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a b s t r a c t

Digestate is a nutrient-rich substance produced by anaerobic digestion that contains organic, inorganic,
and biological matter. The European Nitrates Directive (91/676/EEC) provides regulations regarding the
wider implementation of the digestate. Owing to a significant amount of organic matter in the digestate,
it can be utilised as a solid biofuel, soil amendment substance, or substrate for activated carbon pro-
duction. However, the solid by-products of the anaerobic digestion of the municipal solid waste wet
fraction cannot be used for such applications because it is still considered a waste. Hydrothermal car-
bonisation (HTC) was investigated as a pre-treatment method for the digestate obtained by anaerobic
digestion of the municipal solid waste wet fraction. HTC was carried out at temperatures of 180, 200 and
230 �C and residence times of 30, 60 and 120 min. The value of pressure was determined based on water
temperature and partial pressure of the gaseous by-products. The HTC process resulted in changes in the
physical and chemical properties of the hydrochars compared to those of the raw materials. A temper-
ature of 200 �C and residence time of 60 min during HTC were optimal for energy consumption; this
hydrochar exhibited the best combustion parameters and physical properties (specific surface area).
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Anaerobic digestion is one of the most popular biomass-to-
energy generation method, and Europe is a leader in electricity
production using biogas [1]. In 2015, Europe had 17 400 biogas
plants, with an installed power of 10 GW, producing 61 TWh of
electricity and 127 TJ of heat [1]. Overall, in the EU, biogas covered
1.85% and 1.88% of electricity as well as 1.18% and 1.57% of derived
heat demand in 2015 and 2018, respectively [2]. Anaerobic diges-
tion is an excellent method for bioplastic utilisation, which pro-
vides two main benefits: production of methane, which is
considered a renewable energy source in this process, and digestate
production, which can be subjected to further processes to improve
the energy properties [3]. The digestate contains large amounts of
organic matter, which allows its application to the energy sector
rz).
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[4]. The estimated digestate ranges between 6 and 15 V/ton, owing
to the significant contents of nutrients such as N and K [5]. Thus, it
is necessary to explore applications for the development of the
digestate obtained by the anaerobic digestion of some types of
feedstocks, which show environmental concerns such as the wet
fraction of the municipal solid waste (MSW) [6,7] and all issues
related to waste utilisation for energy purposes [8e11]. Thus,
additional processing routes should be explored for this feedstock.
Currently, this type of digestate is subjected to landfilling, which
can be accomplished safely after stabilisation [12]. Nonetheless,
landfilling is not a suitable option because of the current interest in
the application of the principles of circular economy as well as the
cost of land dedicated to such practice.

The digestate can be considered a biomass because of the origin
of the respective feedstocks for anaerobic digestion. There are
several methods for the thermochemical conversion of biomass
(Table 1) that allow an improvement in the fuel properties
compared to those of the raw feedstock. Each of these methods has
its advantages and limitations. Based on the type of material and
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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expected efficiency of the products, an appropriate process can be
selected.

Hydrothermal carbonisation (sometimes known as wet torre-
faction) occurs in a temperature range of 180e350 �C under a
pressure of 2e6 MPa, and the typical residence time range is
5e240 min [13e16]. This thermochemical process involves a series
of reactions including dehydration, decarboxylation, hydrolysis,
and condensation [17], which are caused by hot water in the liquid
state that surrounds the raw material [18]. The major advantage of
HTC is that it does not require prior drying, indicating that it is a
suitable method for wet material conversion [19e21]. Moreover, it
is characterised by high process stability, which leads to production
of solid fuels with increased energy density. Three types of products
are generated during HTC. The main product is a solid product
known as hydrochar, which accounts for approximately 45e70% of
the product mass. The gas phase mainly consists of CO2 (>90% of
the gaseous products), with small amounts of CH4, H2, and CO. The
amount of liquid fraction (HTC process water) is between 5 and 25%
of the mass of products, and it can contain initial carbon present in
the raw material at a level of up to 15%. Hydrothermal treatment
enhances mechanical dewatering [17,22], which is crucial because
thermal drying is an energy-intensive process. Moreover, HTC
treatment can decrease the equilibrium moisture content of the
biomass [23], which is important with respect to its subsequent
storage. For this reason, HTC is the most suitable process for an
efficient valorisation of the feedstocks with highmoisture contents,
such as MSW digestate [19]. Some studies have described HTC as a
suitable technology to valorise the wet biomass for pyrolysis [24],
anaerobic digestion [25], co-digestion [26], combustion, and co-
firing [27e29] or as a reducing agent for metallurgy [30].

Few studies have described a significant potential synergy be-
tween the anaerobic digestion and HTC [31e34]. HTC is capable of
enhancing mechanical dewatering [22,35], with lower energy
consumption than that of thermal drying. HTC effluent contains a
significant amount of organic compounds [36e38], which can be
digested with the main feedstock, thus increasing biogas produc-
tion [39e42]. Moreover, the addition of hydrochars to anaerobic
digestion reactors can enhance biogas production [43,44], which
can be explained based on the formation of a habitable surface area
for the microbial cells by the carbonaceous structures, as in the case
of similar additives [45]. Overall, HTC can significantly affect the
structures of the hydrochars [46,47]. To examine the potential of
such synergetic effects on the HTC of the wet fraction of MSW, the
effects of HTC parameters on the structures and fuel properties of
the hydrochars should be investigated, which is the main aim of
this work.
2. Materials and methods

2.1. Materials

The digestate sample was acquired from the installation (located
in Poland, Lower Silesia region) for the anaerobic digestion of the
municipal solid waste wet fraction. This installation is a part of the
MSW sorting and recycling facility, where mixed MSW stream from
Table 1
Thermochemical conversion of biomass [13].

Product mass yield, %

Solid Liqu

Pyrolysis 25e35 20e
Gasification <10 <5
Hydrothermal carbonisation 45e70 5e2
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the municipality of Wrocław is separated into different fractions, for
subsequent recycling. Wet, organic part of the stream, is separated
and used as a substrate for anaerobic digestion in mesophilic
conditions.

Digestate sample was taken from different parts of the pile of
digestate in order to obtain representative sample. Additionally, the
dewatered digestate of the wet fraction of the MSW sample was
pre-sorted, due to heterogenous nature of the feedstock. The
sample contained some visible, bulk-size pieces such as fragments
of broken glass and whole objects made of plastic. The pieces were
removed, and the samples were subsequently homogenised using a
Retsch GM 200 knife mill. The homogenised sample was further
mixed with the effluent (sample acquired simultaneously from the
same installation after the mechanical dewatering stage) in 1:1
proportion.

2.2. Hydrothermal preparation

Hydrothermal carbonisation tests were performed in a bespoke
stainless-steel vessel with a working capacity of 100 ml at a
maximum operating temperature of 230 �C andmaximumworking
pressure of 35 bar (Fig. 1). After sealing the vessel assembly, the
vessel was heated by immersion in a hot fluidised bubbling bed. A
K-type thermocouple connected to a data logger was used to
measure the temperature. The temperature inside the reactor was
manually controlled by the level of the reactor immersion inside
the bed. The pressure was measured using a pressure sensor based
on the saturation pressure of water at a specific temperature and
partial pressure of the gaseous by-products.

The HTC experiments were performed at temperatures of 180,
200, and 230 �C and residence times of 30, 60, and 120 min. After
HTC treatment, the studiedmixture was filtered using a customised
filter press to separate the hydrochar from the liquid. The resulting
hydrochar was dried at 105 �C for 24 h to afford a constant weight.

The obtained hydrochar samples were named as HTC_180_30
(corresponding to a temperature of 180 �C and residence time of
30 min), HTC_180_60, HTC_180_120, HTC_200_30, HTC_200_60,
HTC_200_120, HTC_230_30, HTC_230_60, and HTC_230_120.

2.3. Characterisation of MSW and hydrochars

Proximate analysis of the raw material and hydrochars was
performed according to the following standards: EN15934:2012
(moisture, M), EN 15403:2011 (ash, A), and EN 15402:2011 (volatile
matter, VM). Determination of C, H and N contents in the raw
material and hydrochars was accomplished using the Truspec
CHN628 Leco analyser. The elements were determined using the
Dumas method, where the studied sample was combusted in pure
oxygen at 950 �C.

Structural and morphological investigations were performed
using scanning electron microscopy (SEM) employing an FEI
Inspect S50 microscope. The imaging of the structure was carried
out using a secondary electron detector under a very high vacuum
and voltage of 1 kV.

The porosity was determined using ASAP 2010 system
Process temperature, �C

id Gas

30 25e35 300e650
>85 600e900

5 5e25 180e300



Fig. 1. Hydrothermal carbonisation of the digestate test rig: 1 e reactor vessel; 2 e pressure-tight fittings; 3 e K-type thermocouple; 4 e pressure sensor; 5 e pressure relief valve; 6
e K-type thermocouple connected to a PLC; 7 e hot fluidised bed; 8 e band heaters with ceramic refractory lining; 9 e rotameter; 10 e control valve; 11 e laboratory scale; 12 e

mechanical dewatering press; 13 e drying oven.
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(Micromeritics, USA). First, the samples were degassed at 150 �C for
approximately 24 h. Porosimetry was performed using approxi-
mately 1 g samples of each material. Complete adsorption/
desorption isotherms of N were recorded for each experiment with
p/p0 ranging between 0.005 and 0.989 at a temperature of 77.35 K.
The specific surface area and average pore diameter of each sample
were determined using the BET method based on the adsorption
isotherms with p/p0 ranging between 0.06 and 0.20. The total
volume of the pores was determined by applying the Bar-
retteJoynereHalenda (BJH) method to the desorption curves. BJH
method is derived based on the Kelvin equation and it describes
pore diameter and gas pressure, which adsorbs and desorbs from
its surface. In calculations is was assumed that adsorption/
desorption took place from pore surface at which layer on some
particles were adsorbed. To correctly determine the pore diameter
the presence of adsorbed layer is included. Furthermore, the
desorption curves were used to determine the pore size distribu-
tion (PSD) of the mesopores and lower size range of the macro-
pores, that is, pores with diameters of 2e100 nm, by applying the
BJH method.

Thermogravimetric analysis (TGA) was performed using the
Mettler Toledo apparatus. The analysis parameters were as follows:
alumina crucible (Al2O3), sample mass of 10 mg, air atmosphere,
volume flow rate of 40 ml/min, heating rate of 10 K/min, and
temperature ranging from ambient to 700 �C. During a linear
temperature increase, the weight change was recorded using the
TG (thermogravimetry) data and thermal effects by employing the
differential scanning calorimetry (DSC) data. The derivative ther-
mogravimetry (DTG) curve was obtained by calculations (first de-
rivative of the TG results).
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2.4. High heating value (HHV)

The HHV was determined using the Dulong formula [14]:

HHV
�
MJ ,kg�1

�
¼0:336ð % CÞþ1:433

�
% H�

�
% O
8

��
þ 0:0942ð% SÞ (1)

where % C, % O, % H and % S indicate mass concentrations (in %) on
dry ash free basis of carbon, oxygen, hydrogen, and sulphur,
respectively. Oxygen was calculated as difference between sum of
C, H, N, ash.
2.5. Calculation of hydrochar properties

The energy densification (Ed) and chemical energy loss (EL)
were determined as follows:

Ed ¼
HHVhydrochar

HHVfeedstock
(2)

ELð%Þ¼
 
1�Ed ,

mhydrochar

mfeedstock

!
(3)

where mhydrochar is the dry mass of the hydrochar (solid product)
andmfeedstock is the dry mass of the feedstock (wetMSW digestate).



Table 3
Energetic properties of MSW and hydrochar (ED e energy densification ratio; EL e

loss of chemical energy to liquid and gaseous by products; HY e hydrochar yield, %;
e negligible).

Sample HHV (MJ/kg) ED EL HY

Raw MSW 7.81 - - Na
HTC_180_30 7.80 1.00 6% 94.21
HTC_180_60 8.16 1.05 n 95.39
HTC_180_120 8.88 1.14 n 96.22
HTC_200_30 8.46 1.08 n 93.45
HTC_200_60 11.84 1.52 n 90.14
HTC_200_120 8.32 1.07 n 94.48
HTC_230_30 10.68 1.37 n 90.93
HTC_230_60 9.09 1.16 3% 83.20
HTC_230_120 8.29 1.06 20% 74.97

A. Magdziarz, A. Mlonka-Mędrala, M. Sieradzka et al. Renewable Energy 175 (2021) 108e118
3. Results

3.1. Proximate and ultimate analyses

Table 2 shows the results for the proximate and ultimate ana-
lyses of the wet fractions of MSW and hydrochars. As observed in
Table 2, the hydrochars show an increase in the C content from 20%
to ca. 28% in comparison to the raw digestate. Notably, the studied
material was complex and inhomogeneous. The most significant
increase in the C content (up to 27.9%) was observed at 230 �C with
a residence time of 60 min. This trend was also observed in a
previous report [48]; an opposite effect was sometimes observed,
as reported in a prior study by Parmer and Ross [31]. In this study,
an increase in the temperature affected the C content, confirming
successful HTC. With an increase in temperature at the highest
residence time (120 min), the C content decreased, which was
probably attributed to the movement of C from the hydrochar to
hydrothermal water. The effects of temperature and residence time
were observed in terms of fixed carbon (FC), but these were not as
significant as that of the HTC of the sewage sludge sample reported
in a prior study [49], which could be attributed to the significantly
higher ash content of the wet MSW digestate used in this study.

3.2. Energetic properties of hydrochar

Table 3 shows the energetic properties of the MSW and hydro-
chars obtained at different temperatures and residence times. The
HHV of the MSW digestate increased from 7.81 MJ/kg to a
maximum of 11.84MJ/kg after HTC treatment, indicating significant
energy densification. These results indicated that the HTC process
was effective in increasing the HHV of the biomass. Nonetheless,
these HHV values were lower than those reported by Parmar et al.
(15.2e15.6 MJ/kg) [31], Lucian et al. [42] (22e32.5 MJ/kg) and Berge
et al. [48] (16.5e20 MJ/kg) for the hydrochars obtained from MSW.
These low values and other properties could be attributed to MSW
composition, which was related to the population consumption
habits and disposal management.

Varying changes observed in the H, O, and C contents with an
increase in the residence time in the HTC reactor for the tested
MSW samples in comparison to those for the sewage sludge and/or
agricultural biomass may result from different compositions of the
initial samples. However, with an increase in the C content, the O
content in the hydrochars decreased at all tested temperatures
during HTC, in comparison to the untreated digestate, which is
typical for HTC treatment of many different types of biomass in
wide range of the process conditions [29,50e56].

The process parameters also affected the energy densification of
the hydrochars. This phenomenon occurred when the solid mass
decreased because of dehydration and decarboxylation reactions.
As a result, the C content increased and the O content decreased.
Table 2
Proximate and ultimate analyses including ash (A), volatile matter (VM), moisture
(M), fixed carbon (FC), carbon (C), hydrogen (H) and nitrogen (N) contents (wt. %dry).

Sample A, %dry VM, %dry M, %dry FC, %dry C, %dry H, %dry N, %dry

Raw MSW 68.05 25.79 1.17 4.99 20.07 2.42 1.13
HTC_180_30 66.91 25.38 1.34 6.37 20.49 2.38 1.17
HTC_180_60 66.09 25.48 1.24 7.19 20.37 2.43 1.17
HTC_180_120 66.03 25.33 1.39 7.25 22.39 2.65 1.29
HTC_200_30 64.80 25.73 0.99 8.48 22.43 2.57 1.32
HTC_200_60 64.72 25.84 0.88 8.56 25.55 3.04 1.50
HTC_200_120 65.50 25.68 1.04 7.78 21.43 2.53 1.16
HTC_230_30 64.88 25.97 0.75 8.40 23.80 2.83 1.84
HTC_230_60 65.12 25.84 0.88 8.16 27.92 3.22 2.18
HTC_230_120 65.94 25.86 0.86 7.34 22.75 2.64 1.63
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The HTC_200_60 hydrochar showed the highest energy densifica-
tion (52%), and the remaining treatments ranged from 1 to 1.37.
Moreover, during HTC, the polymerisation and aromatisation re-
actions could contribute to the precipitation of C-containing com-
pounds [57]. The HHV values of the hydrochars were classified as
low-quality fuels. In contrast, the amount of chemical energy lost
to the gaseous and liquid by-products of HTC was not significant.
Therefore, the overall losses of the process mostly depended on the
loss of physical enthalpy, which could be minimised by an appro-
priate selection of the heat exchangers used for its recovery.
Furthermore, this indicated that in most cases, a significant amount
of energy could not be recovered by the anaerobic digestion of the
organic part of the liquid by-products. However, this did not appear
to be detrimental to the digestate as anaerobic digestion was a unit
operation in such a system and only the issue of re-circulation
needed to be resolved. Nonetheless, the benefits of including re-
covery and recirculation into the process chain should be carefully
weighed against many simple processes that can be used for the
simple treatment of the effluent, neglecting the separation of
organics.
3.3. Structure and morphology

Figs. 2e5 show the images of raw material and selected
hydrochar samples. Based on the structural and morphological
investigations (under a wide range of magnifications), it can be
observed that carbonisation results in an evident fragmentation of
the samples. The raw sample is characterised by large elements of
various shapes and morphologies. The most significant destruction
of the material is observed for the hydrochar obtained at 230 �C.

Considering the morphologies of the hydrochars, the material
(Fig. 4) to some extent resembles the hydrochars obtained by
Lucian et al. [42] prior to extraction during the HTC of the organic
fraction of MSW under similar conditions (HTC at 180 �C for 3 h). In
addition, for the hydrochars obtained in this study, visible differ-
ences are observed in the morphologies, showing the fragmenta-
tion of the material when the raw sample is compared to those
subjected to HTC. Moreover, the results are in good qualitative
agreement with the findings of Pawlak-Kruczek et al. [46]; that is,
not many open pores are observed in the hydrochars. Moreover, in
this study, the persistence of the decomposition products on the
surfaces of the hydrochars is possible due to the decomposition and
recombination of cellulose [58,59]. The suggested blockage of the
open pores [60] when such compounds form microspheres and
remain anchored within the structural scaffold [58] is more visible
for the hydrochars obtained in this study in comparison to those
reported by Pawlak-Kruczek et al. [46]. As reported by Lucian et al.
[42] for the organic fraction of MSW, some of the closed pores can
be opened, as a part of the secondary char can be extracted using



Fig. 2. Microstructural images of the MSW raw material (digestate).

Fig. 3. Microstructural images of hydrochar HTC_200_30 (200 �C, residence time of 30 min).

A. Magdziarz, A. Mlonka-Mędrala, M. Sieradzka et al. Renewable Energy 175 (2021) 108e118
solvents. Nonetheless, the suitability of the non-extracted hydro-
chars as anaerobic digestion additives is debatable, whereas the
introduction of an additional operation (solvent extraction) is not
justified. In contrast, Lucian et al. [42] showed that extractable
deposits increased the devolatilisation peaks at relatively low
temperatures, which could potentially enhance the ignition of such
fuel. These findings indicate that further research on the reactivity
of hydrochars obtained from wet MSW digestate is required, with
particular emphasis on their ignition, as facilitated ignition can be
evenmore important from a practical perspective than the increase
in HHV for low-quality fuels.

3.4. Porosity

The porosimetry results are included in Table 4 and Figs. 6e10.
Generally, the use of HTC as a pre-treatment method resulted in an
increase in the specific surface area of the digestate. At a low tem-
perature of 180 �C, this change did not correlate with the residence
time. At a temperature of 200 �C and residence time of 60 min, the
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highest specific surface area (6.62 m2/g) was obtained; however, at
230 �C, the values at residence times of 30 and 60 min were similar,
that is, 6.78 m2/g and 6.76 m2/g, respectively. Moreover, for a longer
residence time (120 min), the BET surface area was significantly
lower. At first, the results of this study appeared to contradict the
results reported by Pawlak-Kruczek et al. [46], where the HTC of wet
MSW digestate at 200 �C for 120 min resulted in an overall decrease
in the specific surface area of approximately 75% with respect to that
of the feedstock. However, two aspects should not be overlooked.
First, the digestate obtained from the wet fraction of the MSW is
heterogeneous, and its properties can vary to some extent. Second,
the HTC residence time employed by Pawlak-Kruczek et al. [46]
(270 min) wasmore than twice the highest HTC residence time used
in this study (120 min). Therefore, it could be hypothesised that the
change in the specific surface area observed in this study for HTC
residence times of 30, 60, and 120 min was caused by the repoly-
merization of complex hydrocarbons in the liquid phase, which
subsequently filled a part of the new porous surface initially created
byHTC treatment. Moreover, it was reasonable to speculate that after



Fig. 4. Microstructural images of hydrochar HTC_200_60 (200 �C, residence time of 60 min).

Fig. 5. Microstructural images of hydrochar HTC_230_30 (230 �C temperature, residence time of 30 min).

Table 4
Microstructural parameters of the materials determined using adsorption methods.

Sample Specific surface area (BET), m2/g Total pore volume, cm3/g Mean pore diameter (BET), mm Mean pore diameter (BJH), mm

Raw MSW Digest 3.01 0.0198 24.4 21.5
HTC 180_30 4.15 0.0227 18.6 19.1
HTC 180_60 4.60 0.0301 22.3 20.6
HTC 180_120 4.65 0.0293 20.4 20.6
HTC 200_30 4.39 0.0289 22.6 21.4
HTC 200_60 6.62 0.0313 19.7 19.4
HTC 200_120 4.98 0.0304 20.9 21.2
HTC 230_30 6.78 0.0468 22.8 22.0
HTC 230_60 6.76 0.0380 19.5 19.2
HTC 230_120 4.52 0.0262 20.3 19.6
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exceeding a certain threshold of residence time, more area of the
porous surface would be gradually filled with the particles of these
compounds, which would lead to a further decrease in the specific
surface area such that the surface area after HTCwould be lower than
the surface area of the feedstock. This hypothesis was confirmed
based on the results of the total pore volume (Table 4). In this case,
the total pore volume increased with an increase in the HTC
113
temperature and subsequently decreased with high residence times.
Overall, if the goal of HTC is to afford a highly porous sorbent, the
residence time should be selected considering the process temper-
ature. Alternatively, another activation step such as plasma activation
is required to open the closed pores. Finally, good agreement was
observed in determining the mean pore diameter using the BET and
BJH methods.



Fig. 6. Total pore areas of hydrochars and raw material (BJH/desorption).

Fig. 7. Pore size distributions of hydrochars and raw material (BJH/desorption).

Fig. 9. Pore size distribution of 10 samples using mercury intrusion capillary data.

Fig. 10. Cumulative pore volume occupied by mercury considering the pore sizes.
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The results of porosimetry obtained in this study clearly show
that the HTC parameters have a significant effect on the structures
of the solid products of valorisation. It was clearly observed (Fig. 6)
that the cumulative surface area, determined by BET analysis,
Fig. 8. Pore volume distributions of hydrochars and raw material.
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increased with an increase in temperature. In contrast, for the same
HTC temperature, an increase in the residence time had an overall
detrimental effect on the amount of surface made available during
HTC. A similar trend was observed for the cumulative pore volume
determined by BJH analysis (Fig. 6). This confirmed the aforemen-
tioned hypothesis that some of the pores opened by the thermal
degradation of the material were covered by the precipitation
products as reported by Lucian et al. [42]. This can possibly explain
the detrimental effect of increase in the residence time as precip-
itate formation would require some time. Moreover, as HTC at low
temperatures produces low amounts of liquid and gaseous by-
products, the observed differences are most noticeable for the
HTC performed at 230 �C.

For the analysed samples, the maximum pore volume distri-
bution (Figs. 7, 8 and 10) was within the relatively small micropores
(50 nm< pore diameter) or relatively largemesopores (2 nm < pore
diameter < 50 nm). The volume of the nanopores (pore
diameter < 2 nm) was less significant, which led to the conclusion
that the nanopores easily gathered the depositing precipitates. It is
possible that for the large pores, repolymerization in the liquid
phase should be followed by the merging of the precipitates into
bigger flocs that are sufficiently large to completely plug the mes-
opores. The PSDs of the samples were calculated using the mercury
intrusion capillary pressure (MICP) data, and the results are shown
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in Fig. 9. Similar to gas adsorption, the PSD curves of the investi-
gated samples exhibit multimodal characteristics.

3.5. Thermal properties

The thermal behaviours of the raw materials and hydrochar
samples under combustion conditions were investigated using
TGA. Fig. 11 shows a comparison of the studied samples in terms of
the TG and DTG curves. As observed, the TG curves have almost the
same shapes and temperature ranges; only slight differences are
observed in the weight percentages of the solid residue. The largest
differences were observed for the samples obtained at 200 �C.
Significant differences were observed at a residence time of 60min,
confirming the effect of the temperature on the obtained
hydrochar.

The combustion processes of the raw and hydrochar samples
could be divided into three stages. The first stage corresponding to
moisture release was observed up to a temperature of ca. 150 �C.
The moisture content was very low because the samples were
obtained after the dewatering process. The second stage was
observed at 200e400 �C with a significant exothermic peak at ca.
290 �C, which reflected the DTG peak. This stage comprised the
release of volatile matter, which was attributed to initial combus-
tion corresponding to the structural degradation of the organic part
of the samples. The third stage was observed at 400e700 �C for all
samples, with the main DSC peak at ca. 500 �C. However, some
minor differences were observed, particularly for HTC_200_120,
Fig. 11. Thermal behaviour (TG and DTG curves) during the combustion of studied hydrocha
d) Data for residence time of 60 min at different temperatures.
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such as an additional peak at 530 �C. The analysis of the TG curves
revealed a slight mass loss above 600 �C, which was almost stable.

Based on thermal analysis as well as TG and DTG data, the
ignition (Di), combustion (S and Hf), and burnout (Df) indexes were
calculated. Di indicates the speed with which the fuel is ignited,
while S corresponds to the overall fuel characteristics. The formulas
for these indexes are as follows (4e7) [61,62]:

Di ¼
DTGmax

tp, ti
(4)

Df ¼
DTGmax

Dt1=2, tp, tf
(5)

S¼DTGmax,DTGmean

T2i , Tf
(6)

Hf ¼Tpln

 
Dt1 =

2

DTGmean

!
(7)

where:
DTGmax maximum combustion rate, wt%/min;
DTGmean mean combustion rate, wt%/min;
ti time at which ignition occurs, min;
rs obtained via HTC at a) 180 �C, b) 200 �C, and c) 230 �C and different residence times.



Table 5
Main combustion parameters of the raw material and hydrochars.

Sample Di, wt. %/min3 Df, wt. %/min4 S, 1/min2 ∙�C3 Hf, �C

Raw material 0.00408 6.42E-05 3.28E-08 1041.8
HTC_180_30 0.00432 6.77E-05 3.50E-08 1038.5
HTC_180_60 0.00377 6.087E-05 2.93E-08 1071.2
HTC_180_120 0.00381 6.15E-05 3.13E-08 1012.5
HTC_200_30 0.00328 5.24E-05 2.36E-08 1133.8
HTC_200_60 0.00396 6.17E-05 4.68E-08 945.9
HTC_200_120 0.00356 5.30E-05 3.04E-08 1060.4
HTC_230_30 0.00387 6.57E-05 3.20E-08 1046.5
HTC_230_60 0.00276 4.67E-05 2.02E-08 1138.4
HTC_230_120 0.00306 5.30E-05 2.31E-08 1082.5
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tp time at which the largest peak is observed (based on the DTG
curve, DTGmax), min;
tf time at which the end of the peak is observed, min;
Dt1=2 time for the first half of the DTG for a particular stage
because half of the maximum DTG value is reached until the
DTGmax value is achieved, min;
Ti ignition temperature, �C;
Tf burnout temperature, �C;
Tp corresponding temperature of DTGmax, �C.

Table 5 shows the calculated indexes based on Eqs. (4)e(7),
which allows the prediction and estimation of the combustion
properties of the studied samples. The index Hf describes the in-
tensity and rate of the combustion process. The most desirable
combustion properties are reflected by the small value of the Hf
index, which is observed for hydrochar HTC_200_60. Furthermore,
the fuel properties of ignition, combustion, and burnout are spec-
ified by the S index. A high S value indicates a high VM content in
the fuel, which is additionally confirmed by the high rate of Di in-
dex. The high ignition index indicates that the combustion of the
analysed fuel can easily occur in the early phase as more volatile
matter can be separated [63]. The most desirable index values were
obtained for HTC_200_60, which afforded the best combustion
properties; this could also be observed in the TG and DTG curves
(Fig. 4).

4. Conclusion

HTC is a suitable pre-treatment method for the digestate ob-
tained by the anaerobic digestion of the wet fraction of MSW. The
studied sample was successfully pre-treated, affording a material
with varying morphological and structural properties, particularly
the pore volume and surface area (two times higher). Moreover, an
increase in FC (>50%) was observed. The increase in C was small,
and some of it was transferred to the liquid phase in the process.
The hydrochar obtained after HTC at 230 �C for 60 min afforded the
best energetic properties, with relatively low chemical energy loss
(3%) and moderate energy densification ratio (1.16). The proposed
conditions were appropriate from a practical standpoint. In
industrial-scale HTC, the temperature determines the pressure,
which is the key factor in terms of the HTC reactor cost. Notably, the
pressure directly effects the reactor walls (thus, a unique material is
required), whereas the residence time does not have a direct effect
on the reactor design. In future studies, the hydrochars will be
upgraded by steam gasification to develop active surface areas and
produce activated carbon. This is an additional goal for application
in areas other than the energy sector.
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