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In this study, hydrothermal carbonization (HTC) was used as a thermochemical conversion process to
upgrade Refuse Derived Fuel (RDF). The effect of process temperature (250 �C, 275 �C and 300 �C), resi-
dence time (30 min and 120 min), and RDF-to-water ratio (1:15 and 1:5) on the main characteristics of
the produced hydrochars and process waters was assessed. The HTC process yielded hydrochars with
enhanced fuel properties when compared to the original feedstock, namely higher carbon content and
heating value. The hydrochars also presented reduced oxygen and ash contents. The hydrochar produced
at 300 �C for 120 min presented the lowest ash content (3.3 wt%, db) whereas the highest heating value
was found for the hydrochar obtained at 275 �C for 120 min (28.1 MJ/kg, db). The HTC process was also
responsible for a significant reduction in chlorine concentration, showing dechlorination efficiencies
between 69.2 and 77.9%. However, the HTC process generated acidic process waters with high COD val-
ues (maximum 27.2 gO2/L), which need to be further managed or valorized. Energy calculations were also
performed, revealing that lower water amounts, lower temperatures, and longer residence times, repre-
sent optimal conditions for higher hydrochar yields and consequently good process efficiencies.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Effective energy recovery from wastes could be reached by the
production of waste derived fuels such as Refuse Derived Fuel
(RDF). RDF is the fuel product obtained from the treatment of
non-hazardous wastes streams, such as municipal solid wastes
(MSW) or regular industrial wastes (Násner et al., 2017). RDF fre-
quently contains a variety of plastics and other miscellaneous com-
ponents that can strongly increase its chlorine and ash contents
(Ma et al., 2010; Nobre et al., 2019a; Reza et al., 2013). These char-
acteristics are restrictive regarding thermochemical conversion
processes for energy production, which is the main goal of RDF
production. During combustion or gasification processes, the pres-
ence of chlorine in excess may produce gaseous HCl that corrodes
and forms deposits in downstream equipment, whereas ash with
high fusibilities at high temperatures promotes slagging problems
and reduces the performance of such processes (Silva et al., 2014;
You et al., 2017). Polymeric materials contained in RDF may accen-
tuate the formation of undesirable tars after gasification
(Kobayashi et al., 2011; Zaccariello and Mastellone, 2015). There-
fore, it is imperative to define alternative solutions that can atten-
uate these issues in waste-to-energy technologies.

Traditional thermochemical conversion techniques such as tor-
refaction or carbonization may reduce chlorine content, but they
increase ash content due to the elimination of volatiles (Yuan
et al., 2015). On the other hand, hydrothermal carbonization
(HTC) allows for a material densification of lignocellulosic and
polymeric materials while reducing their ash content by partial
dissolution in the process water (Wang et al., 2020). Thus, HTC
enables an upgrading effect that is not possible with the previously
mentioned thermochemical processes (Lin et al., 2017).

The HTC process takes place at relatively low temperatures
(180–350 �C), variable residence times (from 30 min to several
hours) and under autogenous pressure (Wang et al., 2018a). During
this process, the feedstock undergoes different reactions, such as
hydrolysis, dehydration, decarboxylation, aromatization and re-
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condensation (Li et al., 2013; Mohammed et al., 2020). These reac-
tions are responsible for significant increases in carbon content and
decreases in oxygen content of the feedstock (Krysanova et al.,
2019). HTC generates solid (hydrochar), liquid (process water)
and gaseous (mainly CO2) products (Wilk et al., 2020). Hydrochar
is generally considered a good feedstock for energy production
due to its high carbon content, heating value and hydrophobicity.
Besides, the lower amounts of oxygen reduce the formation of
harmful nitrogen and sulphur oxides after posterior energy conver-
sion processes. The presence of water during HTC also contributes
to the formation of highly regular and small-diameter particles,
thus yielding products with better grindability properties than
the ones produced from traditional thermochemical processes
such as torrefaction or carbonization (Acharya et al., 2015;
Kumar et al., 2018).

As of late, several studies have been conducted on HTC as a
treatment for heterogeneous waste materials, such as MSW, with
a focus on the fuel properties of hydrochars. For instance, Kim
et al. (2017) observed that the properties of MSW and mixtures
of newspaper and vegetables were significantly improved by the
HTC process, yielding coal-like products. The authors reported that
the hydrothermal treatment increased calorific value, fixed carbon
and carbon contents of the feedstock and that the fuel properties of
the obtained hydrochars were comparable to lignite and sub-
bituminous coal. Berge et al. (2011) performed HTC of different
feedstocks, including mixed MSW and evaluated the composition
and fuel properties of the produced hydrochars. The authors indi-
cated that approximately 49–75% of the initial carbon is retained
in the hydrochar, 20–37% is transferred to the process water and
2–11% is recovered in the gas phase. These authors suggest that
dehydration and decarboxylation are the governing reactions dur-
ing HTC, resulting in hydrochars with greater carbon and lower
oxygen concentrations, an improved HHV and a significant degree
of aromaticity. Moreover, since different feedstocks and process
parameters yield hydrochars with distinct properties, these solid
products not only show potential for energy applications, but also
as catalysts, soil ameliorants or adsorbents (Puccini et al., 2018).

Despite the positive features of the HTC process regarding
hydrochar properties, the management or eventual valorization
of the process water is one of the main challenges in scaling-up
and making this process environmentally friendly. Besides being
produced in significant amounts, this effluent contains high
amounts of dissolved organic and inorganic compounds that
should be removed before discharge. Recirculation of the process
water after hydrochar filtration was studied by Stemann et al.
(2013) and Catalkopru et al. (2017). Both works showed that this
approach can increase hydrochar mass and energy yields. As such,
characterization of HTC process water is important in selecting
possible treatment options that may contribute to improve process
sustainability.

The aim of this work was to assess the HTC process as an
upgrading thermal technology for RDF containing miscellaneous
polymeric waste with high contents of ash and chlorine, in order
to obtain a solid fuel with appropriate characteristics for subse-
quent energy conversion processes, like combustion and gasifica-
tion. The present work addresses for the first time the
hydrothermal conversion of an industrial RDF, resulting from the
mechanical treatment of industrial wastes and corresponding to
what is designated as polymeric fraction.

For this purpose, characterization of the two major HTC prod-
ucts (hydrochar and process water) was performed. HTC tests were
conducted by varying process parameters such as temperature,
residence time and RDF-to-water mass ratio. The obtained prod-
ucts were characterized to evaluate the impact of these process
parameters in their chemical composition, physical properties,
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and potential applications. Furthermore, process energetics was
also estimated which is relevant for scaling-up purposes.

2. Materials and methods

2.1. Raw material

An industrial Refuse Derived Fuel (RDF) sample, produced via
mechanical treatment, was supplied by CITRI, S.A. (Centro Inte-
grado de Tratamento de Resíduos Industriais) a waste management
company set in Setúbal, Portugal. RDF sampling was performed
through the quartering technique, starting from a sample of
300 kg, and successive sample size reduction until a gross sample
of 25 kg was reached. Prior to HTC experiments, the RDF gross
sample was further grinded (DeLonghi mill) until it reached a fine
form (<10 mm). Detailed composition of similar RDF samples can
be found elsewhere (Nobre et al., 2019a, 2019b).

2.2. Hydrothermal carbonization experiments

HTC experiments were carried out using a 1 L stainless steel
autoclave reactor (Parr Pressure Reactor) coupled with an electric
heater and a PID controller (Parr 4848 Reactor controller), under
autogenic pressure. For each experiment, approximately 20 g of
RDF (as received) was added to the reactor with tap water (1:15
or 1:5 mass ratio). The reactor was sealed, put under vacuum,
and heated to the desired carbonization temperatures (250, 275
and 300 �C). Then, the reactor was maintained at such tempera-
tures for designated residence times (30 and 120 min). After reac-
tion, the solid product (hydrochar) was washed with 1 L of
deionized water and separated by filtration through a pre-
weighted qualitative filter paper, air-dried for 12 h and oven-
dried at 105 ± 2 �C for 12 h. After drying, the hydrochar samples
were stored in air-tight containers until subsequent characteriza-
tion analysis. The liquid product (process water) was stored at
4 �C until further analysis.

The hydrochar samples were coded with ‘‘H-X-Y/Z”, where ‘‘X”
represents operating temperature, ‘‘Y” represents residence time
and ‘‘Z” represents RDF-to-water mass ratio. Process water samples
from each experiment were identified by replacing the letter ‘‘H”
by ‘‘W” and followed the same nomenclature. The layout of all
the HTC experiments is described in Table S1 (Supplementary
data).

2.3. Refuse derived fuel and hydrochar characterization

2.3.1. Chemical characterization and fuel properties
Prior to characterization analysis, RDF and hydrochars were

milled (DeLongui mill) and sieved (Retsch) to a particle size
diameter < 500 mm. All the determinations were conducted in trip-
licate, and the presented results correspond to average values.

Moisture, volatile matter and ash contents were determined
according to standards EN 15414-3:2011, EN 15402:2011 and EN
15403:2011, respectively (European Standard, 2011a, 2011b,
2011c). Fixed carbon content was calculated by difference (in a
dry basis, db). Elemental composition (C, H, N, S) was determined
using an elemental analyzer (Thermo Finnigan – CE Instruments
Model Flash EA 112 CHNS series). Oxygen content was calculated
by difference (in a dry ash free basis, daf). Chlorine content was
determined using X-Ray fluorescence analysis (Thermo Scientific
Niton XL3t GOLDD+). High heating values (HHV) were determined
with a bomb calorimeter (IKA C200) using benzoic acid as a cali-
bration standard.

Mass and energy yields of the hydrochars (in a dry basis, db)
were calculated using Eqs. (1) and (2), respectively:
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Mass yield ð%;dbÞ ¼ mhydrochar

mRDF
� 100 ð1Þ

Energy yield %; dbð Þ ¼ Mass yield� HHVhydrochar

HHVRDF
ð2Þ

where mhydrochar and HHVhydrochar are the mass and high heating
value of hydrochar; mRDF and HHVRDF are the mass and high heating
value of RDF. The energy yield is only focused on the amount of
energy transferred from the raw RDF to the hydrochar.

Diehlorination efficiency was estimated according to Eq. (3), as
described by Zhang et al. (2020):

Dechlorination efficiency %; dbð Þ

¼ 1� Clhydrochar � Mass yield
ClRDF

� �
� 100 ð3Þ

where Clhydrochar and ClRDF correspond to the chlorine content deter-
mined in the RDF and in the hydrochar, respectively.

2.3.2. Thermal and structural analysis
Thermal degradation profiles of RDF and hydrochars were

assessed through thermogravimetric analysis using a thermogravi-
metric analyzer (TA Instruments, SDT 2960 Simultaneous DSC-
TGA), from room temperature to 800 �C with a heating rate of
10 K/min, under air atmosphere, with an air flow of 100 mL/min.

Lorentzian multi-peak deconvolution was used to separate the
overlapping peaks of the differential thermogravimetry (DTG)
curves, assuming a symmetrical degradation pattern of the bio-
mass components. The areas under DTG curves were considered
proportional to the mass loss of the individual biomass compo-
nents, allowing the calculation of the biomass composition. The
Lorentzian function is defined according to the following equation:

y ¼ y0 þ 2A=p�w

4� ðT � TcÞ2 þw2
ð4Þ

where A is peak area, T is temperature (�C), Tc is the central value of
the peak and w is peak width.

The ignition and burnout temperatures were calculated using
the intersection and conversion methods, respectively (Lu and
Chen, 2015).

Morphological analysis was carried out on ground RDF and
hydrochar samples through scanning electron microscopy (Nano-
SEM, FEI Nova 200 (FEG/SEM)).

The functional groups on the surface of the RDF and hydrochar
samples were identified by FT-IR. Infrared spectra (4000–
650 cm�1) were obtained based on the attenuated total reflectance
(ATR) method using a FT-IR Spectrometer (Nicolet iS10, Thermo
Scientific), equipped with a diamond ATR attachment by using 128
scans at a resolution of 4 cm�1.

2.4. Process water characterization

The liquid fractions obtained in each HTC experiment were
characterized for their pH, conductivity, chemical oxygen demand
(COD), biochemical oxygen demand (BOD5), total dissolved solids
(volatile and fixed solids), Kjeldahl nitrogen, total phosphorous,
total phenolic compounds and total reducing sugars. The determi-
nations were carried out in triplicate, and the presented results
correspond to average values.

pH was measured with a pH meter (Crimson MicropH 2001m).
Electrical conductivity was measured by electrometric method
(MC226 Conductivity meter Mettler Toledo). Chlorine content in
the process water was determined by titration according to the
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methodology described in EPA- SW-948 test method 9253. BOD5

quantification was performed following the OxiTop� methodology.
Total phenolics were measured by the Folin-Ciocalteau method,
with an adaptation of the method described by Singleton et al.
(1998). Total reducing sugars content was determined through
the dinitrosalicylic acid method (DNS) method, as proposed by
Miller (1959). Total solids, Kjeldahl nitrogen, total phosphorous
and COD were quantified according to methods 2540B, 4500Norg-
C, 4500P-E and 5220B, respectively, from the Standard Methods
for the Examination of Water and Wastewater.

Qualitative analysis of the organic fraction present in the pro-
cess water was done as described in a previous work (Nobre
et al., 2019a). Briefly, process water samples (5 mL) were acidified
until pH 2 with 97% H2SO4 and were extracted three times with
CHCl3 (2 mL each extraction). The extracts were combined and
dried with anhydrous sodium sulphate, filtered and derivatized
with BSA (N, O-Bis(trimethylsilyl)acetamide). Finally, the extracts
were injected in a GC-MS analyzer (Focus GC, Polaris Q - Thermo),
equipped with a DB-5 capillary column (30 m length, 0.25 mm
inner diameter and 0.25 lm film thickness). The extracts were
injected in split mode, at 250 �C and the GC temperature was pro-
grammed in four stages: (i) initial temperature of 35 �C, held for
4 min; (ii) increased to 150 �C at a rate of 4 �C/min; (iii) increased
to 280 �C at 10 �C/min; (iv) constant temperature of 280 �C held for
5 min. The transfer line and ion source temperatures were 270 �C
and 200 �C, respectively. The organic profile of the chloroform
extracts was determined by comparing the obtained mass spectra
with those in NIST and WILEY databases.

2.5. Energy calculations

Energy calculations for the HTC process were based on the work
of Mau and Gross (2018). Energy requirements (Qinput) were calcu-
lated according to Eq. (5):

Qinput ¼
mw Hw;HT � Hw;RTð Þ þmRDFCpRDFDT

mRDF
ð5Þ

where Qinput (MJ) is the energy input during the HTC process, mw

(kg) and mRDF (kg) are the amounts of water and RDF. Hw,HT and
Hw,RT (both in MJ/kg) are the enthalpy of water at the final
hydrothermal temperature and at room temperature, respectively.
CpRDF (MJ kg�1 K�1) is the specific heat capacity of RDF, taken from
a previous work (Nobre et al., 2019b). The evaluation of the energy
input does not include a term corresponding to equipment heating
or thermal losses. This is based on the assumption that these energy
requirements might be compensated by the negative heat of reac-
tion from the HTC process and energy recovery from the hydrochars
(Cuvilas et al., 2015; Heidari et al., 2020)

The energy output (Qoutput) of the process was calculated
through Eq. (6):

Qoutput ¼ mhydrochar � HHVhydrochar ð6Þ
where Qoutput is expressed in MJ, mhydrochar (kg) is the mass of
hydrochar, and HHVhydrochar (MJ/kg) is the HHV of hydrochar.

The net energy generation (Qnet) was estimated by Eq. (7):

Qnet ¼ Qoutput � Qinput ð7Þ
Process energy efficiency (PEE) was calculated according to Eq.

(8):

PEE %ð Þ ¼ Qoutput

mRDF � HHVRDFð Þ þ Qinput
� 100 ð8Þ
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3. Results and discussion

3.1. Proximate analysis, elemental analysis, and fuel properties

The HTC process had a clear effect on the visual aspect of the
solid products regarding their homogeneity. The process converted
RDF into a dark, friable, and uniform shaped hydrochar, as shown
in Fig. S1 (Supplementary data). All the hydrochars were easily
grinded when compared with the original RDF and the increase
in sample brittleness was more pronounced for the hydrochars
produced at 300 �C both at 30 and 120 min.

The results obtained for proximate analysis and ultimate analy-
sis as well as for fuel properties of the original RDF and produced
hydrochars are summarized in Table 1.

The hydrochars presented lower moisture contents between 0.5
and 1.4 wt%, after the drying stage. According to Lu et al. (2011),
hydrolysis reactions occurring during HTC are responsible for the
rupture of water bound to the raw material, which in conjunction
with the improvement of hydrophobicity may contribute further
for the reduced moisture contents. This is an important feature
regarding storage of hydrochars, since reduced moisture and
increased hydrophobicity are important factors in reducing micro-
bial contamination, and moisture uptake upon exposure to atmo-
spheric conditions (Kambo and Dutta, 2015a).

Proximate analysis showed that the HTC process caused a
decrease in volatile matter present in hydrochars, when compared
with raw RDF. This parameter was reduced from 85.1% to values
between 79.6% and 82.7%, which can be explained by dehydration
and decarboxylation reactions occurring during HTC (Toptas Tag
et al., 2018). Changing RDF-to-water mass ratio from 1:15 to 1:5
caused an increase in volatile matter of the hydrochars from
78.6% to 80.4% possibly due to higher partition of degradation
products to the hydrochars as the aqueous solution became
saturated.

Increased temperatures and longer residence times showed a
positive trend towards reduced ash contents of the hydrochars,
showing values that varied from 3.3 to 5.3 wt%. These results cor-
responded to reductions of ash contents between 50.5 and 69.2%,
when compared with the value present in the original RDF
(10.7 wt%). Ash contents of the hydrochars obtained with a resi-
dence time of 120 min were slightly lower (3.3–4.3 wt%) than for
Table 1
Chemical characteristics and fuel properties of RDF and hydrochars.

Parameter

RDF H-250-30/15 H-275-30/15 H-27

Proximate analysis (wt.%, dba)
Moistureb 6.0 0.5 0.6 0.5
Volatile matter 85.1 81.8 80.5 80.4
Ash 10.7 4.8 4.7 5
Fixed carbon 4.2 13.4 14.8 14.3

Ultimate analysis (wt.%, dafc)
C 53.7 61.9 62.6 64.1
H 8.7 7.9 7.2 7.3
N 1.5 1.8 1.7 2.1
S 0.0 0.0 0.0 0.0
O 36.1 28.4 28.5 26.5

Fuel properties
HHV (MJ/kg, db) 21.2 26.1 25.2 26.3
Mass yield (%, db) – 49.2 49.3 53.7
Energy yield (%, db) – 60.4 58.7 66.5
Cl (wt.%, db) 2.03 1.27 0.91 1.08
Dechlorination efficiency (%, db) – 69.2 77.9 71.4

a Expressed in a wet basis wb,wt.%.
b db – dry basis.
c daf – dry ash free basis.
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hydrochars produced at the same temperature for 30 min (3.8–
5.3 wt%), indicating that longer residence times may favor the
dissolution of the mineral fraction in the aqueous phase. These
reductions in inorganic content are mainly attributed to the
solubility of those components in subcritical water conditions
and have been reported by different authors using different raw
materials such as Miscanthus � giganteus (Mihajlović et al., 2018)
or TetraPak (Lokahita et al., 2017).

Given the trends observed for volatile matter and ash contents,
the HTC process had a positive effect in fixed carbon content. This
parameter increased from 4.2 wt% (RDF) to values between 13.4
and 16.9 wt% for the hydrochars. According to Lin et al. (2017),
these variations in fixed carbon concentration are influenced by
aromatization and repolymerization reactions occurring during
HTC.

Regarding ultimate analysis (Table 1), it can be observed that
the HTC process caused an increase in carbon content and a
decrease in hydrogen and oxygen contents. This outcome is a result
of the elimination of oxygenated products and dissolution of min-
eral components. Changing the RDF-to-water mass ratio from 1:15
to 1:5 increased carbon content of the hydrochars from 62.6 to
64.1 wt%. Sulphur was not detected in the original RDF or any of
the hydrochars. Nitrogen concentration in the hydrochars pre-
sented minor increases when compared to the original RDF. This
was more significant for the hydrochar obtained at 250 �C and
120 min, indicating that, unlike oxygen, nitrogen was not easily
eliminated by rearrangement of the C-N bonds. Nitrogen content
of samples H-275-30/15 (1.7 wt%) and H-275-30/5 (2.1 wt%)
showed that reducing the amount of water in the reactor may lead
to higher nitrogen retention in the hydrochar. According to Wang
et al. (2018b) higher nitrogen concentrations in hydrochars from
food waste can be attributed to enhancements of polymerization
reactions and to absorption of nitrogen containing substances pre-
sent in the reactive medium. The compositional changes associated
with the HTC process can be further assessed by analyzing the
changes in O/C and H/C atomic ratios as represented in the Van
Krevelen diagram (Fig. 1).

The produced hydrochars presented significant reductions in O/
C and H/C ratios when compared to the original RDF, showing that
HTC promotes a clear fuel upgrading effect. The hydrochars had O/
C ratios lower than 0.34, which are close to lignite (0.38). On the
Sample

5-30/5 H-300-30/15 H-250-120/15 H-275-120/15 H-300-120/15

0.6 0.7 0.7 0.7
82.7 79.6 80.6 79.8

.3 3.8 4.1 4.3 3.3
13.5 16.3 15.1 16.9

64.5 64.8 66.7 62.9
8.0 7.7 7.7 8.0
1.9 2.4 1.7 2.1
0.0 0.0 0.0 0.0
25.6 25.0 23.8 27.1

27.7 27.4 28.1 27.2
45.2 53.6 51.6 47.6
59.2 69.3 68.3 61.0
1.01 1.06 0.90 0.95
77.5 72.0 77.1 77.7
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other hand, the H/C ratios were comparable to lignocellulosic bio-
mass (from 1.37 to 1.54). This coalification effect is mostly related
with dehydration and decarboxylation reactions (Kim et al., 2017).

Performance of the HTC process and fuel quality of the hydro-
chars were also assessed by parameters like HHV, dechlorination
efficiency, mass and energy yields (Table 1).

The HTC process increased HHV values and decreased the chlo-
rine content of the hydrochars when compared to the original RDF.
The HHV of the hydrochars varied between 25.2 and 28.1 MJ/kg
and were comparable with the HHV of lignite (25.7 MJ/kg) (Liu
et al., 2013). Hydrochar yields generally decreased with tempera-
ture and increased with residence time, because higher tempera-
tures favor decomposition and product dissolution in process
water. In contrast, longer residence times could further enable
the polymerization and cross-linking reactions leading to conden-
sation of the HTC products, thus increasing hydrochar yield (Lin
et al., 2017; Zhao et al., 2018). Positive correlations between hydro-
char yield and residence time have been reported for HTC of food
waste (Zhao et al., 2018) and pine biomass (Wu et al., 2017).
According to Nakason et al. (2018), energy yield can be used to
determine optimal HTC conditions, since it measures how much
energy of the original raw material is retained in the hydrochar.
The energy yields determined in this work follow the same ten-
dency as the mass yields and HHV, that showed positive correla-
tions with residence time. The highest energy yields (69.3% and
68.3%) were obtained for residence time of 120 min at the temper-
atures of 250 �C and 275 �C, respectively. Higher HTC temperatures
may lead to further decomposition of the feedstock and shorter
residence time limits the extent of condensation reactions. These
factors can reduce carbon recovery in the solid products and con-
sequently decrease energy yield (Kambo and Dutta, 2015).

The dechlorination efficiencies of the HTC process varied from
69.2% (H-250-30/15) to 77.9% (H-275-30/15). The decrease in chlo-
rine content has also been reported for hydrochars produced from
mixtures of medical wastes and lignocellulosic biomass (Shen
et al., 2017), PVC (Poerschmann et al., 2015) and mixtures of bam-
boo and PVC (Yao and Ma, 2018). Changing the RDF-to-water mass
ratio from 1:15 to 1:5 improved mass yield and the HHV of the
hydrochars (therefore increasing energy yield) but it had a nega-
tive effect in dechlorination, decreasing this parameter from
77.9% to 71.4%. As a lower amount of water is available, a lower
proportion of HTC degradation products are dissolved in the aque-
ous medium justifying the lower dechlorination efficiency. On the
other hand, different authors indicated that higher amounts of
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water in the reactor enhance hydrolysis reactions, which can
account for the higher mass yield found with H-275-30/5
(Oktaviananda et al., 2017; Román et al., 2012).

Generally speaking, the fuel properties of hydrochars were
improved with the increase of residence time, since ash and chlo-
rine contents were reduced while mass yield rose. Higher RDF-to-
water ratio contributed to increase HHV and mass yield, but chlo-
rine and ash contents were greater. Temperature seemed to have
no direct correlation with the previous parameters, although it
promoted a reduction of mass and energy yields. The hydrochar
with the best fuel properties was H-275-120/15, presenting the
highest HHV (28.1 MJ/kg db) and the lowest chlorine concentration
(0.9 wt% db).

3.2. Thermal analysis

The results of thermal degradation of RDF and selected hydro-
chars during combustion are represented in Fig. 2.

The TGA profiles of RDF, H-250-30/15, H-300-30/15 and H-300-
120/15 are very similar in shape, with two thermal decomposition
stages, as determined by the multi-peak deconvolution. The first
decomposition stage occurs at temperatures between 312 �C and
317 �C while the second stage occurs between 438 �C and 459 �C.

Biomass structural components, namely cellulose (250–350 �C),
hemicellulose (200–300 �C) and lignin (200–500 �C), decompose in
these two stages, and it is largely assumed that during combustion
the mass loss obtained in these temperature intervals correspond
to CO2 and CH4 release (Carrier et al., 2011; Mihajlović et al.,
2018). It is safe to assume that the hemicellulose fraction was sig-
nificantly lower for the produced hydrochars. The relative abun-
dances of polysaccharide and lignin fractions might be
approximated with Lorentzian multi-peak deconvolution
(Fig. 2d). As can be seen from the Fig. 2d. as the HTC temperature
and residence time increase, the relative polysaccharide fraction
decreases and lignin fraction increases. This result highlights the
effect of higher temperatures and residence times in hydrochar
production, reinforcing the degree of molecular rearrangement
and decomposition caused by the HTC process. As such, the greater
mass loss found for the RDF sample can represent the oxidation of
biomass main constituents and the presence of different volatile
matter fractions (Sever Akdağ et al., 2016).

The ignition temperatures (Table S2, Supplementary data) did
not change significantly among the samples (260 �C, 250 �C,
260 �C, 255 �C, for RDF, H-250–30/15,H-300–30/15, and H-300–
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Fig. 2. (a) TGA curves; (b) DTG curves; (c) Deconvolution of RDF DTG curve; and (d) Relative abundance of the two main peaks (polyssacharides and lignin) for each studied
sample.
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120/15, respectively) possibly because of the low polysaccharide
content of the RDF. On the other hand, burnout temperatures
decreased significantly (623 �C, 556 �C, 576 �C and 576 �C, respec-
tively for RDF, H-25-30/15, H-300-30/15, and H-300-120/15). The
results indicate that the RDF and hydrochars have similar ignition
properties and their ignition temperatures are lower than that of
lignite. The lower burnout temperatures of hydrochars suggest that
they can be burned in lower temperatures and in shorter residence
times than RDF.

3.3. Structural properties

Microscopic observations of the RDF and the produced hydro-
chars revealed interesting morphological alterations brought by
the HTC process. The SEM images of RDF and hydrochars H-250–
30/15, H-300–30/15 and H-300–120/15 are presented in Fig.S2
(Supplementary data). The surface morphology of RDF was quite
fibrous and smooth, denoting some rigidity. After HTC, substantial
changes on the surface morphology could be perceived. One of the
most apparent changes is related to the degradation of the fibrous
structure into fragments with grooves and holes that were seen in
the three hydrochar samples. Hydrochars presented a more disor-
dered structure, particularly sample H-300-30/15 showing visible
cracks that could be related with the release of volatile matter dur-
ing the thermal process (Ma et al., 2016; Saqib et al., 2018).

The FT-IR analysis enabled further understanding on the struc-
tural composition, namely differences in functional groups
between the original RDF and the hydrochars. FT-IR peak frequen-
cies and respective assignments are presented in Table 2.
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The peaks at 3295 and 3296 cm�1, which are attributable to O-H
stretching vibration in hydroxyl or carboxyl groups, were present in
all samples but became weaker at increased temperature and resi-
dence times due to dehydration and decarboxylation reactions. This
observationisinaccordancewiththeresultsdepictedintheVanKrev-
elendiagram(Fig.1),anditcanalsomeanahigherdegreeofhydropho-
bicity for thehydrochars,which is avery important feature regarding
storageofsolidfuels(Liuetal.,2013).C-Hstretchingofmethyl,methy-
leneandmethinegroupsarereflectedinpeaksat2914–2915cm�1and
2846–2848cm�1.Thesegroupsarepresentinhemicellulose,cellulose
andlignin,andthepeakintensitydecreasedforallhydrocharsamples,
particularly in samples H-300-30/15, H-275-120/15 and H-300-
120/15. These samples represented the most severe HTC conditions
and, as such, the first peak (2914-2915 cm�1) is small, and at 2846–
2848cm�1thepeaksdisappeared.Thiscouldberelatedwiththemore
extensive oxidation of the biomass components occurring at these
conditions. Peaks present at 1691–1692 cm�1 and 1585–1591 cm�1

were not detected in the RDF spectrum. These peaks correspond to
C=O and C=C stretching in aromatic rings and becamemore intense
with the increase in temperature and residence time. The hydrochar
producedwithahigherRDF-to-watermass ratio (1:5)alsopresented
a greater peak intensity at thesewavenumbers. The higher intensity
of thesepeaksmaybe relatedwithcondensationandpolymerization
reactions that occur extensively for longer reaction times and with
reducedwatervolume,reflectingonanincreasedmassyieldobtained
forsamplesH-275–30/5,H-250–120/15andH-275–120/15.

Peaks corresponding to Aryl-O stretching in aromatic ethers
(1248–1264 cm�1) and C-O stretching in the hydroxyl group of
phenolic compounds (1202–1206 cm�1) increased with process



Table 2
FT-IR peak frequencies (cm�1) and corresponding assignments for RDF and hydrochar samples.

Sample Assignment

RDF H-250-
30

H-275-
30

H-275-
30/5

H-300-
30

H-250-
120

H-275-
120

H-300-
120

3296 3295 3295 3295 3296 3295 3295 3296 O-H stretching in hydroxyl and carboxyl groups (Yao and Ma, 2018).
2914 2914 2915 2915 2915 2915 2915 2914 C-H stretching in aliphatic methyl, methylene and methine groups (Shen et al., 2017).
2846 2848 2848 2846 2847

1692 1692 1691 1691 1692 1691 1691 C=O stretching in quinone, conjugated ketone, amide or carboxylic acid (Wu et al., 2017)
(Coates, 2000).

1591 1596 1587 1587 1587 1587 1585 C=C stretching in aromatic rings (Kabadayi Catalkopru et al., 2017).
1443 1443 1443 1440 C-H bending in methyl group (Coates, 2000).
1264 1254 1251 1263 1263 1257 1264 1264 Aryl-O stretching in aromatic ethers (Stemann et al., 2013).
1206 1201 1206 1202 1202 1206 1206 1206 C-O stretching in phenolic hydroxyl group (Coates, 2000) (Yan et al., 2017).

1107 1107 1099 1101 1109 1098 1095 C-O stretching in ethers (alkyl substituted or large cyclic ethers) or C-N stretching in
primary amines (Coates, 2000).1031 1030 1030 1030 1031 1031 1029

781 782 781 782 782 C-H out-of-plane bending in aromatic rings (875–650 cm�1) (Wu et al., 2017)
663 669 668 668 651 668 669 668 C-Cl stretching in aliphatic chloro compounds (800–600 cm�1) (Shen et al., 2017)
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temperature, and were more pronounced in samples H-275-30/15
and H-300-30/15. These peaks also showed a slight decrease for
longer residence times, and they correspond to lignin interactions,
which have a more complex degradation profile (Liu et al., 2013).

The decrease in chlorine content can also be related to the FT-IR
data, since the peaks at 651–669 cm�1 were significantly smaller
for the hydrochars when compared to the original RDF.
3.4. Process water characterization

HTC process water has been thoroughly described in the litera-
ture as one of the main drawbacks of this thermal conversion pro-
cess, mostly due to its considerable amounts and heavy pollutant
charge (Catalkopru et al., 2017). Results for the characterization
of the process waters generated in each HTC experiment are pre-
sented in Table 3.

All process waters were acidic with pH values that ranged from
2.8 to 4.0. These values are likely due to the presence of organic
acids formed by thermal decomposition of sugars present in the
biomass fraction of the RDF (Becker et al., 2014; Berge et al.,
2011). Temperature and residence time did not seem to exert sig-
nificant effects on this parameter, whereas the RDF-to-water mass
ratio of 1:5 was found to decrease pH probably due to the concen-
tration effect of acidic components, since the amount of available
water was lower. Furthermore, sample W-275-30/5 presented
the highest conductivity (9.2 mS/cm) and fixed solids (6.7 g/L) val-
ues, which also establishes the impact of the RDF-to-water mass
ratio in the concentration of inorganic species.
Table 3
Chemical characterization of the process waters obtained from the different HTC tests.

Parameter Unit

W-250-30/15 W-275-30/15 W-275-30

pH Sorensen 3.2 3.8 2.8
Conductivity mS/cm 5.0 6.1 9.2
COD gO2/L 12.2 12.8 27.2
BOD5 mgO2/L 300 333 450
Solids Total g/L 12.2 11.7 23.1

Fixed 3.6 3.2 6.7
Volatile 8.6 8.6 16.4

Kjeldahl nitrogen mg/L 41.7 42.9 49.2
Total phosphorous 0.293 0.104 0.306
Total reducing

sugars
g/L 6.7 4.2 5.1

Total phenolics 1.6 2.1 2.1
Chlorine 0.9 1.8 3.2
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Nitrogen presented values between 26.1 mg/L and 49.2 mg/L,
showing a tendency to decrease for higher temperatures. At
300 �C (30 and 120 min), nitrogen values in the process water were
lower when compared with the greater nitrogen contents found in
samples H-300-30/15 and H-300-120/15 (2.1 wt%). Although
found in very small concentrations, total phosphorous revealed a
decreased tendency with temperature and residence time. These
results could arise from the reaction of phosphorous with metallic
cations such as calcium, magnesium, aluminum or iron, resulting
in precipitates that could be deposited in the surface of the hydro-
chars (Idowu et al., 2017). Reducing sugars concentration had a
higher value at 250 �C for 30 min (6.7 g/L) but decreased for the
subsequent temperatures, and for the tests conducted for
120 min. At higher temperatures, as well as longer residence times,
the degradation of reducing sugars to yield organic acids and CO2,
justifies this decrease in their concentration in process waters
(Wang et al., 2018b).

COD and BOD5 of process waters showed a relation with all
operating variables. These parameters increased with temperature,
residence time and with the reduction in the amount of water
added to the reactor. COD values varied between 12.2 gO2/L (W-
250-30/15) to 27.2 gO2/L (W-275-30/5). Higher temperatures and
longer residence times increased the degradation of the RDF,
allowing the number of oxidizing compounds to increase. A
reduced amount of water in the reactor, leads to a concentration
effect reflected on a higher COD value of 27.2 gO2/L. On the other
hand, BOD5 presented values between 300 and 450 mgO2/L. These
low values are indicative of poor biodegradability and can be
related with the presence of aromatic hydrocarbons and phenolic
Sample

/5 W-300-30/15 W-250-120/15 W-275-120/15 W-300-120/15

3.8 3.2 3.8 4.0
4.1 5.7 6.7 4.0
13.8 12.7 14.2 15.5
350 333 393 400
12.5 11.2 10.8 13.5
3.9 3.8 3.4 3.9
8.7 7.4 7.4 9.6
30.5 41.1 44.8 26.1
0.095 0.163 0.086 0.062
5.1 4.7 4.8 4.3

1.7 1.5 1.3 1.5
1.4 1.7 2.6 1.9
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compounds (with values between 1.3 and 2.1 g/L) that are gener-
ally toxic to microorganisms. Since the BOD5/COD values ranged
from 0.02 to 0.03 the biological treatment of these process waters
may not be a viable solution (Berge et al., 2011). COD and BOD val-
ues found for these process waters are significantly lower than val-
ues found for HTC of mixed MSW (Berge et al., 2011). RDF, as
opposed to MSW, represents an already treated solid waste, mean-
ing that during its production the organic and putrescible fraction
is separated, leaving mostly lignocellulosic components and plas-
tics, which could be the reason for lower COD and BOD values.

The nature of the organic compounds present in the process
water samples was studied by GC-MS (Table 4), to clarify which
were the main functional groups present in the process waters.

Temperature and residence time affected the distribution and
variety of organic compounds found in the HTC process waters,
and samples W-300-30/15 and W-300-120/15 presented the lar-
gest number of identifiable compounds, due to the more extensive
degradation occurring at this temperature. Several acids, alcohols,
ketones, aromatic hydrocarbons and phenolic compounds were
identified with a cut-off value for relative peak area of 0.5%. Acetic,
propionic and sorbic acids, as well as 3-furaldehyde and phenol
were present in all the samples, at variable relative percentages.
Similar organic contaminants were found in the process waters
obtained from HTC of different waste materials like MSW or ligno-
cellulosic biomass (Berge et al., 2011; Mihajlović et al., 2018).
Table 4
Qualitative analysis of the process water extracts by GC-MS.

Compounds Molecular
formula

W-250-30/15 W-275-30/15

Acetic acid C2H4O2 5.1 2.7
Prop-2-enoic acid C3H4O2 0.5
Propionic acid C3H6O2 1.0 0.6
Isobutyric acid C4H8O2

Sorbic acid C6H8O2 1.9 3.2
Benzoic acid C7H6O2

3-Methoxybenzoic acid C8H8O3 3.6 1.9
1,2-Ethanediol C2H6O2

Butanol C4H10O
Pentanol C5H12O
Octanol C8H18O
3-Furaldehyde C5H4O2 19.8 1.8
2,4-Dimethylfuran C6H8O 0.7
3-Furaldehyde C5H4O2 19.8 1.8
2,4-Dimethylfuran C6H8O 0.7
3-Hydroxybut-3-en-2-one C4H6O2

2-Methylcyclopent-2-en-1-one C6H8O
1-(cyclohexen-1-yl)-ethanone C8H12O 1.3
(2-hydroxyphenyl)-phenylmethanone C13H10O2 1.1
1-Phenylethanone C8H8O
1-Phenanthren-9-ylethanone C16H12O
3-Methoxybenzaldehyde C8H8O2 1.9
1-Phenoxynaphtalene C16H12O 8.5
Phenol C6H6O 1.3 15.3
Benzene-1,4-diol C6H6O2

4-Methylphenol C7H8O 1.9 1.6
2-Methylphenol C7H8O 1.8
2-Methoxyphenol C7H8O2 0.8
2,6-Dimethoxyphenol C8H10O3

1,3,5-Trimethoxy-2-methylbenzene C10H14O3

2-Ethenyl-1,3,4,5-tetramethoxybenzene C12H16O4

2-Benzylphenol C13H12O
1-Benzyl-2,4-dimethylbenzene C15H16

1-Ethyl-2-methylphenanthrene C17H16

4-[1-(3,4-dimethylphenyl)ethyl]-1,2-
dimethylbenzene

C18H22 0.8

2,2,7,7-Tetramethyloctane C12H26

Total identified peaks (%) 44.9 34.2
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The wide variety of aromatic compounds found in these process
waters is consistent with other findings on RDF thermal conver-
sion. According to Efika et al. (2015), there was a predominance
of aromatic compounds in oil from RDF pyrolysis at 350 �C, as a
result of their formation by conversion of alkanes to alkenes and
subsequent Diels-Alder reactions, that are favored by high temper-
ature and long residence times. Moreover, the presence of aromatic
compounds, particularly polycyclic aromatic hydrocarbons (PAH)
is an indicator of the toxicity and pollution potential of these pro-
cess waters (Mihajlović et al., 2018). This is corroborated by the
low biodegradability expressed through the BOD5/COD values.

The role of the process water during the HTC process is complex
and multifactorial because it constitutes a liquid medium for disso-
lution of multiple components of the raw materials and of newly
formed products, it also acts as a reactive agent participating in
the decomposition of the raw materials (Hori et al., 2019) and is
the source of the autogenous pressure of the process. In that sense,
the RDF-to-water mass ratio is a key parameter for the process effi-
ciency and the final composition of the aqueous effluent.

Given the chemical characteristics of these samples, a detailed
study on different solutions for the management of HTC process
water is required. Process water recirculation, or extraction of
added-value organic compounds may represent solutions to
increase the sustainability of the HTC process by reducing the envi-
ronmental impact of process waters.
Relative peak area (%)

W-275-30/5 W-300-30/15 W-250-120/15 W-275-120/15 W-300-120/15

8.4 8.2 9.9 7.7 5.3
0.5 0.7 0.7

1.5 1.4 1.0 1.7 1.2
1.8 1.1 2.3 1.2
3.1 4.1 3.9 5.2 3.4

1.3 7.1
1.4 3.6
0.5

1.2 2.7 0.7 1.2
2.2

4.7 4.5
4.5 2.2 1.6 4 0.3
3.9 1.7 2.6 2.3
4.5 2.2 1.6 4.0 0.3
3.9 1.7 2.6 2.3

0.9
11.3

1.3 0.4
2.8 1.6 1.9

0.9
1.2

3.7 2.2 0.7
1.8 8.5 1.2
4.3 2.8 6.9 5.4 4.8
1.8 0.9

1.4 1.9 4.5 2.0
1.8 1.8 0.6

3.1
3.7 1.0

1.2 1.0
1.0

12 1.4 1.2
0.6
0.5
1.3

1.2 0.8 1.2 0.5

48.4 50.1 39.1 43.2 60.7
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3.5. Energy calculations

Evaluation of energy balance of the HTC process was done by
calculating the energy supplied to the process (Qinput) and the
energy recovered from its products (Qoutput). The heat require-
ments (Qinput) were calculated without accounting for thermal
Table 5
Energy calculations for RDF hydrothermal carbonization.

Process conditions

T (�C) RDF-to-water mass ratio t (min) Hydrochar yield (%) Cp,

250 1:15 30 49.2 1.5
275 1:15 30 49.3
275 1:5 30 53.7
300 1:15 30 45.2
250 1:15 120 53.6
275 1:15 120 51.6
300 1:15 120 47.6
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Fig. 3. Relation between PEE (%) and Qnet (MJ): (a) Results obtained in this work with RDF
water mass ratio of 1:10.
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losses. The energy required to heat RDF during HTC does not
account for water vaporization enthalpy because phase change is
avoided in this process. Drying of the sample and obtained hydro-
char were not considered in these calculations. Evaporation of
water from the liquid phase was also not accounted for, since this
phase is expected to be remediated or valorized (Kambo et al.,
Energy calculations

RDF (MJ kg�1 K�1) Qinput (MJ) Qoutput (MJ) Qnet (MJ) PEE (%)

� 10�3 14.45 12.81 �1.64 35.9
16.06 12.43 �3.62 33.4
5.60 14.10 8.50 52.6
17.67 12.55 �5.11 32.3
14.45 14.70 0.24 41.2
16.06 14.48 �1.58 38.9
17.67 12.93 �4.73 33.3

0 ºC 

275 ºC 

45 50 55 60

 (%) 

250 ºC 

275 ºC 

ºC 

45 50 55 60
E (%) 

-to-water mass ratios of 1:15 and 1:5; (b) Calculations made for a projected RDF-to-
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2018; Stemann et al., 2013). Furthermore, Qoutput considers only
the energy content of the hydrochar, since for each test, after
reaching ambient pressure, gas formation was not relevant. Results
for the energy calculations are presented in Table 5.

As expected, input energy increased with the increase of HTC
temperature, but the RDF-to-water mass ratio played a major role
in Qinput values. The lower Qinput value corresponds to HTC at
275 �C with a ratio of 1:5, meaning there is a smaller amount of
water to heat. Considering 1 kg of RDF and 15 kg of water, the
amount of energy required for the process, for all temperatures is
always very high, and above 14.45 MJ. Meanwhile, partially due
to the decline in hydrochar yield, Qoutput decreased with increasing
HTC temperature. The amount of water and the obtained hydro-
char yields are reflected in the calculated Qnet values, and this
parameter has positive values for the conditions with higher
hydrochar yields. When compared with conventional RDF torrefac-
tion or carbonization, HTC showed lower char yields, and requires
further energy to heat water, thus presenting lower process effi-
ciencies (Nobre et al., 2019b). The highest PEE value was obtained
for the test with the RDF-to-water mass ratio of 1:5 (52.6%). These
results suggest that HTC applied to RDF should be done with less
water in the reactor, to minimize energy expenditure regarding
water heating and also to obtain higher hydrochar yields. On the
other hand, hydrochar fuel properties, namely HHV, did not pre-
sent significant alterations regarding the use of different tempera-
tures, residence times and RDF-to-water mass ratios. As such,
taking into account the similar fuel properties obtained at the
tested process conditions, a comparison between the obtained
results and calculations made for a RDF-to-water mass ratio of
1:10 is represented in Fig. 3.

As expected, lowering the amount of water has a very positive
effect on Qnet values and PEE (%). According to Missaoui et al.
(2017), Qnet net values were negative (-2.4 MJ/kg) for a biomass-
to-water ratio of 1:6, whereas for a ratio of 1:5 this parameter
was positive (2.2 MJ/kg). Nevertheless, the low density of the
RDF is an obstacle, since HTC requires the feedstock to be covered
in water. Possibly, further reducing particle size of the RDF prior to
HTC could help decrease the volume that this feedstock occupies in
the reactor. On the other hand, less water also means the process
water will have higher concentrations of several parameters, such
as total solids content, fixed solids content, COD, Kjeldahl nitrogen,
total phosphorous or chlorine, as previously discussed (Table 3).
Optimization of this process is fundamental to further proceed to
a larger scale, namely by testing different RDF particle sizes and
RDF-to-water mass ratios. Furthermore, mixing RDF with other
wastes, such as waste oils or waste animal fats, could also be pos-
itive regarding density of the sample and increasing hydrochar
yield.
4. Conclusions

Hydrothermal carbonization of RDF between 250 �C and 300 �C,
with residence times of 30 min and 120 min, and RDF-to-water
mass ratios of 1:15 and 1:5, can be an effective way to upgrade this
heterogeneous waste derived fuel. Increase in reaction tempera-
ture (up to 275 �C) and time (120 min) led to higher reaction sever-
ity, resulting in an increase in RDF degradation, polymerization and
condensation of dissolved products resulting in higher mass yield.
The produced hydrochars presented upgraded fuel properties,
namely reduced volatile matter and ash contents as well as
increased fixed carbon and HHV. The hydrochars showed similari-
ties with fossil fuels such as lignite regarding reduced oxygen and
hydrogen concentrations. These new-found characteristics illus-
trate their potential as alternative solid fuels. The process waters
from all the HTC tests presented acidic pH and significant COD,
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high total phenolic and total reducing sugars values, as well as
the presence of various organic species, namely organic acids, alco-
hols, furan derivatives, phenolic compounds and aromatic hydro-
carbons. Owning to their composition, these process waters need
further study to establish the best management practices and to
increase sustainability of the HTC process.

Additionally, process energy efficiency can be improved by low-
ering the amount of water used in the process and by applying pro-
cess conditions that optimize hydrochar mass yield, namely lower
temperature, and longer residence time.
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Mihajlović, M., Petrović, J., Maletić, S., Isakovski, M.K., Stojanović, M., Lopičić, Z.,
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