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Abstract: Liquid biowaste represents more than 98% of the total municipal waste streams on wet
basis and 4–5% on dry basis. Recent attention has been focused on how to manage it optimally, and
several novel technologies are being developed to valorize it. Among the developing alternatives
is a technology that operates continuously by integrating a hydrothermal reactor, a gasifier and
condenser to recover hydrochar using any produced gases to power the system. This study introduces
the “3-step evolution model” in order to simulate the hydrothermal reactor. The model has been
developed in a MATLAB/Cantera environment and calculates the outputs as the products of a series
of sub-stoichiometric char-gas reactions. Experiments with chicken manure slurry as feedstock were
implemented for the validation of the model. Treatment of 32.16 kg/h of chicken manure produces
4.57 kg/h of hydrochar and 3.45 kg/h of syngas. The 3-step evolution model simulated the correct
ratio of solid-to-gas, 57–43% (excluding the liquids). The experimentally measured carbon dioxide is
used as a correction factor to calculate all the other parameters that cannot be assessed during the
continuous operation of the hydrothermal reactor. The simulated compositions for carbon dioxide and
methane were 94–96% and 0.5–0.8%, respectively. The values were close to the experimental results
that ranged from 94.7% to 95.6% for the carbon dioxide and from 0.5% to 0.7% for the methane. The
model predicts that higher temperatures of operation would increase carbon monoxide composition
from 4–5% up to 7–8%.

Keywords: hydrothermal carbonization; hydrochar; thermodynamic modeling; biowaste; mass balances

1. Introduction

Energy recovery strategies from lignocellulosic biomass and non-hazardous municipal
solid waste (MSW) are well established and commercially available technologies [1] that are
able to thermally valorize waste fractions and potentially even work in combination with
anaerobic processes [2]. Unlike MSW, an underutilized fraction of organic waste includes
low-solids and liquid streams from municipal and industrial wastewater. Wei et al. (2020)
reported that on average 28.1 kg of sludge are being produced per capita annually in China,
which amounts to 39 billion kg [3]. The authors connected the rapid urbanization of the
country with increasing values of produced sludge and denoted the emission of greenhouse
gas and the future challengers in the field of sludge management. On average, 0.63 m3

of wastewater are being produced per capita in the United States, which is equivalent
to 0.075 kg of sludge per person per day or 26.65 kg of sludge per person per year [4].
Several differences can be identified among different States, including the population
discrepancies and the wealth gap. California produces in total more than 600 million kg
of sludge annually, and, for comparison, a less populated state such as Alaska produces
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less than 12,000,000 kg of sludge annually. The same report by the ‘National Research
Council’ also discusses the effect of the ‘Clean Water Act and the Ocean Dumping Ban’
and the utilization and disposal of sludge [4]. New York state had beneficially used sludge
as much as 50% from 1998 to 2009 but began to landfill more in 2010 and has continued
that trend [5]. In Europe, a similar situation is observed, with Germany producing close to
2000 million kg of dry sludge annually, followed by the UK, France, Spain and Italy, all of
whom exceed the production level of 1000 million kg of dry sludge annually as reported
by Bianchini et al. [6]. The authors also presented the sludge treatment methods in each
country, and more than 80% of the sludge is being landfilled in several countries such as
Greece, Bulgaria and Romania. Nonetheless, most EU countries are turning towards more
efficient methods of treatment, such as WTE and biological treatment methods.

The solid content in sludge is small, usually between 1% and 7% for the case of raw
sludge, and can go up to 35% after dewatering. Thus, the application of thermochemical
technologies for energy production has not been the standard practice. A common—and
relatively successful—practice is the utilization of the wastewater from municipal [7] and
industrial [8] practices as feedstock for anaerobic digestion and the production of biogas.
The advantage of non-thermal technologies is the low technological and energy cost, but
this comes with the drawback of low carbon conversion percentages [9] and long process
times typically on the order of several days. Therefore, the potential of utilizing thermal
processes for the valorization of sludge have recently been further investigated, since
they have also additional advantages. The main advantages being that thermal processes
render solids inactive and that the extracted volatiles from the inlet waste stream can
be used to offset some of the power for the process. The main conventional thermal
technologies for converting biomass into carbonaceous products or fuels are pyrolysis
and gasification that operate at temperatures of 200 ◦C and higher requiring significant
energy input. The main parameters that influence the carbon conversion, the char yield
and the production of other gaseous or liquid products are temperature, pressure, the
heating medium (atmosphere), the heating rate and the residence time [10]. The most
applied pyrolysis method is torrefaction, which primarily takes place under medium/low
temperatures, i.e., 200–350 ◦C, and residence times up to 3 h. This mild “roasting” of
biomass targets the release of volatiles and advances energy densification of the final mass
yield of the carbonaceous products, which usually exceeds 70%, while retaining the largest
fraction of the initial energy [11]. A disadvantage of this method is the long residence times
and the external energy requirements [12].

Bach and Skreiberg [13] published a thorough and comprehensive review that assessed
the torrefaction of dry and wet feedstock. The authors identified the additional limitation
of dry torrefaction for the cases of high ash content in the feedstock and highlighted the
technical and economic challenges. Subsequently this study proceeded to the presentation
of “wet torrefaction”/“wet oxidation” which is a term that refers to the utilization of
a hydrothermal liquid medium under high pressures and moderate temperatures, i.e.,
180–260 ◦C, for the treatment/pretreatment of biomass. The elevated pressure of the
operating reactor prevents the hydrothermal liquid from boiling and transitioning to the
gaseous phase thus operating at or near the saturation point. By means of this approach,
substantial energy losses from the vaporization of water (i.e., the latent heat of vaporization)
are avoided, and this thermochemical pathway can be preferable for the case of any
feedstock with low solids and high water content [14]. The process converts the initial
feedstock into products from all three different phases, i.e., gaseous products (e.g., CO2, H2
etc.), liquid products that are diluted in the aqueous phase and solid products that include
the solid residue from the treatment and (in some cases) the carbonized solid product that
is commonly referred to as hydrochar. Currently, several authors refer to this process as
“hydrothermal carbonization” [15] and “hydrothermal treatment/pretreatment” [16] almost
interchangeably with “wet oxidation” and “wet torrefaction”. A point of differentiation can
be the quality of the final products, with “hydrothermal carbonization” being more focused
on the actual conversion of the wet feedstock into hydrochar. A common denominator
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for all the hydrothermal carbonization technologies is that the input feedstock is biomass
with high moisture content and that the final solid product contains a substantial fraction
of the total input carbon [17]. The process of hydrothermal carbonization produces acidic
functional groups, thus making hydrochar more acidic [18], with reported pH values
ranging from 5.8 down to 3.5 [19]. Treatment of biomass residues with hydrothermal
carbonization can be an environmentally friendly strategy [20], and a comprehensive
critical literature review by Djandja et al. [21] identified hydrothermal as a very promising
technology for the recovery of energy and materials from sludge.

Existing hydrothermal carbonization models are mainly dimensionless models that are
based on the kinetics of the process and thus restricted to a specific reactor, while the results
are derived from statistical correlations [22]. At the same time, black-box thermodynamic
models of pressurized reactors do not have the ability to produce accurate results due to by-
product formation being kinetically controlled, and the production of carbon dioxide, that
has been experimentally measured in hydrothermal carbonization reactors, has not been
properly addressed [23]. In respect of the actual mechanisms, Kruse et al. [24] presented
a very thorough analysis, where dehydration, aromatization and decarboxylation are very
analytically described. The authors highlight the research gap in the actual formation
pathways of hydrochar. The polymerization of aromatic clusters into hydrochar has been
stated, but modeling the formation of hydrochar has remained a challenge. Guo et al. [25]
followed an extremely interesting approach by investigating the formation of hydrochar
precursors from the decomposition of glucose. Although this is a very useful and thorough
work, it faces the obstacle that waste streams are complex and include numerous individual
molecules. Therefore, this approach may counter difficulties during the incorporation of all
the included molecules in one model. On the other side of the spectrum, Sangare et al. [26]
developed a CFD, i.e., Computational Fluid Dynamics, simulation by means of the software
COMSOL and modeled the HTC of avocado stones. The authors highlight the ability of
CFD models to predict qualitative data, and it is also the case that CFD modeling can be
a very useful tool for modeling heat transfer. CFD modeling can be slightly inaccurate
in the quantitative assessment, especially when the model includes complex feedstocks,
such as waste.

This present study complements the promising applications of hydrothermal treat-
ment for the valorization of sludge and aims to develop a hydrothermal carbonization
model that can simultaneously describe and predict the outcomes of the process. In this
framework, a novel advanced hydrothermal reactor (AHR) that has the ability to operate
continuously is presented, analyzed and modeled. This hydrothermal reactor is part of
an integrated system that is coupled with a gasifier and will be presented in the section
of “Materials and Methods”. At the same time, the modeling limitations of hydrothermal
processing are addressed by the introduction of a novel multi-stage thermodynamic model
that may have a more generalized use and not be restricted for the case a single reactor.
In addition, modeling the reactor in multiple stages aims to improve significantly the
accuracy of single stage black-box models. This model is defined as the “3-step evolution
model” since it models hydrothermal carbonization as a series of thermochemical reac-
tions/steps, i.e., methanation, partial oxidation and char-gas equilibrium reactions. The
“3-step evolution model” is presented in detail in the chapter of “Materials and Methods”.
Overall, this study aims to present the first experimental results of the operation of the
AHR and to present/apply the 3-step evolution model as a new modeling method for
hydrothermal reactors.

2. Materials and Methods
2.1. Operation and Technology Description

The technology used for this study is an integrated system that consists of a hy-
drothermal reactor that is coupled with a gasifier and has the advantage that it operates in
a continuous mode. The main function is to valorize the biodegradable low-grade organic
fraction and depending on the feedstock properties potentially covert the input into fuels
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and energy via advanced thermochemical reactions. It can be referred to as an ‘Advanced
Hydrothermal Reactor’ or AHR. The system is a 3.000 dry kg per day unit that is used
for screening different feedstock material and allowing rapid adjustments to determine
a suitable operational envelope for a commercial scale system that would operate at a scale
of 100,000–300,000 dry kg per day.

The Input stage of the system consists of a holding and homogenizing tank, where
the organic wastes are contained for intermediate storage before the material undergoes
hydrothermal treatment. The AHR operates with temperatures up to 590 K and pressures
of up to 80 bar. The reactor produces primarily a solid carbon-rich product along with
gases and liquids. The operating conditions maintain a saturated liquid, and the only
required energy is thermal energy to heat the liquid, a percentage of which is recovered
at the condenser. The operation of the AHR improves the characteristics of the solids for
optimal gasification in the gasification reactor that is connected downstream of the AHR.
The gasifier produces syngas that may have several applications, including use to power
the system [27]. The scheme of the AHR system is presented in a generic way in Figure 1
since parts of the system have been patented and other parts are in the process of being
patented. It should be noted that the liquids are separated as outputs of the AHR and are not
directed to the gasifier. This is primarily implemented with the utilization of a pressurized
separation column that is connected to the main rector, and it consists of scavenging valve
for the outflow of the gaseous products under high pressures and continuous operation.
Thus, the model focuses on the outputs from the AHR that are gasified downstream, i.e., the
hydrochar and the gases and their respective hydrochar-to-gases ratios.
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Figure 1. Scheme of the AHR system.

The focus of this study is the analysis and modeling of the AHR. This part is the
most innovative process of the system, but at the same time it is the most challenging to
model/ simulate because there are several reactions occurring simultaneously in all phases,
and measurements cannot be taken that enable one to discriminate where the captured
measurements originate. Experiments of the continuous operation of the system were
performed in the Combustion and Catalysis Laboratory of the City College of New York
(CCNY). The molar fraction of the produced gases was measured every 4 min by means of
an Inficon Micro GC (Model 3000) which was connected to the exit line of the separation
stage of the gaseous products. The solid and liquid streams, i.e., the hydrochar and the
slurry, were collected and measured in a drum at the output line before entering the gasifier.
The mass flows were measured during steady-state operation. The tests were performed at
various temperatures ranging from 530 K to 600 K and residence times from 10 to 30 min.
The utilized feedstock was chicken manure with 25% of total solids. Carbon dioxide was
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measured to be the dominant gas produced (90–95%) followed by carbon monoxide (5–10%)
and trace amounts of methane and hydrogen [27].

2.2. Previous Models and the Introduction of the 3-Step Evolution Model

A previous study [28] showed that the single-stage modeling of the AHR with ther-
modynamic equilibrium calculations or Aspen Plus simulations return similar results for
the gaseous phase, and, in both methods, hydrogen and methane are always dominant
over carbon oxides. The results of the single-stage modeling are shown in Figure 2, and
an outcome of the presented data is that single-stage thermodynamic models have the
drawback that they cannot account for the elevated pressures. This study recognizes the
merit of the previously mentioned models and their usability for non-pressurized reactors
but aims to focus on addressing specifically the application on high-pressure reactors.
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Figure 2. Modeling of the AHR—main gases.

The measured primary gas that is produced from the operation of the AHR is carbon
dioxide as shown in Table 1 and is in good agreement with other similar studies of hy-
drothermal reactors. Gases can be measured directly, and the measured CO2 molar fraction
from the experiments is used as an indicator for assessing the operation of the process
from the thermodynamic equilibrium. Thus, several equilibrations are tried at elevated
temperatures to match the yield of CO2 and correlate it with the production of hydrochar.
That result is not predicted when using Aspen Plus modeling and single stage equilibrium
thermodynamic parameters. Thus, the development of a more specific and multi-stage
model is necessary to account for the thermochemical pathways that are favored in higher
pressures but cannot be depicted with the single stage approach.

Table 1. Measured concentration of gases in the AHR [27].

Syngas Species (mol %) 10 min RT, 565 K 10 min RT, 575 K 30 min RT, 550 K

H2 0.39 0.18 0.48
CO2 94.71 95.65 95.05
CO 4.79 4.09 4.29
CH4 0.07 0.05 0.11
C2H4 0.03 0.02 0.04
C2H6 0.01 0.01 0.02

The current model is developed in MATLAB/ Cantera to simulate all three phases by
integrating the corresponding mechanisms, i.e., GRI30 (gas phase) [29], liquid-vapor and
Curran (water and liquid phase) [30] and graphite (solid phase) [31]. The analytical scheme
of the 3-step evolution model is shown in Figure 3.



Energies 2023, 16, 2032 6 of 14

Energies 2023, 16, x FOR PEER REVIEW 6 of 15 
 

 

CO 4.79 4.09 4.29 
CH4 0.07 0.05 0.11 
C2H4 0.03 0.02 0.04 
C2H6 0.01 0.01 0.02 

The current model is developed in MATLAB/ Cantera to simulate all three phases by 
integrating the corresponding mechanisms, i.e., GRI30 (gas phase) [29], liquid-vapor and 
Curran (water and liquid phase) [30] and graphite (solid phase) [31]. The analytical 
scheme of the 3-step evolution model is shown in Figure 3. 

 
Figure 3. Detailed scheme of the novel 3-step evolution model. 

Through minimizing the chemical potential, the model executes a multi-stage calcu-
lation solution for integrating the secondary reactions between the produced gases, the 
evolved oxygen and the hydrochar, i.e., the 3-step evolution approach that limits the ap-
proach to equilibrium at each step. The main idea behind the 3-step evolution model is 
that the generation of hydrochar in the AHR is modeled as a series of “char-gas” 2-phase 
thermochemical sub stoichiometric reactions based on the hypothesis that the production 
of hydrochar can be described with these reactions which are being primarily used for the 
modeling of gasification systems. The major char-gas reactions that are considered in the 
framework of this model are the Boudouard reaction, the Water–Gas reaction and the 
(Hydro)Methanation reaction as shown in Equations (1)–(3). 

C + CO2 ↔ 2CO, ΔH = +172 kJ/mol (1)

C + H2O ↔ CO + H2, ΔH = +131 kJ/mol (2)

C + 2H2 ↔ CH4, ΔH = −74.8 kJ/mol (3)

An additional key parameter is the presence of available oxygen in the AHR based 
on the assumption that the oxygen becomes available, i.e., “evolves” from other mole-
cules. As an example, there are several mechanisms that predict the evolution of oxygen 
from hydroxide ions due to the appropriate system parameters as mentioned in the study 
by Jaworski et al. [32] for the case of lower pH levels (below 7) and the production of ions. 
This is an interesting observation since hydrothermal treatment reduces the pH of the 
feedstock. In the framework of this model, it is assumed that the reactive oxygen equals 
the available oxygen of the input. As available oxygen, it is considered the sum of the 
elemental oxygen in the feedstock plus the dissolved oxygen in the input water which can 
be calculated according to the correlation based on the Henry’s Constant for dissolved 
oxygen as seen in Equation (4). Similarly, Henry’s equation as shown in Equation (5), and 
the corresponding Henry constant, i.e., KH equal to 29.41, is being used for assessing the 
dissolved carbon dioxide in the water. 

Figure 3. Detailed scheme of the novel 3-step evolution model.

Through minimizing the chemical potential, the model executes a multi-stage calcu-
lation solution for integrating the secondary reactions between the produced gases, the
evolved oxygen and the hydrochar, i.e., the 3-step evolution approach that limits the ap-
proach to equilibrium at each step. The main idea behind the 3-step evolution model is
that the generation of hydrochar in the AHR is modeled as a series of “char-gas” 2-phase
thermochemical sub stoichiometric reactions based on the hypothesis that the production
of hydrochar can be described with these reactions which are being primarily used for
the modeling of gasification systems. The major char-gas reactions that are considered in
the framework of this model are the Boudouard reaction, the Water–Gas reaction and the
(Hydro)Methanation reaction as shown in Equations (1)–(3).

C + CO2 ↔ 2CO, ∆H = +172 kJ/mol (1)

C + H2O↔ CO + H2, ∆H = +131 kJ/mol (2)

C + 2H2 ↔ CH4, ∆H = −74.8 kJ/mol (3)

An additional key parameter is the presence of available oxygen in the AHR based on
the assumption that the oxygen becomes available, i.e., “evolves” from other molecules.
As an example, there are several mechanisms that predict the evolution of oxygen from
hydroxide ions due to the appropriate system parameters as mentioned in the study by
Jaworski et al. [32] for the case of lower pH levels (below 7) and the production of ions. This
is an interesting observation since hydrothermal treatment reduces the pH of the feedstock.
In the framework of this model, it is assumed that the reactive oxygen equals the available
oxygen of the input. As available oxygen, it is considered the sum of the elemental oxygen
in the feedstock plus the dissolved oxygen in the input water which can be calculated
according to the correlation based on the Henry’s Constant for dissolved oxygen as seen in
Equation (4). Similarly, Henry’s equation as shown in Equation (5), and the corresponding
Henry constant, i.e., KH equal to 29.41, is being used for assessing the dissolved carbon
dioxide in the water.

H(T) = 761.1 − 108.9 ln(T) − 40785.5/T (4)

pCO2 = K H × xCO2 (5)

Initially the dissolved oxygen and the dissolved carbon dioxide in the input water
are calculated for the input temperature, and then the difference in dissolved concentra-
tions is calculated between the initial environmental conditions and the operating AHR
conditions. The available oxygen and carbon dioxide are considered in the second stage
of the equilibrium calculations. The first equilibrium calculation is emulating the hydro-
methanation char-gas reaction for the conversion of carbon and hydrogen into methane (as
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shown in Equation (3)). The produced methane in the second equilibration is subsequently
oxidized by reacting with the available oxygen that is (as mentioned before) the sum of
the elemental oxygen in the feedstock plus the dissolved oxygen in the input water, along
with the available carbon dioxide from the input water. The third and final equilibration
is mainly driven by the Boudouard reaction where the gases are reformed primarily due
to the interaction with the hydrochar. The AHR is connected airtightly with the gasifier
downstream, and no direct measurements of the hydrochar production are possible.

The model calculates each complex equilibrium by running the Villars–Cruise–Smith
(VCS) algorithm which diagonalizes the Hessian matrix rapidly in a very similar way
the RAND algorithm operates. The VCS algorithm avoids several intermediate steps by
assuming that the Hessian matrix is invertible. The 3-step evolution model aims to simulate
the experiments made at the Combustion and Catalysis Laboratory of the City College of
New York but also tries to predict the behavior of the AHR for different input feedstock.
The experiments were performed with chicken manure (CM), but for modeling purposes,
additional feedstocks were considered, which in this case are wine brewery sludge (WBS)
and olive mill wastewater (OMWW). The elemental analysis of these feedstock is shown in
Table 2.

Table 2. Elemental Analysis of the input feedstock (on dry basis) for the 3-step evolution model.

WBS [33] CM [27] OMWW [34]

Carbon (%) 31.6 38.01 57.3
Hydrogen (%) 4.9 4.98 8

Oxygen (%) 31.9 28.98 23.9
Nitrogen (%) 5.5 3.76 2.3

Ash (%) 26.1 22.36 15.73
HHV (MJ/ Kg) 13.4 15.2 30

2.3. Limitations of the Proposed Modeling Approach

This study recognizes that the 3-step evolution model has the limitations that all
models have; i.e., it simulates the operation of the AHR system as realistically as possible,
but it is not a detailed description of thermochemical mechanisms. At the same time, the
process depends on the accuracy of the thermodynamic databases that are used, with GRI30
being a characteristic example. Although the level of detail in the reaction mechanisms is
sufficient, it is the case that they are primarily developed for other purposes; e.g., the GRI30
is optimized for the combustion of methane. At the same time, thermodynamic modeling
cannot account for the proximity of the actual process to a thermodynamic equilibrium,
although the model assumes so in order to minimize the chemical potential. The correction
that is proposed by the 3-step evolution model is a way to overcome this issue. Finally,
although the liquid phase can be described by means of the Curran mechanism [30], the
model cannot account for the solubility of some liquid products in the water.

3. Results

The mass flow analysis in and out of the AHR is presented in Figure 4. The overall
input mass was measured to be 32.16 kg/h, from which 25% was chicken manure slurry,
and the balance fraction was water. The elemental analysis of the chicken manure slurry is
shown in Figure 4 as well, and notable parameters are the carbon content (34.11%) and the
nitrogen content (3.38%) which may be not typical for conventional lignocellulosic biomass
but are relatively similar with the results from other studies that have analyzed chicken
manure [27]. From the initial 32.16 kg/h, 10.72% end in the gaseous phase in the form of
syngas where carbon oxides, i.e., CO2 and CO, account for the majority of the total gaseous
mixture with molar fractions of 94.70% and 4.79%, respectively. The carbonaceous solid
residue, which resembles hydrochar, accounts for 14.21% of the initial feedstock, and the
two main elements are carbon with 64.79% and ash with 35.21%. Finally, the remaining
75.07% ends up in the liquid phase.
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The main effort of the 3-step evolution model is that the final output gases from
the AHR are a product of the (hydro)char-gas reactions and the oxidative reactions from
the evolved oxygen that are further enhanced by the presence of the free oxygen that
has was previously dissolved in the input water. This 3-step reforming is presented in
Figure 5 for different assumed operating temperatures. The 3-step reforming simulation
accounts for the additional oxygen that was previously dissolved in the input water, and
this enhanced oxidation converts a higher fraction of methane into (primarily) carbon
dioxide and water. The third evolution step represents the reforming of gases together with
char for the conversion of a fraction of carbon dioxide into carbon monoxide. The products
of this final equilibrium show that the main reaction that drives it is the Boudouard reaction
(Equation (1)).
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The final simulated gaseous mix contains approximately 93–95% carbon dioxide,
3–5% carbon monoxide and 0.5–0.8% methane, a composition which is close to the values
that were measured during the experiments on this reactor. As mentioned previously, the
3-step evolution model simulates not only the production of syngas but also the production
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of the solid carbonaceous product that resembles hydrochar. Figure 6 shows the final
simulated equilibrium for different temperatures of potential operation of the AHR and
presents the solid fractions and the gaseous fraction (water is excluded from the calculation).
As shown in Figure 6, for all the assumed temperatures, the solid phase is simulated to
account for more mass than the gaseous phase. For increasing temperatures, the mass
fraction of the gaseous phase has a positive correlation. The mass fraction of the solid
carbonaceous product is in the lower end of the standard values that are reported for
hydrothermal carbonization, i.e., 50–80%, but still clearly within the reported range [35].
In addition, the AHR operates at significantly smaller time frames than conventional
hydrothermal carbonization, and the maximization of the solid fraction yield is not the
main scope, since the products of the AHR are subsequently gasified downstream.
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A final part of the 3-step evolution model, as described in the section “Materials and
Methods”, was the re-equilibration at different (elevated) temperatures of the third evolu-
tion step gaseous and solid products as an indicator for assessing “how far” the process
is from the thermodynamic equilibrium. At the same time, this is an indirect way to
account for the aspect that the process is not in total equilibrium. For example, although
the thermodynamic state of the water is in equilibrium at the saturated condition, the
conversion of the feedstock is still in a kinetic regime. Thus, experimental measurement of
the CO2 molar fraction in the output syngas was used in order to assess which elevated
equilibrium temperature matched best the actual operation of the AHR. The results of
this final simulation/equilibration are presented in Figure 7 and are compared with the
experimental measurement of the syngas that exited the AHR. Thus, modeling results
at equilibration temperatures at 540 K and 560 K were compared with the experimental
results at 555 K, which was the measured operational temperature, and the final simulated
syngas was re-equilibrated for temperatures between 800 K and 1000 K. In both cases of
equilibrations at 540 K and 560 K, the final correction with “char-gas reactions” at 900 K
produces optimal results. As mentioned in the section of Materials and Methods, the mea-
sured CO2 molar fraction from the experiments is used as an indicator for assessing “how
far” the process is from the thermodynamic equilibrium, and elevated temperatures are
utilized as a correction factor. For modeling at 540 K and re-equilibration at 900 K, the final
syngas was simulated to have concentrations of CO2: 95.05%, CO: 3.84% and CH4: 0.61%.
For modeling at 560 K and re-equilibration at 900 K, the final syngas was simulated to have
concentrations of CO2: 94.93%, CO: 3.84% and CH4: 0.67%. The experimental measure-
ments showed that the final syngas had concentrations of: experimental results at 555 K
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CO2: 94.71%, CO: 4.79% and CH4: 0.70%. The simulation of carbon monoxide deviates from
the actual measured value, and although the simulation returns values that are less than
1%, we have to point to the relative difference. An explanation for this can be the chemical
reaction mechanisms, i.e., GRI30, which on the one hand is optimized for the combustion of
methane, and on the other hand it also simulates the development of some minor gaseous
hydrocarbons such as ethane, which has compositions around 0.4–0.6%. The utilization
aspect of this final re-equilibration step can be described as a way to incorporate the severity
factor, which is a parameter that is utilized (primarily) in torrefaction in order to account
for the residence time and the temperature profile of the reactor into the final production of
solid carbonaceous products, mainly torrefied biomass [35]. An interesting utilization of
the severity factor has been presented by Heidari et al. [36], where the authors performed
a series of experiments and utilized the data along with severity factors in order to predict
(among other parameters) the mass yield of hydrochar from hydrothermal carbonization.
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In respect to immediate future work and possible applications of the model, the au-
thors have focused on two points. The first point is related to the possible applicability of
the model for more input feedstock other than chicken manure slurry. Typical elemental
analysis parameters for wine brewery sludge and olive mill wastewater are presented
in Table 1 and have been used as input parameters in the 3-step evolution model. The
modeling results are presented in Figure 8. The mass fraction of the solid phase is between
56% and 57% for both inputs, but the quality of syngas is significantly different. An ex-
planation can be that the high content of hydrogen in olive mill wastewater is the main
reason behind the higher methane yields. At the same time, the lower oxygen content (in
comparison to wine brewery sludge) can be an explanation behind the lower content of
carbon dioxide—and subsequently the higher content of carbon monoxide—in the syngas
produced from olive mill wastewater. Azzaz et al. [37] studied the hydrothermal carboniza-
tion of olive mill wastewater and concluded that the solid fraction from hydrothermal
carbonization drops rapidly with increasing temperature, i.e., “from 57% at 180 ◦C to
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25% at 220 ◦C”. Vasileiadou et al. [38] report similar data of yields on the area of 20–25%,
but it should be stated that the pressures have been very low. Artikopoulos et al. [39]
utilized a high-pressure reactor and performed hydrothermal carbonization in pressures
that reached 55 bars. The authors reported hydrochar yield in the area of 50%, thus pro-
viding a strong indication that higher pressure may assist the formation of hydrochar and
increase the produced yields at levels similar to the 3-step evolution model. It remains to
be examined with future experiments if a similar tendency holds also for the AHR that
operates under higher pressures than the standard HTC.

Energies 2023, 16, x FOR PEER REVIEW 12 of 15 
 

 

examined with future experiments if a similar tendency holds also for the AHR that oper-
ates under higher pressures than the standard HTC. 

 
Figure 8. Fractions of major gases and mass fractions distribution between gaseous products and 
hydrochar for different for different operation temperatures of the AHR. 

In addition, for liquid feedstock that primarily consists of phenols—such as olive mill 
wastewater—a potential pathway for the optimization of the 3-step evolution model is the 
expansion of the utilization of the Curran mechanism [30] to add specific organic com-
pounds as inputs and not simple elements. This would significantly affect the thermody-
namic behavior of the input mixture, but it requires extensive feedstock analysis before 
the implementation of this modeling endeavor. 

This present study provides a modeling solution only for the AHR process and not 
for the whole system. Modeling the whole AHR process is planned for future work, yet it 
is recognized that the gasifier will approach closely to an equilibrium condition due to the 
elevated temperature. A first set of ideas is the following: potential pre-drying of the feed-
stock—which results in dewatering—can be modeled with the Page or the Midilli model, 
as presented by Sotiropoulos et al. [40]. The AHR will be modeled with the 3-step evolu-
tion that is presented in this study, and the gasification system will be modeled by means 
of the MAGSY gasification model that is specialized in complex two-phase gasification 
reactors [41]. The validation of the gasification model will be conducted by comparing the 
results with relevant modeling and experimental work similar to the study by Saha et al., 
(2019) [42]. Finally, potential integration of the re-equilibration stage with severity factor 
parameters could be a pathway for making the model applicable to all hydrothermal car-
bonization reactors. 

4. Discussion and Conclusions 
This study proposed the 3-step evolution thermodynamic model as a solution to suc-

cessfully simulate the operation of the AHR subprocess. The AHR is modeled as a series 
of “char-gas” 2-phase reactions and accounts that the oxygen that is bound in the mole-
cules of the feedstock becomes available for sub stoichiometric reactions. The model has 
been validated with experiments that were performed in the Combustion and Catalysis 
Laboratory (CCNY). For chicken manure slurry as feedstock, the mass fraction of the solid 
carbonaceous product was 56–57%, and the liquid input and output were modeled and 
measured experimentally to be similar. In the gaseous phase, the simulated carbon diox-
ide composition ranged between 92 and 97%, the carbon monoxide between 1 and 7% and 

Figure 8. Fractions of major gases and mass fractions distribution between gaseous products and
hydrochar for different for different operation temperatures of the AHR.

In addition, for liquid feedstock that primarily consists of phenols—such as olive
mill wastewater—a potential pathway for the optimization of the 3-step evolution model
is the expansion of the utilization of the Curran mechanism [30] to add specific organic
compounds as inputs and not simple elements. This would significantly affect the thermo-
dynamic behavior of the input mixture, but it requires extensive feedstock analysis before
the implementation of this modeling endeavor.

This present study provides a modeling solution only for the AHR process and not
for the whole system. Modeling the whole AHR process is planned for future work, yet
it is recognized that the gasifier will approach closely to an equilibrium condition due
to the elevated temperature. A first set of ideas is the following: potential pre-drying of
the feedstock—which results in dewatering—can be modeled with the Page or the Midilli
model, as presented by Sotiropoulos et al. [40]. The AHR will be modeled with the 3-step
evolution that is presented in this study, and the gasification system will be modeled
by means of the MAGSY gasification model that is specialized in complex two-phase
gasification reactors [41]. The validation of the gasification model will be conducted by
comparing the results with relevant modeling and experimental work similar to the study
by Saha et al., (2019) [42]. Finally, potential integration of the re-equilibration stage with
severity factor parameters could be a pathway for making the model applicable to all
hydrothermal carbonization reactors.

4. Discussion and Conclusions

This study proposed the 3-step evolution thermodynamic model as a solution to
successfully simulate the operation of the AHR subprocess. The AHR is modeled as
a series of “char-gas” 2-phase reactions and accounts that the oxygen that is bound in the
molecules of the feedstock becomes available for sub stoichiometric reactions. The model
has been validated with experiments that were performed in the Combustion and Catalysis
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Laboratory (CCNY). For chicken manure slurry as feedstock, the mass fraction of the solid
carbonaceous product was 56–57%, and the liquid input and output were modeled and
measured experimentally to be similar. In the gaseous phase, the simulated carbon dioxide
composition ranged between 92% and 97%, the carbon monoxide between 1% and 7% and
methane between 0.5% and 0.8%. Carbon dioxide and methane compositions were very
close to the actual measured composition, and carbon monoxide was also close but with
a small deviation of less than 1%. Wine brewery sludge and olive mill wastewater were also
simulated, and the model returned solid yields between 56% and 57% for both but with
significantly different syngas qualities due to the influence of the elemental composition of
the inputs on the final thermodynamic equilibrium. Further experiments are necessary to
validate these modeling results. Future work will include the simulation of the whole AHR
process, including the drying of the feedstock and the gasification process downstream of
the AHR. The ultimate scope is to expand the use of the 3-step evolution model to all high
pressure and high temperature reactors, especially HTC reactors.
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Nomenclature
µi chemical potential
νj stoichiometric coefficients
νi number of moles
∆H delta enthalpy
M mass (kg)
ṁ mass flux (kg h−1)
ṁ biom mass flux of biomass (kg h−1)
ṁ gas mass flux of producer gas (kg h−1)
AHR Advanced Hydrothermal Reactor
CM Chicken Manure
E Energy (J)
G Gibbs Free Energy
H (h) enthalpy (J)
HTC Hydrothermal Carbonization
ICE Internal Combustion Engine
K Kelvin
n0 initial composition
OMWW Olive mill wastewater
RT residence time
T temperature (K)
pCO2 partial pressure of CO2 in the atmosphere (Pa)
KH Henry constant (Pa−1)
(mol/ (kg × Pa)) (dimensionless)
xCO2 equilibrium mole fraction of CO2 in the water (%)
WBS Wine Brewery Sludge
WTE Waste-to-Energy
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