that the hydrochars produced in this work are well in the domains of peat
and lignite [20]. The evolution of atomic H/C and O/C ratios shows that the HTC
conversion of raw DOP was carried out essentially by dehydration reactions as reported
by Reza et al. [49]. This result was confirmed by ultimate analysis (Table 3). Indeed,
the oxygen content decreases and hydrogen does not change with respect to raw DOP.
In the case of no losses of hydrogen, its weight fraction should increase.
As can be seen in Fig. 3, the HC-DOP-180 °C run shows that a temperature of 180 °C
with a holding time of 30 min and a DOP/water weight ratio of 1/6 are insufficient to
complete the conversion of raw by HTC. However, the produced hydrochar evolved
from the biomass region to peat and lignite by increasing the HTC temperature. Indeed,
increasing the temperature reduces the atomic O/C and H/C ratios and produces a
hydrochar similar to lignite, as evidenced for the HC-DOP-250 °C run. The same
evolution was observed in the works of Liu et al. [20] and Reza et al. [49]. Besides, the
hydrochars produced at 215 °C remain in the peat region despite increasing the holding
time and the DOP/water weight ratio.
3.4 Thermal behaviour (TG/DTG) of raw DOP and hydrochar
Fig. 4 presents the thermo-gravimetric (TG) and the derivative thermo-gravimetric
(DTG) results of raw DOP and produced hydrochars as a function of the studied
parameters (holding time, temperature and DOP/water weight ratio). The experiments
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were carried out in a nitrogen environment with a heating rate of 10 °C/min in a thermogravimetric analyzer.
The degradation of the raw DOP in an inert atmosphere begins at ~175 °C. The TG
curves show that the hydrochar is generally more thermally stable than the untreated
DOP. In fact, no degradation of hydrochar is observed below 192 °C, while raw DOP
loses about 7% of its initial mass at this temperature, suggesting the formation of a more
carbonaceous material. Figures 4A and 4C show that the holding time and DOP/water
weight ratio have no effect on the thermal behavior of the hydrochar except for HCDOP-60 min, which is characterized by a weaker loss of mass beyond 380 °C. In Fig.
4B, increasing the temperature increases the thermal stability of the hydrochar. The
residual mass is around 25% for the HC-DOP-180 °C but it is between 29-31% at the
temperature range of 200-230 °C. A higher residual mass of 38% is observed for the
HC-DOP-250 °C.
The DTG curves show that the raw DOP reaches its fastest mass loss at 267 °C and 333
°C which can be attributed to hemicellulose and cellulose decomposition, respectively
[50]. A comparable profile has been observed by Guizani et al. [51]. Beyond 333 °C,
the mass loss of raw DOP may be attributed to the pyrolysis of lignin that breaks down
gradually over the broad temperature range of 275-500 °C [52,53].
Fig. 4A presents the DTG curves of hydrochars for various holding times. DTG curves
peaks are shifted respectively from 267 °C and 333 °C to about 282 °C and 348 °C. The
same phenomenon is observed when temperatures (Fig. 4B) and DOP/water weight
ratio (Fig. 4C) were varied. This shift can be explained by the formation of
carbonaceous materials by polymerization from furfural-like compounds [14,54]. For all
hydrochars, degradation takes place over a wider temperature range, with mostly one
sharp peak located between 280 °C and 350 °C. This peak indicates that the largest
mass loss is related to cellulose and lignin. The disappearance of the first DTG peak
observed for raw DOP can be attributed to hemicellulose destruction during the HTC
process.
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3.5 FTIR of raw DOP and hydrochar
The decomposition of DOP by HTC process is also supported by the FTIR spectra
obtained from DOP and produced hydrochar (Fig. 5) As described in the paper of Rizzi
et al [55], we observe on Fig 5 bands in specific wavenumber regions of biological
materials which are between 3600 - 2800 cm-1 and 800-1800 cm-1. Theses absorption
bands are more visible in the case of raw DOP spectra. The signal centered at 3313 cm -1
corresponds to an overlap of hydroxyl and amino groups. The presence of hydroxyl
group suggests the presence of cellulose hemicellulose [55] and also lignin [56]. Peaks
at 2920 and 2840 cm-1 indicate the presence of the C─H stretching in methyl, methylene
and methine groups present in lignin [55,56], and aliphatic compounds [55]. The
presence of aliphatic compounds can be attributed also to the residual oil. Peaks at 1730
cm−1 and 1630 cm−1 are attributed to C=O stretching vibration of carbonyl groups
unconjugated and conjugated with aromatic rings [17]. Peak at 1032 cm-1 reveals the
presence of saccharidic-like structures, i.e. hemicellulose and cellulose [55,56].
Fig. 5 shows that the HTC treatment decreases the peaks ranges of hydrochars in
comparison with raw DOP. This can be explained by the transformation of the raw DOP
structure by chemical reactions such as hydrolysis, dehydration, decarboxylation,
aromatization and polymerization [10,16,25–27]. As expected, the decrease of the signal
at 3313 cm-1 corresponding to hydroxyl group after HTC treatment can reveal that
dehydration occurred during HTC process [17,57]. This finding is in agreement with the
elemental analysis and the Van-Krevelen diagram. Weaker range of peaks at 2920 cm-1
and 2840 cm-1 of produced hydrochar suggest that it contains less residual oil than
untreated DOP. Finally, HTC treatment decreases the amplitude of the peak at 1032 cm 1

which indicate the degradation of hemicellulose and cellulose of feedstock during the

HTC process.

3.6 HTC performance
Table 4 shows the influence of the studied parameters on HTC energy performances.
The evolution of the HHV of the DOP and the produced hydrochar is also given in
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Table 4. As reported in the literature [11,12,17,20,36], the HHV of the hydrochar
increased with the carbon content while the percentage of oxygen decreased. Heating
and cooling steps (holding time = 0 min) are sufficient to increase the HHV of the
hydrochar by 11% compared to raw DOP. A maximum increase of 23% is reached for
the HC-DOP-250 °C giving a HHV of 27.6 MJ/kg which is higher than lignite (25.7
MJ/kg) [20]. These are promising values for solid fuel applications of DOP processed
by HTC. The produced hydrochar has a HHV between 24.9 and 27.6 MJ/kg, giving an
energy densification ratio (ED) of 1.2 compared with DOP used for the HTC
experiments (Eq. 2).
The energy yield (EY) is a consequence of trade-off effects between the hydrochar mass
yield and its energetic quality (EY = MY × ED). The experimental data (Table 4) show
that its values range between 67% and 83%. Its minimal value is obtained with the
lowest MY but with the highest HHV. So MY has a strong influence on EY values.
Furthermore, the results show that a 30 min treatment at 215 °C with a DOP/water
weight ratio equal to 1/6 maximizes the energy yield (EY = 83%) for hydrochar
elaboration. Similar results have been obtained by Hoekman et al. [13] on a mix of
Jeffrey Pine and White Fir.
4. Conclusions
This work was focused on investigating the HTC treatment of DOP at several process
conditions, i.e. holding time, temperature and DOP/water weight ratio. Hydrochars were
produced and characterized. The resulting hydrochar was more carbonaceous and more
thermally stable than the raw DOP. The results show that the HTC conversion of raw
DOP was mainly carried out by dehydration reactions. Proximate analysis showed that
hydrochars contained lower ash and volatile matter than DOP. Heating and cooling
steps only were sufficient to increase the HHV of the hydrochar by 11% compared to
DOP. A maximum increase of 23% was reached at 250 °C giving an HHV for the
hydrochar similar to lignite. Results reveal that a 30 min treatment at 215 °C with
DOP/water weight ratio equal to 1/6 maximizes the energy yield (83%) of the HTC
process of DOP.
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Figure captions
Fig. 1: Temperature profile during a flash experiment (holding time=0 min, T=215 °C,
DOP/water weight ratio=1/6)
Fig. 2: Mass yield (%) for various A) holding times (T=215 °C, DOP/water weight
ratio=1/6), B) temperatures (holding time=30 min, DOP/water weight ratio=1/6) and C)
DOP/water weight ratios (holding time=30 min, T=215 °C).
Fig. 3: Van Krevelen diagram of raw DOP and hydrochars obtained at various holding
times (T=215 °C, DOP/water weight ratio=1/6), temperatures (holding time=30 min,
DOP/water weight ratio=1/6) and DOP/water weight ratios (holding time=30 min,
T=215 °C).
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Fig. 4: TG and DTG curves for raw DOP and hydrochars obtained at various A)
holding times (T=215 °C, DOP/water weight ratio=1/6), B) temperatures (holding
time=30 min, DOP/water weight ratio=1/6) and C) DOP/water weight ratios (holding
time=30 min, T=215 °C).
Fig. 5: FTIR spectra of raw DOP and hydrochar obtained at various A) holding times
(T=215 °C, DOP/water weight ratio=1/6), B) temperatures (holding time=30 min,
DOP/water weight ratio=1/6) and C) DOP/water weight ratios (holding time=30 min,
T=215 °C).
Table caption
Table 1: Proximate, ultimate, structural and heating values characteristic of untreated
DOP
Table 2: Proximate analysis for hydrochar samples and raw DOP
Table 3: Ultimate analysis for hydrochar samples and raw DOP
Table 4: HTC performance of experiments
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Table 1: Proximate, ultimate, structural and heating values
characteristic of untreated DOP
Proximate analysis (%)
MC
7.4
VM
74.2
FC
16.1
Ash
2.3
Ultimate analysis (%)
C
53.5±0.2
H
6.8±0.1
N
1.1±0.1
Oa
38.6±0.3
S
n.d
Extractives (%)
18.6±3.3
Hemicellulose (%)
39.4±0.1
Cellulose (%)
12.6±3.2
Acid insoluble lignin (%)
29.3±0.2
22.5
HHV (MJ/kg)
MC: moisture content, VM: volatile matter, FC: fixed
carbon, a: by difference, n.d: not detectable (< 0.1%).
± Standard deviation of the results

24

Table 2: Proximate analysis for hydrochar samples and raw DOP
Proximate analysis (%)
VM/
Holding time Temperature DOP/water
(min)
(°C)
weight ratio MC VM
FC Ash (VM+FC)
1.9 72.3 25.2 0.6
0.74
0
2.6 72.9 23.5 1.0
0.76
5
215
1/6
3.2 70.5 25.2 1.1
0.74
30
3.3 70.2 26.0 0.5
0.73
60
1.8 68.1 28.9 1.2
0.70
120
3.7
71.6
23.6
1.1
0.75
180
1.9 70.5 27.6 <0.1
0.72
200
30
1/6
2.0 66.4 31.1 0.5
0.68
230
1.9 61.0 36.2 0.8
0.63
250
2.8 70.7 24.6 1.8
0.74
1/10
2.0 66.7 30.2 1.1
0.69
7/30
30
215
2.0 69.1 28.8 0.1
0.71
3/10
2.8 65.8 30.2 1.2
0.69
1/2
7.4 74.2 16.1 2.3
0.82
Raw DOP
MC: moisture content, VM: volatile matter, FC: fixed carbon.
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Table 3: Ultimate analysis for hydrochar samples and raw DOP
Ultimate analysis (wt.%)
Holding
Temperature DOP/water
time (min)
(°C)
weight ratio
C
H
N
Oa
62.3±1.0 7.1±0.2
1.4±0.1
29.2±1.3
0
61.2±2.0 6.8±0.2
1.5±0.1
30.5±2.3
5
64.0±1.6 7.0±0.1
1.5±0.1
27.6±1.8
215
1/6
30
63.3±2.7 6.8±0.1
1.3±0.1
28.5±2.7
60
65.2±1.1 6.5±0.3
1.4±0.2
26.8±1.4
120
57.8±1.0
6.7±0.1
1.6±0.2
33.9±1.2
180
60.7±0.6 6.6±0.1
1.4±0.0
31.2±0.6
200
30
1/6
64.8±0.4 6.7±0.1
1.2±0.1
27.2±0.5
230
67.8±0.4 6.5±0.0
1.4±0.1
24.3±0.4
250
62.1±1.3 6.8±0.1
1.3±0.1
29.9±1.4
1/10
63.6±0.4 6.9±0.1
1.4±0.1
28.2±0.6
7/30
30
215
64.6±0.1 6.9±0.1
1.5±0.1
26.9±0.1
3/10
62.3±0.4 6.8±0.1
1.2±0.1
29.6±0.4
1/2
53.5±0.2 6.8±0.1
1.1±0.1
38.6±0.3
Raw DOP
a
: by difference, n.d: not detectable (< 0.1%).
± Triplicate standard deviation of analyses results.
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S
n.d
n.d
n.d
n.d
n.d
n.d
n.d
n.d
n.d
n.d
n.d
n.d
n.d
n.d

Table 4: HTC performance of experiments
Holding time Temperature DOP/water
MY (%) HHV(MJ/kg)
(min)
(°C)
weight ratio
66
24.9
0
70
25.6
5
215
1/6
69
26.8
30
66
26.5
60
61
26.2
120
71
24.1
180
67
25.0
200
1/6
30
63
26.1
230
56
27.6
250
62
26.1
1/10
67
26.3
7/30
30
215
67
26.5
3/10
64
26.3
1/2
22.5
Raw DOP
-

ED (-)

1.1
1.1
1.2
1.2
1.2
1.1
1.1
1.2
1.2
1.2
1.2
1.2
1.2
-

EY (%)

73
77
83
79
73
78
74
76
67
74
80
80
77
-

MY: hydrochar mass yield, ED: energy densification ratio, EY: energy yield, HHV:
dried sample high heating value.
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Fig. 1: Temperature profile during a flash experiment (holding time=0 min, T=215 °C,
DOP/water weight ratio=1/6).
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Fig. 2: Mass yield (%) for various A) holding times (T=215 °C, DOP/water weight ratio=1/6),
B) temperatures (holding time=30 min, DOP/water weight ratio=1/6) and C) DOP/water weight
ratios (holding times=30 min, T=215 °C)
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Decarboxylation
Dehydration

Fig. 3: Van Krevelen diagram of raw DOP and hydrochars obtained at various holding times
(T=215 °C, DOP/water weight ratio=1/6), temperatures (holding time=30 min, DOP/water
weight ratio=1/6) and DOP/water weight ratios (holding time=30 min, T=215 °C).
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Fig. 4: TG and DTG curves for raw DOP and hydrochars obtained at various A) holding times
(T=215 °C, DOP/water weight ratio=1/6), B) temperatures (holding time=30 min, DOP/water
weight ratio=1/6) and C) DOP/water weight ratios (holding time=30 min, T=215 °C).
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A

B

C

Fig. 5: FTIR spectra of raw DOP and hydrochars obtained at various A) holding times (T=215 °C,
DOP/water weight ratio=1/6), B) temperatures (holding time=30 min, DOP/water weight
ratio=1/6) and C) DOP/water weight ratios (holding time=30 min, T=215 °C).
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