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A B S T R A C T   

Digestate, a nutrient-rich substance, is a potential resource of income in biogas plants. It can be utilized as a soil 
amendment and solid biofuel due to containing inorganic and organic compounds. However, concerning the 
environmental regulations, there is a requirement for further processes, including hydrothermal carbonization 
(HTC). Regarding the selection of optimum conditions from the experimental data, this study proposes the en-
ergetic yield as the performance indicator from the techno-economic viewpoint, taking solid load and relative 
equipment size comparison into account as well as the heating value of hydrochar. The energetic yield is the 
energy content in hydrochar as the heating value per unit mass of reactor inlet, MJ/kg reactor inlet. Among the 
investigated data for various digestates, the optimum feedstock and conditions were HTC agricultural residue 
(with 5.02 Energetic yield MJ/kg reactor inlet) at 200 ◦C and the residence time of 1 h with 30 % solid load based 
on the energetic yields, i.e. selected for process simulation. This study also investigates required experimental 
data for enabling mass balance and simulation models. In addition to yield and proximate analysis of feedstock 
and hydrochar, the characterization of process water is important for representing the dissolved organics. The 
available data influences the accuracy and closure of elemental mass balances for process simulation. In addition, 
this study also investigates simulation aspects for producing hydrochar with 20 % moisture content as well: the 
impact of property method on energy balance, the heat of reaction compared to the literature values, and heat 
integration concepts. SRK, PSRK, NRTL, and IDEAL methods reported the same value, − 122 kW, as the heat duty 
of the reactor. This value corresponds to − 1.46 MJ/kg dry solid and − 1.74 MJ/kg dry-ash-free solid inlet as the 
heat of reaction.   

1. Introduction 

Sustainable development is defined by the United Nations [1] as “the 
development that meets the needs of the present without compromising the 
ability of future generations to meet their own needs.” Therefore, sustain-
able development goals are designed to mitigate the excessive usage of 
fossil fuels, providing affordable and clean energy, environmental pro-
tection, and socioeconomic development [2,3]. In the current linear 
economic model that non-renewable resources are used; they end up as 
waste material that produces large amounts of pollutants and waste 

[4,5]. On the contrary, a circular economy (CE) is based on recycling 
wastes and energy production from renewable resources [6]. In this 
regard, international organizations, including European Union (EU), set 
guidelines according to UN Agenda [7] to reduce the negative effects of 
non-renewable resources and move towards CE and sustainable 
development. 

To address the negative effects of non-renewables and move towards 
sustainability, there is a need for renewable alternatives like biofuels. 
Biochemical conversion technologies and making use of enzymes of 
microorganisms is an appropriate closed-loop process in the CE concept 
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[8]. Anaerobic digestion (AD), composting, and fermentation are 
considered the default processes for converting organic waste feedstock, 
including agricultural waste, manure, animal slurry, and municipal solid 
waste (MSW), into biofuels [9–11]. Biogas and digestate, the products of 
the AD process, have dual benefits in energy production and waste 
management [12]. Biogas is a vital energy contributor in the transition 
to renewable energy resources and toward sustainable development in 
many countries. According to assessments and potentials in the EU [13], 
biogas production is expected to increase from 28.8 to 40.2 Mtoe in 2030 
(the current production level is 14.9 Mtoe). Digested sludge, digestate, 
which is rich in nutrients, is commonly used for agricultural application 
or incineration [14,15]. According to statistics, there is no accurate data 
for digestate production; however, based on estimations for EU28, 
approximately 180 million tons of digestate are produced annually [16]. 

Development of the AD process for energy production increased 
volumes of the generated digestate year by year. However, environ-
mental restrictions limited the direct usage of the digestate. The re-
strictions are imposed by the presence of high amounts of nitrogen, 
heavy metals, organisms, and pathogens due to the contaminants and 
pollution of soil and water [17,18]. Storage and transportation of the 
oversupplied digestate lead to high costs [19,20]; therefore, there is a 
need for further process. 

Digestates can be treated via physicochemical, biological, and me-
chanical methods to recover and remove nutrients [21,22]. Among 
physicochemical technologies, thermochemical treatments are feasible 
technologies for managing organic wastes to produce valuable biofuels, 
heat, and power. Especially, hydrothermal treatments using water as a 
solvent and reactant are specialized for handling the high moisture 
content of wastes, that reviewed by many scientists [23–29]. Among the 
hydrothermal processes, analysis of operational problems in hydro-
thermal liquefaction (HTL) and supercritical water gasification (SCWG) 
processes concluded that the hydrothermal carbonization (HTC) pro-
cess, with lower operating conditions, reduces the risk of operational 
problems reviewed by Ghavami et al. (2021) [30]. In addition, pro-
cessing digestate through HTC reduces the global warming potential and 
increases the exergy efficiency compared to composting digestate [31]. 
HTC is a viable thermochemical process to convert the digestate to 
hydrochar and recover solid carbon and energy without drying pre- 
treatment [32–35]. Hydrochar could be replaced as a substitute for 
fossil fuels due to its higher carbon content, HHV, lower ash, and the 
richer oxygenated functional group as compared to digestate [36–38]. 
Meanwhile, it is suitable for use in conventional combustion processes 
due to the similarity of the energy content and chemical structure of 
hydrochar to natural coal [39]. In recent years, the HTC has been 
investigated to produce remediation and conditioner agent for soil 
improvement and fertilizer [40–42]. The HTC process is followed by 
densification or palletization processes to improve the storage and 
transportation properties of the solid fuel [43]. 

Various types of digestate feedstock can be used in the HTC process. 
Comparing HTC of municipal solid waste (MSW) digestate and agri-
cultural residue (cow dung) digestate at 200 ◦C temperature for 4.5 h 
residence time, Pawlak-Kruczek et al. [44] concluded that wet MSW 
digestate is more profitable for energy purposes because of higher en-
ergy densification (1.406 for MSW digestate and 1.123 for agricultural 
residue digestate). Among the feedstocks, including digestates of 
organic household waste (OHWD), energy crops (ECD), and cow manure 
(CMD), ECD showed the highest solid yield while OHWD showed the 
lowest solid recovery, as observed in the experiments by Cao et al. [17]. 
The severity of the reaction increased the carbon content of hydrochars 
from OHWD and ECD [17]. In another study on HTC at 150–250 ◦C, with 
a solid load of 10–30 % by weight and with 1 h residence time, the 
highest heating value (HHV) was obtained from agricultural residue 
(AGR) digestate among different digestates, such as sewage sludge (SS), 
AGR, vegetable, garden, and fruit waste (VGF), and residual municipal 
solid waste (MSW) [45]. Sewage sludge digestate resulted in a low HHV 
hydrochar compared to higher lignin-containing feedstock; meanwhile, 

AGR digestate had a lower ash content corresponding to higher carbon 
content [46]. However, despite HTC being implemented industrially for 
sewage sludge by TerraNova company in Germany [47] and for pulp and 
paper sludge in Finland [48,49], further progress on HTC of digestates 
requires process simulation, integration, and techno-economic assess-
ment based on the experimental results. 

The physicochemical properties of hydrochar strongly depend on the 
digestate, its origin, and the process conditions. These properties can 
guide the selection of optimum feedstock and conditions as well as the 
end-use application of the hydrochar [50,51]. HTC process is governed 
by various factors including temperature and residence time. An in-
crease in temperature reaction increases energy yield due to enhance-
ment of the HHV and decreases solid yield, and significantly decreases 
hydrochar yield [52]. The combined effect of residence time and tem-
perature on hydrochar properties is still not clear; therefore, further 
research is needed. Residence time and the reaction temperature are 
defined by a single factor which is the severity of the HTC reaction 
(Equation 1): 

R0 = tres. exp
(

THTC − 100
14.75

)

Severity factor (1)  

where R0 is the severity factor, THTC is the HTC temperature (◦C), and tres 
is the residence time (min). The increase of the severity factor has a 
positive effect on the dry basis carbon content [17,53]. At high tem-
peratures, higher reaction activity leads to the transition of water- 
soluble components into aqueous and gaseous phases and transferring 
of organic matter [54,55]. Increased temperature enhances hydrochar 
thermal stability due to increased carbonization and devolatilization, 
according to Nzediegwu et al. [56]. 

Digestate origin also influences the hydrochar properties [17]. The 
higher carbon content feedstock results in higher energy density in 
hydrochar [57]. For instance, sewage sludge digestate results in a low 
HHV hydrochar compared to lignin-containing feedstock, while diges-
tates with lower ash content results in higher carbon content in hydro-
char [46]. Meanwhile, according to Fujiwara et al. [58], a high amount 
of lignin and hemicellulose is identified as the limiting factor in the 
anaerobic process, i.e. non-lignocellulosic feedstocks being more suit-
able for the AD process. The degradability of cellulose, hemicellulose, 
and lignin are affected by the rigid structure of the pseudo-components 
to be used in AD. 

During the HTC process, the digestate is carbonized at relatively low 
temperatures and autogenous pressure. The HTC process is conducted in 
the subcritical condition in which the water characteristics change 
dramatically. An increase in the temperature below the critical point 
(374 ◦C) results in weakening water’s hydrogen bonds, an increase in 
dielectric constant, and produces high ionization constants. The 
subcritical condition increases H+ concentration which boosts acid- 
catalyzed reactions [59]. The overall behavior of the HTC reaction is 
exothermic, in which the hydrogen and oxygen content is reduced by 
various reaction mechanisms [60,61]. These mechanisms include hy-
drolysis, dehydration, decarboxylation, aromatization, condensation, 
and polymerization [35]. The first stage is hydrolysis, in which the 
biomass feedstock is degraded to oligomers and monomers; in this stage 
monomers like 2-furfural and 5- hydroxymethylfurfural (5-HMF) are 
produced. In the dehydration process, the amount of OH groups de-
creases, causing a lower O/C ratio [62]. The decarboxylation stage re-
duces C═O and COOH groups leading to decreasing O/C ratio of the 
solid product [63]. According to Ahmed et al. [33], the HTC process 
temperature range is capable of treatment of polluted problematic 
biomass, including sewage sludge, and the problematic compounds 
transform or thermally degrade during the HTC process. In addition, the 
necessary treatment is provided by the HTC process to recover nutrients 
and produce energy while addressing sterilization and sanitation. In 
another study, Lu et al. [64] applied co-HTC of SS and polyvinyl chloride 
(PVC) to transform heavy metals and chlorine. Mn and Zn were removed 

N. Ghavami et al.                                                                                                                                                                                                                               



Energy Conversion and Management 270 (2022) 116215

3

effectively, the toxicity of Ni and As was reduced, and dechlorination 
efficiency improved by the addition of PVC. 

Reviewing the simulated models of HTC of organic waste and 
biomass, Ischia and Fiori [60] concluded the lack of focus on the HTC 
system and specifically the reactor as the heart of the process. Regarding 
the phenomena in the reactor, chemical kinetics and heat transfer are 
weakly understood, thus complicating or even preventing the mecha-
nistic models. For instance, the inorganics in trace amounts are usually 
neglected when investigating the reaction mechanism and kinetics, such 
as N, P, Na, Si, K, Ca, and Mg. Transformation of these species can 
catalyze or affect hydrochar formation, structure, and other product 
pathways. Few studies are conducted on each pathway, and process 
development for various value-added products is time-consuming and 
expensive [65]. Moreover, the heat of reaction is obtained only based on 
the overall reaction while missing the heat of reaction versus the space 
in a reactor or residence time, i.e. the stages of reactions [27]. In addi-
tion, heat transfer models are affected by a lack of information on the 
changes in density, porosity, and permeability of biomass due to unex-
plored reactions [27]. There is also a lack of information on component 
interactions and reactions in different process severities during hydro-
thermal processes. Most HTC experiments are carried out in bench-scale 
batch reactors; however, commercialization and industrialization of the 
HTC process require more investigations on the continuous process for 
validation of product yields. Meanwhile, the separation of HTC products 
(hydrochar, process water, and gas product) has great importance as 
well. The experimental studies conduct complete dewatering for char-
acterization purposes with the methods suitable only for lab-scale (such 
as microfilters and oven-drying the solid), while industrially applicable 
dewatering requires specific investigation. Comparing innovative 
methods for dewatering, Gao et al. [66] considered different operational 
modes and concluded dewatering hydrochar at the same hydrothermal 
temperature by mechanical compression resulted in the lowest moisture 
content (45.49 %) in hydrochar. It is worth mentioning that the hy-
drothermal fluid was transferred before the dewatering process. A better 
understanding of the HTC process and gaps provides information for 
future research and investigation to improve the process and upgrade 
the products. 

Due to the complicated reaction kinetics and mechanisms, simula-
tion models are simplified based on the experimental results rather than 
mechanistic kinetic models. Simulations based on experimental results 
require sufficient characterization data of hydrochar, process water, and 
gases to enable the mass balance. However, some experimental studies 
might focus on the impacts of process conditions on hydrochar yield and 
quality rather than presenting a complete set of data sufficient for mass 
balance. Nevertheless, it is possible to simulate the HTC process based 
on experimental results involving adequate characterization of hydro-
char and process water [67–69]. Meanwhile, the gas yield is typically 
calculated by differences in experimental studies [45,57,62]. In addi-
tion, the gas is assumed to be carbon dioxide only due to other gases 
being generated in negligible amounts. However, the gas composition 
was observed to include 70–90 % of carbon dioxide by the studies also 
investigating the gas outlet of the HTC process [70,71]. To sum up, it is 
needed to investigate the required characterization data regarding mass 
balance and the impact of experimental data on the accuracy of the 
process simulations. 

Constructing a representative simulation model is crucial in energy 
balances and selecting the optimum process conditions and integration 
concepts. However, the simulation models of HTC involve simplifica-
tions that can influence the energy balance results sharply. For instance, 
McGaughy and Reza [72] simulated HTC of food waste in Aspen Plus 
based on the experimental yields obtained in a batch reactor at 
200–260 ◦C with a residence time of 30 min. Moreover, digestate and 
hydrochar are defined as non-conventional solids in the simulations; 
however, default values are considered for heating values calculated by 
Aspen Plus through empirical relations instead of user-defined values. 
As a matter of fact, the empirical relations in Aspen Plus are derived 

originally for coal [73]. This affects the heat of the reaction calculated 
by the simulation model. Therefore, there is a need for simulation 
models as representative as possible based on the experimental results. 

Besides the sufficient characterization of products and dewatering 
data, simulating an HTC process also requires selecting optimum con-
ditions. It is beneficial to have a clear indication enabling the compar-
ison of various conditions from the techno-economic viewpoint at an 
early stage to filter the promising sets of conditions for further process 
design and feasibility assessment. Some performance parameters 
include energy densification, energy recovery, and carbon recovery. On 
the other hand, the current process performance parameters do not 
include the combined impact of process conditions from the techno- 
economic viewpoint. The energy densification does not explicitly 
determine the optimum temperature due to the opposite trend of 
hydrochar heating value and yield with temperature. Meanwhile, dry- 
basis yield and carbon recovery do not involve the impact of solid 
load and residence time on the equipment sizes. Therefore, it is needed 
to determine a criterion implying the relative comparison of equipment 
sizes as well as hydrochar outcome. 

This study aims to illustrate a simulation model for the HTC of 
digestates regarding the industrial application, to determine experi-
mental data required for the simulation, and to define an evaluation 
criterion for selecting the optimum feedstock and conditions from the 
technical viewpoint. The study complies with the data of various feed-
stocks processed at various conditions, establishes the optimum feed-
stock conditions set via the defined criterion, and presents the process 
simulation results. The digested feedstock and optimum conditions are 
selected based on the calculation of energetic yield per reactor inlet as 
well as considering residence time. The simulation results include en-
ergy balance, heat and electricity requirements for the process, and the 
impact of the thermodynamic method. The simulation model also in-
volves dewatering followed by thermal drying of hydrochar down to 20 
% moisture content in the final product. HTC of organic waste is an 
emerging technology to move towards sustainability and a circular 
economy. In this regard, process modeling and simulation provide in-
formation to predict and optimize the process conditions and products. 
This research article provides a reliable simulation for the commer-
cialization of the HTC process as well as a proper criterion for selecting 
the promising sets of conditions and required characterization data for 
mass balances. 

2. Selection of feedstock and process conditions 

This study compares various digestates as feedstock and process 
conditions studied in the literature, such as digestates of food waste, 
sewage sludge, and agricultural residue (mixture of maize, grass silage, 
and manure). Table 1 summarizes the elemental composition and the 
chemical energy content (HHV) of different types of digestates tested in 
various studies, and Table 2 gives the related properties of resulting 
hydrochar in different operational conditions and product yields as 
obtained in the studies listed in Table 1. In addition, Table 2 also gives 
the calculated energetic yields for each set of feedstock-condition ex-
periments. This study illustrates the comparison of feedstock and pro-
cess conditions based on energetic yield; however, the various digestates 
have been tested under different conditions in different studies. It should 
be noted that proper comparison can be made when all the digestates are 
tested under the same conditions. Nevertheless, the comparison in this 
study is still useful for selecting promising sets of conditions and 
observing the impact of conditions. 

Table 2 introduces a process performance indicator, namely ener-
getic yield, as the criterion for the selection of optimum process condi-
tions. This performance parameter gives an indication of techno- 
economic comparison at the early stage of process development, while 
dry-based yield is more informative on conversion and chemistry. For 
instance, a techno-economic assessment on supercritical water gasifi-
cation (SCWG) of Kraft black liquor showed that the economically 
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optimum hydrogen production was not achieved at the process condi-
tions of maximum dry-based hydrogen yield because of lower revenue 
by the off-gas than the optimum set of conditions [76]. Consequently, it 
was proposed to determine the hydrogen and energy yields on a non- 
inert basis (ash being the only inert) for SCWG processes together 
with residence time and reactor material [77]. This is also applicable to 
other hydrothermal processes when selecting the optimum conditions. 
The ash amount is relatively less in SCWG and to be separated within the 
reactor, i.e. not affecting the majority of the process equipment. 
Meanwhile, HTC of digestate involves higher ash content, and the ash is 
split between process water and hydrochar. Therefore, this study in-
troduces the energetic yield on the basis of the total inlet to the reactor. 
The energetic yield represents the energy content of hydrochar via its 
heating value per unit mass of reactor inlet, in MJ/kg reactor inlet. The 
energy content takes the combination of hydrochar yield and heating 
value into account while the reactor inlet basis takes the relative 
equipment size into account. For instance, for processing a defined 
amount of dry feedstock, low solid load results in streams with high flow 
rates, i.e. larger equipment and energy requirement. Similarly, the 
residence time is also a direct indication of reactor size together with the 
energy yield parameter. When the energetic yields are close, the resi-
dence time is another parameter to compare the sets of conditions. For 
example, HTC of energy crop digestate resulted in the same energetic 
yield at 210 ◦C with 2-hour and 5-hour residence times, i.e. no reason to 
consider higher residence time and larger reactor. Similarly, HTC of 
wheat straw digestate resulted in the same energetic yield at 240 ◦C with 
2-hour residence time and at 260 ◦C with 8-hour residence time. Among 
the feedstocks and condition sets in Table 2, the HTC process gives the 
most efficient outcome for AGR digestate at 200 ◦C, 30 % solid load, and 
1-hour residence time, i.e. 5.02 MJ/kg reactor inlet. 

3. Process description and simulation 

Prior to the simulation, it is needed to define the capacity, the 
components, and thermodynamic methods. Therefore, a process model 
is simulated in Aspen Plus V11.1 based on the following assumptions:  

• The process is simulated in steady-state mode.  

• The property method and free-water methods are PSRK (Predictive 
Soave-Redlich-Kwong) equation of state and STEAMNBS, 
respectively.  

• The stream class is defined as ‘MIXNC’, i.e. mixed of conventional 
and non-conventional compounds.  

• The digestate feedstock rate was considered as 1000 kg/h with 30 % 
solid load, i.e. 700 kg/h water and 300 kg/h of dry feedstock.  

• The dissolved organics in process water are represented as one non- 
conventional compound.  

• The chemical and physical properties of hydrochar, digestate, and 
ash, considered non-conventional solids (NC solids), are estimated by 
‘HCOALGEN’ and ‘DCOALIGT’ (with codes of 6 for user input values 
of HHV of these components).  

• The HTC reactor is considered a RYIELD block based on the mass 
balance with experimental results.  

• The gas product of the HTC process is considered as 90 % CO2, 6 % 
CO, 3 % CH4, and 1 % H2 by volume for enabling the mass balances.  

• Air is defined as 79 % nitrogen and 21 % oxygen gases by volume.  
• The target product is hydrochar with a maximum of 20 % moisture 

content. 

The component list involves conventional substances of water, car-
bon dioxide, carbon monoxide, methane, hydrogen, oxygen, and nitro-
gen, besides non-conventional substances of digestate, hydrochar, 
dissolved organics, and ash. The digestate and hydrochar are defined to 
represent the dry-ash-free part, while ash is defined as a separate 
component. Since ash is split to process water and hydrochar, it can be 
more convenient to define ash separately when using a split block in the 
simulation model, i.e. distributing ash as a component. 

An appropriate thermodynamic property method is required to 
model a process simulation and achieve reliable results. Physical prop-
erty methods facilitate the interpretation of component behavior under 
process conditions. Property methods are chosen based on the involved 
components and simulation conditions. Consequently, selecting the 
property method was one of the basic and critical steps.’IDEAL’ based 
method [57,62] and SRK [72] were used in some studies for the HTC 
process. However, the existence of non-conventional components 
(digestate, ash, and hydrochar) and moderate pressure do not support 
the selection of the ‘IDEAL’ base method. Alternatively, SRK and PSRK 
are suitable for mild or high-pressure processes, including polar and 
non-polar components and light gases. This study compares different 
property methods, including SRK, PSRK, NRTL, and ‘IDEAL’ base, to 
achieve more accurate data. Soave-Redlich-Kwong (SRK) equation of 
state gained wide popularity and occupied many thermodynamic 
packages, including Aspen Plus, due to its simplicity and engineering 
flexibility [78]. Moreover, this method is recommended for high- 
pressure conditions [79]. The SRK property method can be used for 
non-polar or mildly polar mixtures and provides reasonable results in all 
temperatures and pressures consistent in the critical region [80,81]. 
Predictive Soave–Redlich–Kwong equation of state (PSRK) was devel-
oped by Gmehling based on the SRK equation and used the UNIFAC 
method in calculating mixture parameters [82]. This equation of state is 
able to capture the non-ideal interactions and predicts the properties of 
pseudo-components [83]. In addition, the PSRK method can predict 
binary interactions at any pressure and can be used for the mixture of 
polar, non-polar, and light gases. This property method provides accu-
rate results in high temperatures and pressures and is also close to the 
critical point [84]. The nonrandom two-liquid (NRTL) property method 
has been widely used in vapor–liquid and liquid–liquid equilibrium 
(VLE and LLE) to characterize the critical solution temperature and LLE 
immiscibility [85,86]. It is also recommended for a highly non-ideal 
chemical system by Aspen Plus. 

The process simulation for HTC of AGR digestate involves the heat 
exchange between the reactor downstream and feed stream, heating the 
feed further to reach the reaction temperature, the reactor, separation of 
the solid product, and thermal drying to decrease the moisture content 

Table 1 
Elementary composition of different digestates.  

Digestate sample HHV 
(MJ/ 
Kg) 

C H N S O Ash Ref. 

Energy crops 
(ECD)  

16.4  40.3  4.6 2.1  0.3  24.0  28.7 [17] 

Cow manure 
(CMD)  

17.0  42.6  5.0 2.0  0.4  34.3  15.7 

Organic 
household 
waste (OHWD)  

13.4  34.3  4.0 1.9  0.2  23.8  35.8 

Wheat straw (WS)  20.1  41.7  5.6 0.9  0.2  37.8  13.8 [74] 
Food waste 

(FWD)  
13.2  32.9  3.0 4.0  0.2  29.4  30.5 [75]  

Yard waste (YW)  16.7  39.4  5.3 10  0.5  32.2  12.6 
Mix FW & YW  14.95  36.2  4.2 7.0  0.3  30.8  21.5 
Agricultural 

residue (AGR)  
17.8  44.1  5.1 3.2  0.3  31.3  16.0 [45] 

Municipal solid 
waste (MSW)  

15.6  24.1  1.7 1.5  0.2  16.9  55.6 

Sewage sludge 
(SS)  

14.9  28.6  3.1 3.4  1.5  16.5  46.9 

Vegetable, garden 
and fruit waste 
(VGF)  

14.9  29.5  3.0 2.0  0.3  21.4  43.8 

Manure  14.6  26.8  3.4 1.7  0.4  22.9  44.8 [54] 
Manure & whey  15.9  28.2  3.6 1.7  0.5  20.3  45.7 

*C, H, O, N, S and ash are reported based on weight percent dry basis. 
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of hydrochar. The process simulation model is depicted in Fig. 1. The 
stream “FEED” is pumped to a pressure of 45 bars to ensure the liquid 
phase at the reaction temperature and exposed to heat exchange with 
the reactor downstream as represented by the units “HE1” and “HE2”. 
The feedstock reaches the temperature of 180 ◦C after this heat exchange 
by specifying 20 ◦C. Afterwards, the heating conducted in the “HEATER” 
unit represents the external heating to reach the reaction temperature of 

200 ◦C. The reactor unit “HTC” operates at the constant temperature of 
200 ◦C, thus resulting downstream at the same temperature. The reactor 
is represented with a RYIELD block with user-defined yields based on 
experimental data. After heat exchange with the feedstock, the reaction 
mixture goes through expansion and separation. The dewatering is 
represented as a split block to separate process water, namely 
“DEWATER”. Then, separating process water as the stream “PWATER”, 

Table 2 
Properties of hydrochars from HTC of digestates as conducted by the studies referred in Table 1.  

Feedstock digestate HTC conditions Hydrochar Process performance 

THTC (◦C) tres (h) Solid load (%) C (%) H (%) O (%) HHV (MJ/kg) Yield 
(% dry basis) 

Energetic yield 
(MJ/kg reactor inlet) 

ECD 210 2 15  41.2  3.9  21.9  23.1  79.5  1.92 
5  42.4  3.8  20.2  24.0  77.8  1.92 

230 2  40.8  3.5  20.4  23.2  71.8  1.68 
5  42.0  3.4  16.8  24.9  66.1  1.61 

250 2  41.6  3.2  15.8  25.1  61.3  1.47 
5  42.0  3.1  14.0  25.9  58.6  1.41 

CMD 210 2 15  46.9  4.6  27.5  22.7  75.3  2.10 
5  47.2  4.2  26.3  22.6  71.2  1.95 

230 2  47.7  4.0  24.1  23.3  65.7  1.81 
5  50.7  4.0  19.1  25.8  58.3  1.75 

250 2  51.0  3.8  17.9  26.1  52.7  1.57 
5  52.4  3.9  16.1  27.2  52.4  1.63 

OHWD 210 2 15  32.7  3.0  21.1  20.4  79.2  1.41 
5  35.6  3.2  19.2  22.4  75.5  1.52 

230 2  33.6  2.9  17.1  22.3  72.8  1.35 
5  34.6  2.7  14.4  23.7  68.9  1.32 

250 2  34.3  2.6  13.1  24.4  67.9  1.29 
5  35.7  2.7  12.6  25.2  65.8  1.32 

WS 220 2      

15       

59.9  5.3  33.4  23.4  55.3  1.94 
4  64.0  5.5  28.8  25.5  48.8  1.87 
6  67.2  5.1  26.1  26.3  57.9  2.28 
8  70.3  5.1  22.9  27.7  53.3  2.21 

240 2  70.6  4.7  23.0  27.3  56.8  2.33 
4  73.2  4.8  20.1  28.6  51.6  2.21 
6  74.1  5.1  18.8  29.5  49.3  2.18 
8  74.5  5.0  18.5  29.5  50.5  2.23 

260 2  64.2  4.0  30.0  23.3  45.9  1.60 
4  71.4  4.7  22.2  27.6  51.1  2.12 
6  70.6  4.1  23.6  26.3  57.6  2.27 
8  74.0  4.9  19.2  29.1  55.3  2.33 

FWD 250 2 10  34.4  3.6  12.0  13.9  51.0  0.71 
YW  54.4  5.2  18.9  20.7  47.0  0.97 
Mix FW & YW  44.1  4.6  15.7  18.9  44.0  0.83 
AGR 200 1 10  52.0  6.9  23.1  21.6  60.0  1.30 

20  50.8  6.0  24.4  20.7  67.8  2.81 
30  51.2  6.1  22.8  20.9  80.1  5.02 

250 10  57.3  6.3  11.5  24.0  47.2  1.13 
20  57.1  6.6  12.0  24.2  51.1  2.47 
30  56.7  5.8  12.7  23.3  49.4  3.45 

MSW 200 1 10  22.6  1.6  11.7  15.5  85.0  1.32 
20  21.4  1.6  13.9  15.6  87.1  2.72 
30  24.0  1.8  12.2  15.4  85.7  3.96 

250 10  23.0  1.6  9.7  15.6  82.0  1.28 
20  21.7  1.6  7.9  15.6  84.1  2.62 
30  23.4  1.7  7.8  15.5  83.5  3.88 

SS 200 1 10  34.0  4.2  13.0  15.0  72.6  1.09 
20  34.0  4.2  14.0  15.1  76.1  2.30 
30  35.2  4.4  12.7  15.4  78.0  3.60 

250 10  34.4  4.0  9.2  15.2  65.6  1.00 
20  34.7  4.1  10.6  15.3  67.9  2.08 
30  36.4  4.3  9.0  15.7  69.5  3.27 

VGF 200 1 10  26.3  2.7  14.4  14.8  79.5  1.18 
20  32.2  3.3  13.3  15.1  80.9  2.44 
30  30.4  3.1  12.5  14.9  79.8  3.57 

250 10  26.4  2.6  8.3  14.8  71.1  1.05 
20  27.8  2.7  9.0  14.9  71.4  2.13 
30  29.1  2.9  5.4  15.0  73.7  3.32 

Manure 180 1 25  28.9  3.4  16.2  11.4  79.5  2.26 
210  31.4  3.5  9.1  13.0  75.7  2.46 
240  32.5  3.3  3.2  13.7  65.7  2.25 

Manure & Whey 180 1 25  36.7  4.2  12.9  15.5  86.6  3.36 
210  35.5  3.8  13.6  14.5  81.1  2.95 
240  37.7  3.9  6.0  16.1  68.3  2.75  
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the hydrochar goes through thermal drying with air. The dryer is rep-
resented as air compressed to 1.2 bars and heated to 110 ◦C, hydrochar- 
air contact, and flash separation to separate dried hydrochar and humid 
air. Aspen Plus calculates this part in equilibrium while the industrial 
driers operate with excess air to reduce the equipment size. The stream 
“EXCESAIR” represents the excess air in the dryer. The drying is con-
ducted to reduce the moisture content down to 20 % moisture to avoid 
molding in case the product is transported or stored before further 
usage. 

The mass balance is required to define the yields on a non-inert basis 
for Aspen Plus simulation and to determine the representation of or-
ganics in the process water stream. The experimental results include the 
ultimate analysis of digestate and hydrochar, the yields, and process 
water characterization for HTC of AGR digestate [45]. The data used in 
mass balance are shown in Table 3. 

The mass balance involves the following steps based on the available 
characterization data:  

I). determining the hydrochar, gas, and liquid flow rates using the 
yield data and total mass balance  

II). nitrogen elemental balance to determine the nitrogen amount in 
process water  

III). carbon amount in process water calculated with C:N ratio  
IV). elemental balance of sulphur to determine the sulphur amount in 

process water  

V). elemental balance of carbon to determine carbon in gas, i.e. 
carbon dioxide  

VI). determining the mass flow rates of gas species via the carbon 
element amount and composition of gas  

VII). calculating the hydrogen and oxygen content of organics in 
process water by using chemical oxygen demand (COD) and 
biochemical methane potential (BMP) data (i.e. writing hydrogen 
amount in terms of COD and other elements, then using solver 
function in excel to reach the BMP data by adjusting oxygen 
content)  

VIII). determining the water amount in process water via the liquid 
flow rate and organic and ash content 

Conducting these steps includes a few assumptions as well. The gas is 
assumed to have no nitrogen and sulphur as H2S or NOx, i.e. all the ni-
trogen and sulphur in feedstock being split between hydrochar and 
process water. In addition, the lab-scale experiments involved oven 
drying of hydrochar after complete dewatering through microfilters, i.e. 
the amount of evaporated water representing the difference between gas 
flow rate calculated from the yield and carbon dioxide flow rate calcu-
lated from carbon balance. In addition, the experimental BMP is utilized 
as the theoretical one to enable the calculation despite the small error in 
the elemental balances of hydrogen and oxygen. 

Fig. 1. Simulation model of HTC process.  

Table 3 
Characterization results of feedstock, process water, and hydrochar [45].  

Sample Ultimate analysis (wt% dry) Proximate analysis (wt% dry)   

C (%) H (%) O (%) N (%) S (%) Ash (%) FC VM HHV 
(MJ/kg) 

Feedstock  44.1 5.1  31.3 3.2  0.3  16.0  13.8  70.2  17.8 
Hydrochar  51.2 6.1  22.8 3.5  0.10  16.3  17.0  66.7  20.9 
Process water 
C:N  5.8 TOC  

18.8 g/L 
BMPexp  178.6 Nml CH4/g COD 

TN  3.3 g/L COD  
54.6 g/L  

Yields 
Hydrochar  80.1 wt% dry-based 
Liquid  16.8 wt% dry-based 
Gas  3.1 wt% dry-based  
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4. Result and discussion 

4.1. Mass balance for the reactor using the experimental results 

The methodology of mass balance depends on the available charac-
terization data. The extent of sample analysis also determines the ac-
curacy of mass balances. The total mass balance is enabled with yields of 
hydrochar and liquid as well as ultimate and proximate analysis of 
feedstock and hydrochar. To determine the components and yields for 
the process simulation, the next step is to identify the process water. The 
carbon, nitrogen, and sulphur contents are directly calculated from the 
elemental balances, while the hydrogen and oxygen occur as generated 
water and in the organic content. With the available data for this case, 
the hydrogen and oxygen content of dissolved organics are calculated 
via experimental BMP and COD. From the energetic viewpoint, an 
insignificant mismatch in hydrogen and oxygen balances is caused by 
utilizing the experimental BMP in a stoichiometric calculation. Alter-
natively, a more accurate determination can be enabled by CHNS 
analysis of the dissolved content in process water. Moreover, CHNS 
analysis and experimental BMP together provide biodegradability in-
formation of the process water as well: theoretical BMP from the 
elemental composition versus experimentally measured value. This is an 
important consideration regarding recycling the process water to the 
anaerobic digester in a biogas production plant. Another assumption in 
the mass balance is the gas composition due to the unavailability of gas 
composition analysis. This can also cause a slight mismatch in the 
elemental balances of carbon and hydrogen. Most of the experimental 
HTC studies determine the gas yield by difference through total mass 
balance, not measuring the composition. The HTC studies analyzing the 
gas compositions observed that carbon dioxide is the most dominant one 
(90 % by volume or more), followed by carbon monoxide (3–8 % by 
volume), and the remaining amount as hydrogen and methane [87,88]. 
Moreover, trace amounts of light hydrocarbons can also occur only in 
severe conditions [88]. The mismatch in determining the gas can be 
considered relatively insignificant from the preliminary mass balance 
and energetic viewpoints focusing on hydrochar production, despite gas 
composition being important from the environmental viewpoint. On the 
other hand, this slightly affects also the identifying process water as well 
for recycling or disposal, especially when CHNS analysis is not available 
for process water. 

The mass balance for the HTC reactor is shown in Fig. 2, defining ash 
as a separate component and inert, i.e. digestate and hydrochar non- 
conventional components representing dry-ash-free portions of feed-
stock and solid product. Table 4 shows the ultimate and proximate 
analysis of non-conventional compounds defined in the simulation 
model. Representing ash separately, the digestate and feedstock com-
positions are calculated to represent dry-ash-free portions of those. In 
addition, all the organic content in process water is represented as a 
single non-conventional compound, namely organics, to enable mass 
balance. This might have a slight impact on the energy balance since the 
heating value of the organics is then calculated empirically within the 
simulation model. Another alternative could be introducing a set of 

conventional compounds per the functional groups in process water. 
However, this representation does not ensure a precise representation 
regarding elemental balance and heating value. Moreover, this requires 
a more intensive characterization of process water. Ash is the only inert 
component; Table 5 shows the yields defined in the simulation model on 
a non-inert basis. The non-inert-based yields are calculated as the mass 
flow rate of a product divided by total inlet except ash, i.e. the sum of 
water and dry-ash-free amounts. These yields are introduced as the input 
values to the RYIELD block of the simulation model. The calculations are 
determined in Supplementary Material for the mass balance around the 
reactor and the yields. 

4.2. Dewatering and thermal drying 

The reactor downstream has slightly over 70 % water content, as 
shown in Fig. 2. Therefore, hydrochar product is obtained after dew-
atering and thermal drying. The dewatering in this study is based on the 
experimental filtration results presented by Aragon-Briceno et al. (2022) 
[62]. The water content of the hydrochar stream is reduced to 50 % in 
the dewatering unit while recovering 85 % of the dry solid inlet in the 
hydrochar by spending 79.09 kJ/kg of dry solid. Afterwards, thermal 
drying is applied to reduce the moisture content down to 20 % by 
weight. The heat requirement for thermal drying is assumed as 3.82 MJ/ 
kg of water evaporated based on the energy balance of HTC of sewage 
sludge at 200 ◦C with a residence time of 45 min, as presented by Zhao 
et al. (2014) [89]. Despite the different feedstock and slightly shorter 
residence time, this heat requirement is reasonable for preliminary 
assessment since the energy amount is obtained experimentally by 
drying the hydrochar. Nevertheless, this amount of energy was calcu-
lated when drying the hydrochar completely, while drying down to 20 % 
moisture content might require less energy. Fig. 3 shows the mass and 
energy balance for dewatering and thermal drying. The calculations are 
determined in Supplementary Material for the energy requirements of 
dewatering and thermal drying. 

4.3. Energy balance and the impact of the thermodynamic property 
method 

The process was simulated with four property methods mentioned in 
Section 3 to compare the convenience of these methods for the HTC 
process. Table 6 shows the heat duties of heat exchangers and power 
consumptions pump and compressor when the process is simulated with 
PSRK, SRK, NTRL, and IDEAL methods. NTRL and IDEAL methods result 
in the same heat and power values, while the results with SRK and PSRK 
methods differ for pump and heat exchangers involving the feedstock 
and reactor outlet. This study selects the PSRK method for evaluating 
energy balances because of temperature and pressure conditions and 
non-conventional compounds. 

The heat of reaction plays an important role in heat integration; 
therefore, it is important to validate the calculated values. The heat of 
reaction is obtained via two methods: Hess’s law based on the formation 
enthalpies and differential calorimetry measurements [90]. Calculating 
the heat of reaction via Hess’s law requires proper representation of 
organics in process water and accurate measurement of the heating 
value of hydrochar. Meanwhile, calorimetry measurements require 
proper imitation of HTC conditions regarding temperature and resi-
dence time. Therefore, improvements are needed in the heat of reaction 
aspect. The simulation model calculates the heat duty of the reactor 
based on the enthalpies, i.e. Hess’s law. For the case in this study, all 
investigated thermodynamic methods result in the same value, − 122 
kW, as the heat duty of the reactor. This value corresponds to − 1.46 MJ/ 
kg dry solid and − 1.74 MJ/kg dry-ash-free solid inlet. The calculated 
heat of reaction is within the range of reported ones in the literature 
despite the need for more verification. For instance, the heat of reaction 
was measured as − 1.07 MJ/kg dry-ash-free cellulose (with 9 % standard 
deviation) and − 0.76 MJ/kg dry-ash-free wood (with 32 % standard Fig. 2. Mass balance for the HTC reactor.  
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deviation) at 240 ◦C with 10-hour residence time assuring the complete 
reaction [91]. It was also observed that the heat of the reaction increases 
with residence time and temperature as well. The measured heat of the 
reaction varied from − 0.59 to − 1.33 MJ/kg-cellulose at the temperature 
range of 180–240 ◦C with a 3-hour residence time [92]. Similarly, the 
heat of the reaction was measured as − 2.53 and − 3.47 MJ/kg of dry 
wood at 180 ◦C with 2.5-hour and 5.83-hour (350 min) residence times, 
respectively [93]. 

After selecting the thermodynamic method, the stream temperatures 
are also determined based on the energy balances. The simulation is 
based on processing 1000 kg/h wet digestate of AGR with 30 % solid 
load at 25 ◦C. The ‘FEED’ stream is pumped to a pressure of 45 bar, 
causing a one-degree increase in temperature. The heat exchange of the 
feedstock and reactor outlet cools the reactor outlet down to 49 ◦C while 
the feedstock is heated to 180 ◦C. The feedstock is further heated to 
200 ◦C and transferred into the reactor. The reactor is assumed to 
operate isothermally while exothermic conversion results in heat release 
in the reactor. For instance, this excess heat from the reactor can be used 
to heat the air inlet for thermal drying, thus covering around three 
fourth of the heat required for thermal drying. The reactor outlet cooled 
down to 49 ◦C goes through dewatering and thermal drying. For thermal 
drying, the air temperature increases from 25 ◦C to 46 ◦C when com-
pressing to 1.2 bars. In addition, the hydrochar product is calculated to 

be at 33 ◦C due to the evaporation of water, and exhaust air is at 70 ◦C. 
The energy need of the process can be determined through the en-

ergy balances as heat and electricity requirements. The pump and the 
compressor require electricity. Meanwhile, the external heat re-
quirements include heating the feedstock to the reaction temperature 
(“Heater” unit) and heating the air for thermal drying (“HEATAIR” unit) 
while the reactor releases heat because of exothermic conversion (“HTC” 
unit). As a further heat integration, the heat released by the reactor can 
also be utilized to heat the air inlet for thermal drying. This will reduce 
the external heat requirement for thermal drying. Table 7 shows the 
energy balance and net energy requirements of the process. 

Table 4 
Non-conventional compounds in the simulation model.  

NC components Ultimate analysis (wt%) Proximate analysis (wt%)  

C H N S O Ash FC VM HHV (MJ/kg) 

Digestate  52.5  6.07  3.81  0.36  37.3 –  16.4 83.6 21.19 
Hydrochar  61.2  7.29  4.18  0.12  27.2 –  20.3 79.7 24.97 
Ash  –  –  –  –  – 100  – – – 
Organics  17.6  9.57  3.0  1.7  68.1 –  – 100 Default value  

Table 5 
The calculated yields as defined in the simulation.  

Component Yield (kg/kg non-inert) 

Hydrochar  0.2113 
Water  0.7390 
Organics  0.04122 
CO2  0.008289 
H2  0.000004186 
CH4  0.0001005 
CO  0.0003516  

Fig. 3. Block diagram of dewatering and thermal drying.  

Table 6 
Comparison of different property methods.  

Property 
method 

PUMP HE1,2 HEATER HEATAIR HTC COMPRESS  

Power 
(kW) 

Heat 
(kW) 

Heat 
(kW) 

Heat 
(kW) 

Heat 
(kW) 

Power 
(kW) 

PSRK 1.75 150 21 162 − 122 56.4 
SRK 1.37 170 24 162 − 122 56.4 
NRTL 1.32 162 25 162 − 123 56.4 
‘IDEAL’ 1.32 162 25 162 − 123 56.4  

Table 7 
Heat and power requirements of the HTC process.  

Electricity requirement 

PUMP 1.75 kW 
COMPRESS 56.4 kW 
Total electricity consumption 58.15 kW 
Heat requirement 
HEATER 21 kW 
HEATAIR 162 kW 
HTC − 122 kW 
Net heat consumption 61 kW  
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When configuring the heat integration and energy balance, an 
operational issue is the pumpability of the feedstock with respect to solid 
load and target pressure. The energy balance shown in Table 7 assumes 
that the digestate is fluid and pressurized with a pump; however, a high 
solid load can cause the stream to be sludge rather than fluid, depending 
on the biomass nature and the pump type. The pumpability limits 
(maximum solid load) decrease with target pressure and particle size 
[94]. An assessment of high-pressure pumps for HTL processes stated the 
pumpability limit for sewage sludge is 22 % solid load at 220–300 bars 
while lignocellulosic biomass has the pumpability limit of 10–18 % solid 
load at 206–320 bars [94]. A similar assessment is required specifically 
for digestates and HTC conditions to investigate the pumpability limits. 
In the case of the digestate feedstock and reactor downstream being not 
pumpable as high solid load as 30 %, a single exchanger might not be 
applicable for heat transfer from the reactor downstream to the feed-
stock, thus requiring another heat integration concept. Fig. 4 shows an 
example of heat integration for the slurries not being pumpable and 
transferred by other means, e.g. screwdrivers or pistons, with the same 
stream names as in the simulation model illustrated in Fig. 1. This 
integration involves utility water cooling the reactor downstream and 
heating the However, this heat transfer is conducted with two heat ex-
changers, thus slightly increasing the investment cost. Moreover, this 
heat integration will increase the need for energy needed for heating the 
feedstock to the reaction temperature. The feedstock is heated to 160 ◦C 
instead of 180 ◦C, i.e. 40 ◦C gap to the reaction temperature instead of 
20 ◦C. The energy balance showed that 21 kW is needed to heat the 
feedstock from 180 ◦C to 200 ◦C. Meanwhile, this requirement will in-
crease to 42 kW when using the heat integration in Fig. 4. 

5. Future perspectives 

The HCT process is a prominent alternative for waste valorization 
from a technical viewpoint. Meanwhile, based on the aforementioned 
discussions in previous sections, some identified challenges and future 
recommendations are listed below.  

• Reaction kinetics and mechanism 

Due to the complicated phenomena inside the reactor (including 
reaction mechanism, kinetics, and heat and mass transfer), rather than 
mechanistic models, reactor design is based on empirical studies in 
laboratories providing limited insight into the nature and function of the 
reactions. This causes issues for in-process scale-up. The lab-scale results 
also need to be verified in pilot-scale reactors, or the yields are to be 
modified based on the results of pilot-scale reactors when scaling up the 
process.  

• Batch and continuous processes 

Most experiments on the HTC process are limited to laboratory scale 

and batch processes. Comparing batch and continuous processes, it can 
be concluded that the limitations of the batch process are limited heat 
recovery, limited feedstock load, and long heat-up and cool-down. Lack 
of information on continuous mode is a great challenge in industriali-
zation and commercialization, and more importantly, reaching opti-
mum conditions in the continuous process is also challenging.  

• Pumpability of feedstock 

Pumping wet biomass feedstock containing organic solid waste at 
high temperatures is another challenge, specifically in a continuous 
process. Considering operational problems reviewed by Ghavami et al. 
(2021) [30], pumping two-phase and highly concentrated feedstock in 
the subcritical condition is one of the main challenges in dealing with 
biomass feedstock to avoid clogging and maintain a steady flow rate into 
the reactor. The pumpability of feedstock and product sludges will in-
fluence the heat integration as well. Therefore, an assessment of high- 
pressure pumps is required specifically for digestates and HTC condi-
tions to investigate the pumpability limits.  

• Integration of HTC and dewatering 

The integration of the HTC process with the dewatering section can 
reduce the moisture of the final product. Most post-dewatering methods 
include filter press by a piston, centrifuge separation, and pressurized 
HTC, which decrease the moisture content in hydrochar only up to 20 % 
compared to the biomass feedstock and require a lot of energy for water 
evaporation [62,66]. Dewatering in hot conditions directly and in-situ 
mechanical compression is one of the methods that are rarely studied 
and reported in the literature. However, it is also worth considering that 
no clear trend was reported for the relation between potential water 
recovery and thermal treatment and retention time. To the authors’ 
knowledge, the dewaterability properties of different biomass feedstock 
are not widely investigated. 

The aqueous phase contains secondary hydrochar and some organic 
components that can be recovered to reduce the economic cost of the 
HTC process.  

• Energetic applications of hydrochar 

Hydrochar has been used for combustion, gasification, and pyrolysis; 
however, according to reports, its reactivity is not adequate in com-
bustion [95]. In addition, the conversion of N and S for air pollution 
components requires more work to control the combustion [96]. Some 
organic additives such as citric acid are needed to add to the hydrochar 
to make it more stable for combustion [97]. Moreover, a detailed 
analysis of ash composition shows the possibility of some operational 
problems like corrosion, slagging, and fouling during combustion [98]. 
On the other hand, the pyrolysis and gasification processes require low 
moisture biomass; high moisture and low-energy–density biomass 
cannot be utilized in these processes. Nevertheless, hydrochar has 
higher hydrophobicity, grindability, and energy density than biochar 
produced via torrefaction [99]. The upgraded biomass in the HTC pro-
cess can improve the performance of gasification and pyrolysis 
processes.  

• Hydrochar as a fertilizer 

The impacts of hydrochar in soil include nutrient release, minerali-
zation, carbon sequestration, higher fertilizer efficiency, water holding 
capacity, and lowering N2O emissions in the presence of animal manure 
[27]. The high amount of remaining nitrogen and phosphorous in 
hydrochar shows its potential as a nutrient provider. It can also be added 
to the soil to improve the effectiveness of the fertilizer and decrease 
fertilizer loss [100]. The nutrient is slowly released into the soil over the 
time that the plant grows by hydrochar [101]. The controlled release of Fig. 4. An alternative heat integration for slurries over the pumpability limits.  
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nitrogen improves the efficiency of the fertilizer and, more importantly, 
reduces the risk of pollution and environmental damages [102]. 

An important issue is heavy metal concentrations when applying 
hydrochar as a fertilizer. Nevertheless, heavy metal concentrations of 
hydrochar from digestates are usually within the standards. HTC of the 
sewage sludge digestate of a biogas plant located in Turku (Finland) 
resulted in hydrochars with low enough heavy metal contents to fulfill 
the EU standards regardingfertilizers [103]. Meanwhile, many other 
digestates have much lower ash and heavy metal content than the 
sewage sludge digestate, including the AGR digestate simulated in this 
study. 

However, negative impacts were also observed depending on the 
plant type, the dose of hydrochar and the C:N ratio [104]. For instance, 
using manure digestates can cause overfertilization due to high nitrogen 
content, while sewage sludge digestates can be more suitable for soil 
amendment [61]. This can be addressed by engineering the hydrochar or 
using activated carbon [27].  

• HTC integration 

Integration of waste valorization processes has great importance in 
the bioeconomy to produce value-added products [105]. In addition, 
intermediate products produced in regional processes play a crucial role 
in the overall biomass supply chain network [105]. There is much po-
tential in this regard and fewer studies that require more research and 
investigations [106]. For instance, the integration of the AD process 
followed by HTC is still under evaluation. According to the literature, 
applying a hydrothermal treatment as a post-treatment after AD could 
extract the energy from biomass digestate [107–109]. Compared from a 
techno-economic and life cycle assessment point of view, integration of 
the HTC system for sewage sludge reduces environmental impact, ac-
cording to Medina-Martos et al. [110]. Furthermore, considering that 
plastic wastes are also a major problem, co-HTC of biomass and halo-
genated plastics improves the hydrochar quality by enhancing the 
removal of chlorine and inorganics [28]. 

6. Conclusion 

More research and studies are recently driven to conversion of 
digestate from AD into value-added products due to the increase of AD 
process for organic waste/biomass treatment and the environmental 
restrictions for its direct usage. Hydrothermal carbonization is proper 
for high-moisture feedstock as a prominent method for waste valoriza-
tion in the subcritical region. 

This research article investigates the simulation aspects of the HTC 
process of the digestate to estimate the optimum condition and to 
formulate mass and energy balances. Regarding the selection of opti-
mum conditions, the energetic yield is defined as the energy content in 
hydrochar per reactor inlet from the techno-economic viewpoint: 
implying the relative equipment sizes and the optimum compromise of 
the opposite impact of temperature on hydrochar yield and heating 
value. It is concluded that mass balance is enabled by adequate char-
acterization of process water as well as the feedstock and hydrochar. In 
addition, the accuracy of mass balance can be increased with more data 
on process water (e.g. CHNS) and gas composition. The accuracy of mass 
balance influences the simulation model as well since the reactor outlet 
is defined based on the experimental results. The adequate character-
ization will provide accurate elemental balances by representing or-
ganics in process water accurately and defining the observed gas 
composition rather than assuming. The energy balance is obtained 
through the simulation results after formulating the mass balance. Due 
to the importance of the heat of the reaction in heat integration, the heat 
duty of the reactor was estimated based on the reactor inlet and outlet as 
well as the heating values of the feedstock and hydrochar. The heat of 
the reaction is also verified by comparing the data reported in the 
literature for model compounds and similar biomass feedstocks. 

The main challenges and future aspects include investigating the 
product yields in a continuous, pilot-scale reactor and verifying the heat 
of reaction with the real biomass under the scope. The product yields 
might differ in an industrial application from the lab-scale results due to 
different reactor configurations and heat integration. Therefore, the 
feasibility assessments should be conducted with the pilot-scale results 
closer to the industrial process. In addition, even though the heat of 
reaction can be justified by comparing the literature values, the accuracy 
of energy balance can be improved by measuring the exact heat of re-
action for the real biomass feedstock and reaction conditions. In addi-
tion, more investigations are needed on the reaction kinetics, different 
reaction pathways, and transport phenomena to enable mechanistic or 
semi-mechanistic models. 
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[49] Mäki E, Saastamoinen H, Melin K, Matschegg D, Pihkola H. Drivers and barriers 
in retrofitting pulp and paper industry with bioenergy for more efficient 
production of liquid, solid and gaseous biofuels: A review. Biomass Bioenergy 
2021;148:106036. https://doi.org/10.1016/j.biombioe.2021.106036. 

[50] Seruga P, Krzywonos M, Seruga A, Niedźwiecki Ł, Pawlak-Kruczek H, 
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