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Abstract: An innovative process based on hydrothermal carbonization, gasification, and solid oxide
fuel cells (SOFCs) technologies was developed using a commercial process simulation software called
ASPEN Plus. The object of this work is to study plant efficiency under various operating conditions.
The hydrothermal pre-treatment (HTC) at 200 and 250 °C was modelled as a black box based on the
experimental results. The gasifier was modelled as a single reactor vessel with both the fluidized bed
steam gasification of solid fuel and the hot gas cleaning system. The SOFC was modelled as a simple
grey box with the ASPEN Plus blocks. The effect of HTC temperature and steam/carbon (S/C) ratio
on the syngas composition and yield and plant efficiency was studied. The results show that the
gasification of hydrochar obtained at 200 °C with S/C ratio of 0.6 gives the best results, namely an
energy output of SOFC equal to 1.81 kW /kggiomass, and overall process efficiency of 36%.

Keywords: biomass gasification; SOFC; hydrothermal carbonization; ASPEN Plus; energy analysis

1. Introduction

The challenges related to global warming, national energy security, and dependency
has brought the need for alternatives to fossil fuels. Biomass is one of the preferable
renewable energy, sources, the third-largest in the world after coal and oil [1].

Gasification is considered a very efficient technology for the thermo-chemical conver-
sion of biomass, becoming one of the preferable ways to exploit solid waste. In particular,
steam gasification of biomass in a dual fluidized bed reactors can produce gas with a
high concentration of H, and high lower heating value (LHV) [2], which can be used to
produce electrical power by conventional devices such as internal combustion engines
(ICE). However, efficient and clean energy conversion devices must be developed and
assessed, especially in the low-medium power range. High-temperature fuel cells (such
as SOFC) represent the most promising technologies for achieving these results [3]. The
operating temperatures of biomass gasification plants and SOFCs match perfectly. In the
last few years, many studies have been carried out to determine the optimal operating
conditions, the performance, and the potentials and limitations of various integrated power
plant coupling gasifier and SOFC [4-16].

In the work of Toonsenn et al. [4] the influence of gasification technology, gas cleaning
technology, and system scale on the overall system performance of integrated solid oxide
fuel cell-gas turbine (SOFC-GT) and biomass gasification systems were evaluated. In
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particular, four energy systems have been investigated using the thermodynamic flow-
sheeting program ‘Cycle-Tempo’. The results of this study show that the highest electrical
exergy efficiency of 49.9% is obtained with air gasification and high temperature gas
cleaning at large-scale system. Athanasiou et al. [5,16] carried out a thermodynamic
analysis of an integrated process composed of downdraft gasifier, SOFCs, and turbine.
Experimental data have been obtained for olive kernels gasification. The overall electrical
efficiency can, ideally, reach 62%. In the work of Cordiner et al. [6], a 14 kW integrated
SOFC-gasifier system has been studied to address the effect of the gasifier operating
conditions on fuel cell performance. An equilibrium model has been used to simulate the
gasification process, whereas a 3D fluid dynamics simulation (FLUENT) coupled with
an external model for the electrochemical reactions has been used to predict the fuel cell
performance. The efficiency of the system is 45.8%. Panopoulos et al. [7,8] investigated
a small scale combined heat and power system with an allothermal gasifier and SOFC
using Aspen PlusTM process simulation software. The system is based on the “Biomass
Heat Pipe Reformer” (BioHPR), wherein the heat transfer between the combustor and the
gasifier is obtained by high temperature heat pipes. The results showed that the system can
produce 140 kWe with a global electrical efficiency of 36% and Fuel Utilization in the SOFC
equal to 0.7. Zhao et al. [9] also modeled a SOFC-GT power plant. MATLAB was used to
develop an optimization algorithm to predict the performance characteristics of hybrid
systems sizing from 2000 to 2500 W m~2. Energy and entropy balance analysis has been
carried out to observe the irreversibility distribution within the plant and the contribution
of different components. The analysis was useful to determine better integration strategies
for advanced SOFC-GT systems. Nagel et al. [10] developed a Biomass Integrated Gasifier
and Fuel Cell System (B-IGFC) concept feeding the SOFC with fuel gas from an updraft
gasification of wood. During a long-term test, the gasifier and the catalytic partial oxidation
operated without problems, producing gas with relatively constant properties to deliver to
the SOFC system. The results showed that the SOFC produced 40% less current compared
to methane operation. The process conditions prevent carbon deposition Ash deposits have
been identified as the main obstacle to smooth operation of the SOFC. Baron et al. [11] tested
a CGO-based IT-SOFC (intermediate temperature solid oxide fuel cell with a 60:40 wt.%
Ni:CGO-10 (Ce0.9Gd0.101.95) cermet as anode material) in moist hydrogen/nitrogen
mixtures and in various emulated gasification mixtures at 650 °C. The results showed
that the CO decreased the performance of the anode compared to Hy. CO, did not
affect cell performance, whilst methane (5 and 10%) decreased the performance due to
carbon deposition. Di Carlo et al. [12] carried out a numerical analysis of a SOFC/mGT
and biomass gasification system by using ChemCAD software. The gasifier model was
developed, and tar evolution was studied. The results shown that the wood-gas obtained
was rich in Hy and CO and almost no tar content. A sensitivity analysis was conducted to
find the optimal operation condition. The totally efficiency of the system ranged between
36 and 44%. The best results were obtained by increasing the cell temperature at 800 °C,
leading to a power produced improvement of 22%. Pieratti et al. [13] have set up a
continuous small-scale steam gasification system (fixed bed) to obtain syngas suitable for
fuel cell. The results showed that tar and H;S represent the main critical issues, rapidly
decreasing the life of the SOFC. The efficiency of the cell, during a test with a stack of
24 cells coupled with the gasifier, has been assessed at 40%. Liu et al. [14] evaluated by
thermodynamic calculations the performance of a commercial 5 kW SOFC CHP system
(Alpha unit from Siemens-FCT) coupled with a downdraft fixed-bed gasifier. In particular,
the effects of high and low temperature gas cleaning have been investigated (HTGCS and
CTGCS, respectively). The results show no significant differences of the electrical efficiency
between the two types of gas cleaning system (21.6% with HTGCS and 23.1% with CTGCS),
whereas the high temperature offers higher heat efficiency (44.4%). Omosun et al. [15]
also studied the effect of cold and hot gas cleaning process. A steady-state model of the
integrated system of SOFC and fixed bed gasifier for power and heat production was
developed in the gPROMS modelling tool. For the two options, the operating temperature
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of the gasifier is assumed to be 600 °C e 900 °C for hot and cold gas cleaning, respectively.
The system was studied in terms of efficiency and for cost analysis. The results shown that
both electrical and system efficiency is higher with the hot process. The critical aspects
of using biomass gasification with SOFC remain the tar and detrimental trace elements
(such as HS) produced by the gasification process. The tolerance limits of the SOFC are
among the lowest [17]. Thus, several hot gas cleaning and conditioning systems have
been proposed [18]: one of the most promising technologies is developed in the UNIQUE
concept [19]. A bundle of catalytic filter candles is inserted in the freeboard of a fluidized
bed gasifier to convert and reduce tars in the product gas. In any case, efficacious tar and
sulfur concentration must be low yet in the raw gas from the gasifier. This requirement
nullifies the great potential of the gasification technology since most of the organic waste is
not exploitable unless pre-treatments are carried out on the solid fuel feedstock. Several
pre-treatment process to obtain a coal-like material from biowaste have been suggested,
and hydrothermal carbonization (HTC) is one of them. Hydrothermal carbonization is an
artificial coalification process in hot pressurized water between 175 °C and 250 °C.

During HTC, the biomass undergoes a complex network of reactions that produce a
carbon-rich, solid hydrochar (HC), a liquid phase with dissolved organic compounds and
a relatively small amount of gas. The process raises the higher heating value (HHV) of
the biomass, reduces the H/C and O/C ratio [20], and improves its mechanical properties
(such as grindability). The properties of HC are comparable to those of lignite [21]. HTC
increases the energy density of the feedstock, which is beneficial to the logistics of biomass
use. Finally, in the last few years, hydrothermal conversions attracted interest for producing
value-added products [22].

Differently from torrefaction and pyrolysis, HTC is suitable for the use of high moisture
biomass. The reactions proceed to destroy the structure of the biomass and to make it more
hydrophobic, facilitating mechanical dewatering and reducing the energy demand of the
thermal drying. Ramke demonstrated that 57-68% dry matter contents could be achieved
with laboratory presses for hydrochar from organic waste [23]. Hwang et al. [24] shown
that the HTC from municipal solid waste (MSW) could produce hydrochar with minimal
carbon loss without a drying process. Zhao et al. reported that the energy consumption of
this process was only about 22% of that consumed in the conventional thermal drying [25].
Prawisudha et al. [26] further reported that the volume-based energy density of hydrochars
was approximately four to five times higher than that of the raw MSW on a dry basis.

Lee et al. [27] carried out air gasification experiments on hydrochar produced by HTC
of sewage sludge. The results demonstrated that the product gas increased its LHV by
0.98 MJ/Nm?3 and cold gas efficiency by 5.8% more, compared to the product gas obtained
by the gasification of the non-treated feedstock. Furthermore, the hydrothermally treated
sludge cake generates less tar during the gasification than the raw sludge cake. The total
tar and naphthalene reduced by 28% and 78%, respectively. A further advantage of the
HTC pretreatment would be reducing the sulfur and nitrogen content in the feedstock,
which are precursors of gaseous contaminants as the reaction temperature rises.

Many biomass feedstocks, including wood, straw, cut grass, municipal waste, diges-
tate from anaerobic digestion, distiller’s grains, microalgae, and bark mulch have been
successfully carbonized with HTC in laboratory-scale experiments [28,29]. The degree of
carbonization depends on the reaction temperature and residence time. The higher the
temperatures and residence times, the higher the carbon content and calorific value and the
lower mass and energy yields [30]. Besides hydrochar, HTC produces water, CO,, small
amounts of CO, H, and hydrocarbons, and dissolved organic and inorganic compounds.
Gerhardt, Berg and Kamm identified acetic acid, formic acid, glycolic acid, levulinic acid,
phenol, furfural, HMF, and sugars in the aqueous phase using HPLC analysis [31]. Most of
them are also valuable platform chemicals for green syntheses [32].

This work aims to assess the integration and the performances of a system composed by:

1. An HTC section for the pre-treatment of wet biomass;
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2. Adualfluidized bed gasifier using the hydrochar for the production of a rich hydrogen
gas with hot gas cleaning and conditioning integrated into the same reactor vessel
(UNIQUE concept [19]);

3. A SOEFC section for exploiting the product gas to produce electricity.

The system is evaluated thermodynamically through Aspen plus simulations V 11
(37.0.0.395). The HTC model was developed using the experimental results obtained
at laboratory scale, using silver fir sawdust as biomass feedstock at two different HTC
temperatures, 200 and 250 °C [33]. The remaining section of the system have been simulated
using Aspen plus components. Finally, the results obtained for the hydrochars have been
compared with those of the non-pretreated biomass. The inorganic syngas contaminants
detrimental to the SOFC have been neglected, this being out of scope of this work (that is,
to analyze HTC temperature and steam/carbon (S/C) ratio on the syngas composition and
yield and overall plant efficiency that are not affected by contaminants).

2. Modelling

The simulation of an industrial plant for the exploitation of biomass and the energy
analysis went according to the following. All physical properties of the conventional
components (Hp, CO, CHy, HyO ... ) were estimated by the Peng-Robinson state equation
model. Biomass and hydrochars from the HTC are characterized by their ultimate and prox-
imate analyses and not by their chemical formula as they are classified as non-conventional
solids. The tools HCOALGEN and DCOALIG have been used to calculate the lower heating
value (LHV), formation enthalpy (HCOALGEN) and density (DCOALIG) of the biomass.
The data for these calculations for the hydrochar (proximate analyses, ultimate analyses,
and sulfur analyses) have been taken from the previous work of Gallifuoco et al. [33].
Figure 1 shows the block diagram of the process.

Biomass o . AOG
rochar ngas
B s > Gasifier i > SOFC
Water Reactor
COG
T A A A
Heat Air
Steam
Vent ‘ Flue Gas Vent
HR 2 ‘( Combustor < HR 3
A ‘ A A
AOG COG Air
Water

Figure 1. Block diagram of the process (AOG: anode off gas; COG: cathode off gas; HR: heat recovery).

The power plant includes three sections: hydrothermal carbonization (HTC), gasi-
fication (GAS), and SOFC (see Figure 2). A plant without the HTC section, thus where
B, Biomass, enter as HCDRY in Figure 2, has been also considered to compare the plant
efficiency with and without HTC. Table 1 reports a description of the main Aspen blocks
used in the model.
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Figure 2. Flowsheet of the process (ECON: Economizer; S-SHEAT: Superheater).

Table 1. Description of ASPEN Plus flowsheet unit operation presented in Figure 2.

ASPEN Plus Name Block ID Description
RYIELD DECOMP-1 The reactor converts the non-conventional stream
DECOMP-2 “Hydrochar” into its conventional components
The reactor simulates partial oxidation and
gasification and restricted chemical equilibrium of the
GASIFIER specified reactions to set the syngas composition by
RCIBBS specifying a temperature approach for individual
reactions
BURNER The reactor simulates the oxidation of the
conventional components of hydrochar
ELECTROL The reactor simulates the anode of the SOFC
Separator simulates a filter press used to reduce the
SEP SEP-1 water content of the hydrochar
SEP-2 Separators separates the hydrochar unreacted

(HCO0,11) from the hydrochar to gasifier (WETHC)

2.1. HTC Model

The HTC is modelled as a black box using data of the laboratory experiments per-
formed in a stainless-steel batch reactor with an internal volume of 200 mL (further details
about experimental apparatus and procedure are reported in previous works [30,33]).

The tests were conducted at two reaction temperatures (T = 200 and 250 °C, labelled
HTC-200 and HTC-250, respectively), residence time 30 min and water to dry biomass
ratio 7:1.

Solid, liquid, and gas yields have been calculated according to Equations (1)—(3) to
perform the mass balances of the process:

YHC = mHC,dry /mBiomuss,dry'loo (1)
Yglls = mgus,dry /mBiomuss,dry'loo (2)
YLiquid phase — 100 — YHC - Ygus (3)

where myc 4,y and mggs 4, are the mass of the dry hydrochar and gas produced, respec-
tively, and mpjomass,ary is the mass of the treated dry biomass.

The following assumptions allow for assessing the ash and C, H, N, S, and O elemental
mass balances:
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The feedstock is fed dry. The moisture is considered adding liquid water.

CO; is the only gaseous product. Indeed, other gases represent a very small fraction
that can be neglected without affecting the goodness of the results obtained from the
simulations [34,35].

e  The estimate of organic and inorganic compounds dissolved in the liquid phase is
determined by the difference between the CHNSO and ash content of the feedstock
and those recovered in the hydrochar and gas phase.

e  The organic compounds are lumped as organic acid (acetic, formic, lactic, levulinic, and
propionic) and furfural, according to the main findings reported in the literature [36,37].

e Biomass and hydrochar are defined as a nonconventional stream based on their
proximate and ultimate analyses. Aspen Plus always assigns substreams of type NC
to nonconventional solids (i.e., nonconventional solids are coal and wood pulp) [38].

2.2. Gasification Model

The simulated gasifier is based on the UNIQUE concept [19], consisting of a compact
gasifier that integrates into a single reactor vessel both the fluidized bed steam gasification
of solid fuel and the hot gas cleaning system, employing a bundle of ceramic filter candles
operating at high temperature (800-850 °C) in the gasifier freeboard. Experiments by
Rapagna et al. [39] and Savuto et al. [40] demonstrated that tars could be almost wholly
reformed due to the catalytic filter candles and methane steam reforming is close to
equilibrium. For this reason, a Gibbs reactor was considered the proper one to model the
gas reactions occurring in the freeboard of the gasifier with a catalytic filter candle.

In dual fluidized bed steam gasifiers, about 10-11% of the char produced by the pyrol-
ysis of the fuel remain as unconverted due to the kinetic and mass transport limitations [41].
Consequently, not all of the char is converted into product gas, and the unconverted can
be fed to the combustor to supply the heat required by the gasification process. In the
modelling subsection, 10% of the feeding dry hydrochar is split and sent to the burner
subsection. The remaining hydrochar goes to the steam gasifier section. Subsequently, the
hydrochar material is transformed from a non-conventional solid into its elements in the
two RYIELDs (DECOMP1 and DECOMP2). This practice is common when dealing with
solid fuel materials in Aspen Plus. The individual products yield of the R-Yield blocks
were estimated using a calculator block, a Fortran subroutine that computes the products
yields of the decomposition based on the hydrochar ultimate and proximate analysis. The
two streams from the DECOMPs feed the two GIBBS reactors to simulate the complete
combustion of the char and of the additional fuel with air, and the gasification with steam.
For the gasification process in the R-Gibbs reactor, the option “temperature approach”
for the steam methane reforming reaction was adopted to obtain a methane content in
the product gas that is not close to zero as should be, by thermodynamics, at such high
operating temperature (800-850 °C).

The literature lacks information on hydrochar processing in steam gasifiers with
catalytic ceramic candles in the freeboard. Accordingly, the model was tuned and validated
using data available for biomass [39,40] at two different steam to biomass ratio (0.5 and 1)
and at 800 °C. A temperature approach of —100 °C was selected for the steam reforming of
methane. The results are reported in Figure 3, which shown that the model predicts the
experimental results satisfactorily. Indeed, increasing the S/B ratio more hydrogen and
less CO is obtained due to the water gas shift reaction (WGS).

2.3. SOFC Model

The SOFC modelling is based on a simplified grey box model previously validated [42].

The assumptions of this model are:

e The reactions inside the cell are stoichiometric combustion at T = 740 °C, and an
equilibrium reactor RGibbs (ELECTROL) is used.

e  Fuel utilization has been varied to obtain enough fuel residue gas (AOG) from the
SOEFC to be used in the gasification process, thus avoiding the need for additional fuel.



Energies 2021, 14, 7331

7 of 13

gas composition dry (mol%)
[ ~N w H w (<)) ~
o o o o o o o

o

H

2

e  The SOFC block is assumed isothermal. The heat duty of the combustion reaction is
consumed to produce electricity (electrical efficiency set to 0.5 [43]), and the rest is
transferred to the cathode stream.

e Consequently, the mass flow rate of air to the cathode has been varied to dispose of
the excess of heat.
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Figure 3. Comparison of the gasifier model with the experimental results for steam gasification of biomass: (a) S/B = 1 [39];

(b) S/B = 0.5 [40].

2.4. Process Design

1 kg/h of biomass (B) is mixed with water (W-1). The pump raises the pressure to
feed the mixture to the HTC reactor. The heat exchanger preheats the slurry (HR1). The
superheated steam is added to the mixture to attain the process temperature and ensure
the desired water/biomass ratio. The hydrochar and the aqueous products are recovered
from the bottom of the reactor and recirculate in Exch-1. A filter press separates solid and
liquid products, and the hydrochar is dried.

Dry hydrochar is feed to the gasification section. The flow rate of steam has been
calculated as a function of the selected steam to fuel parameter. The syngas (OUTGAS)
composition is determined using a Gibbs reactor with a temperature approach limited to
steam methane reforming (Section 2.2).

The burner (BURN-1) is fed with 11% hydrochar and possibly with additional fuel
to obtain the heat duty of blocks GAS, DECOMP-1, and DECOMP-2. The flue gases are
utilized to produce the steam needed in the HTC and gasification sections (HR2).

Syngas and air are fed to the SOFC. Fuel utilization factor and mass flow rate of air are
determined using Design Specs based on model’s assumption (see Section 2.3). CATHODE,
simulated as a separator, allow feeding the needed air (based on the fuel utilization factor)
at the SOFC.

The Cathode Off Gas (stream COG), still rich in oxygen, is recirculated to preheat the
air before the SOFC (HR3) and the burner block.

The effects of hydrothermal carbonization temperature and steam/carbon ratio in the
gasification section are evaluated on the plant performances. Table 1 reports the operating
conditions used in the modelling.

The overall process efficiency is calculated by:

ESOFC — Econs

: (4)
mbioLHV + Eth

17 =
where Esorc is the electric power produced by the SOFC, E s is the electric power demand,
My, is the mass flow rate of biomass multiplied, LHV is the low heating value, and Ey, is
the additional thermal power required by the process.

The electric power demand (Es) includes the required energy for the pumps and
the compressor. Pumps 1 and 2 have to ensure the pressure to the reactor (experimental
data) and compensate the pressure drop in heat exchangers (conservatively assumed to
be equal to 3 bar each). Pump 3 feeds the water to the gasifier section, the rise in pressure
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required is assumed equal to 2 bar. The overall pump efficiency is set to 0.5 [44]. The
compressor supplies the air to the SOFC and burner section. The increment in pressure
and the efficiency is set to 200 mbar and 0.75, respectively [44].

3. Results and Discussion

Table 2 shows the gasifier output composition at the different operating conditions
adopted.

Table 2. Operating conditions.

Hydrothermal Carbonization

T[°C] 200-250

p [bar] 18-48
Water/Biomass 7

Gasification

T[°C] 800

Steam/Carbon 0.6-1-1.4
SOFC
T[°C] 740

High S/C ratios increases the production of Hy and CO, and decrease CO and CHy4
concentrations. These results indicate that a higher S/C ratio enhances water gas, steam
methane, and WGS reactions.

Findings on the effect of HTC temperature on syngas composition are in line with
that of [45]. Higher HTC temperature reduces volatile matter content and increase the
fixed carbon influencing the syngas production in terms of composition and gas yield.
Hydrochars’ carbon content increases with temperature, increasing the availability of char
for gasification, while the lower O/C ratio enhanced the concentration of CO and CHy.
Hydrogen content is almost the same in all simulations, with the evolution more affected
by the S/C ratio. The higher variation of gas composition was obtained for S/C = 1. In
particular, the Hy concentration variated less than 7%, while CO, CO,, and CH4 shown a
significantly effect (+24.7%, —42.6%, and +136.8%, respectively).

The higher the temperature of HTC, the higher the yield of gas. However, the lower
hydrochar yield at 250 °C leads to decreased gas production (up to —38%). This conse-
quence also affects the energy output by the SOFC and then the overall efficiency of the
process. Figure 4 shows the effect of the S/C ratio and HTC temperature on the overall
process efficiency. In order to show the effect of the HTC pretreatment, the overall process
efficiency was calculated also starting from the raw dry biomass without HTC (named
Biomass in the Figure 4). The highest efficiency occurs with hydrochar produced at 200 °C,
comparable to that of biomass. Furthermore, the overall process efficiency (1) shows a
decreasing trend with the S/C ratio.

As reported in the literature, the electrical efficiency of the SOFC ranges from 30 to
40% depending by efficiency and fuel utilization factor, both for steam gasification [8,12]
and gasification with air [5,16]. The value obtained with raw biomass is quite similar,
confirming the goodness of the model.

The lower n value is obtained with HTC-250 and S/C equal to 0.6, due to the incom-
plete conversion of HC in the gasification step, as discussed above (see Table 2).

The results refer to the dry biomass input, neglecting the energy required for the
drying phase. It is worth noting that a wet feed reduces the efficiency of gasification of the
raw biomass while it does not affect the efficiency of the process with HTC pretreatment.

Furthermore, although out of scope of this paper, it is worth pointing out that HTC
process reduces the contaminant content of biomass. During the process the reactions
of dehydration, dechlorination, denitrification, and coalification take place improving
fuel properties of the treated substrates [46]. Hydrochars generally exhibit higher heating



Energies 2021, 14, 7331

90f13

values, higher ash fusion temperatures, and reduced sulfur, chlorine, and nitrogen contents
compared to the raw biomass [27,47,48]. Also, if the volatile matter content is reduced,
then the produced syngas could have less tar [45]. Figure 5 reports the percentage of the
thermal energy demand of the HTC, gasification, and SOFC sections to the total thermal
energy demand. These energy requests would be necessary to heat the streams at the inlet
of each section if there would not be any heat recovery. The simulation with HTC-250 gave
the lower SOFC and gasification energy requests, and the higher HTC energy request. As
expected, the contribution of SOFC and gasification increase as a function of the S/C ratio.

50% -
m Biomass OHTC-200 W HTC-250

40%

30%

=
20%
10%
0% 1 1 ]
0.6 1 1.4
S/C

Figure 4. Process efficiency as a function of S/C ratio.

® HTC
Gasification
u SOFC

Figure 5. Distribution of thermal energy demand (S/C = 0.6): (a) HTC-200; (b) HTC-250.

To enhance the efficiency of the process, the present process plant model aims to
promote heat recovery. The HR1 allow to preheat the slurry (biomass/water) up to 170
and 220 °C (in the simulation with HTC-200 and 250 respectively) using the mixture of
hydrochar, water, and organic compounds from the HTC reactor. In HR?2, the flue gas from
the burner is used to produce the steam requested by the HTC and gasification reactors.
The COG is used to preheat the air fed to the SOFC at 550 °C (HR3).
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Furthermore, the AOG is used to replace the auxiliary fuel in the gasification section.
The fuel utilization parameter of the SOFC is calculated as described in Section 2.4. The
results showed that the fuel utilization varied from 78.5% to 87.5% (see Table 3).

Table 3. Gasifier output: syngas composition, gas yield and residual carbon as function of S/C Ratio.

HTC-200 HTC-250

S/C Ratio 0.6 1 1.4 0.6 1 1.4

H,0 (%wet mole fraction) 4.1% 9.7% 15.5% 2.5% 4.2% 9.8%
CO; (Y%owet mole fraction) 4.4% 7.5% 9.7% 3.0% 4.3% 7.4%
H; (%wet mole fraction) 43.3% 47.1% 47.0% 41.2% 44.1% 47.7%
CO (%wet mole fraction) 41.5% 32.7% 26.2% 43.5% 40.7% 32.2%
CHj, (%wet mole fraction) 6.5% 2.8% 1.4% 9.4% 6.5% 2.8%

C residue (kg/kgnc) - - - 0.11 - -
Gas yield (Nm®/ kgnc) 1.54 1.88 2.16 1.45 1.97 2.40
Gas yield (Nm? /kgBiomass) 1.31 1.60 1.84 0.81 1.10 1.34

A lower fuel utilization value indicates that the required energy for the gasification
step is high, then a fraction of the output gas from the gasifier must be recirculated, reducing
the electrical energy output. The higher value of the fuel utilization parameter is obtained
with HTC-250 (5/C = 0.6) due to the incomplete gasification of hydrochar. The amount
of non-converted char recirculated to the burner is higher in this last case so that less
additional fuel is required.

The fuel utilization is a key parameter of the SOFC, influencing its efficiency and the
composition of the AOG. Higher fuel utilization (>85%) causes a loss of SOFC performance,
while a low value, although it allows one to work safely, results in low efficiency [9,14].

The results of the SOFC section are reported in Table 4. The data shows that the least
FU is obtained with biomass due to the higher energy demand of the gasification step.

Table 4. Fuel utilization (FU) and energy produced by the SOFC.

S/C FU Energy Output [kW/Kgpiomass]
0.6 79.0% 1.90
Biomass 1 76.5% 1.87
14 74.8% 1.83
0.6 83.6% 1.81
HTC-200 1 80.4% 1.79
14 78.5% 1.76
0.6 87.5% 1.27
HTC-250 1 84.3% 1.54
14 81.1% 1.52

The HTC pretreatment at 200 °C leads to an energy output higher than that obtained
with HTC-250. Despite this, HC has a lower sulfur content. This parameter is crucial for
the syngas utilization in SOFC due to the meagre concentration limit of HjS.

The flue gas and COG outlet conditions are reported in Table 5. The flue gas discharge
temperature is always higher than the dew point. As shown in the simulation with
HTC-200, the temperature of this stream is relatively high, making it possible for further
utilizing. With HTC-200, the output flue gas could be used in ORC.

Mass balances simulated the HTC liquid phase composition as reported in the litera-
ture [37]. However, this process output deserves further investigations.

Research is in progress aiming to a more in-depth characterization of this stream, previ-
ously studied just as a tool for monitoring the reaction [49], to evaluate the recirculation in the
process, reducing the freshwater utilization, and the recovery of high value-added chemicals.
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Table 5. Synopsis of the outlet condition of flue gas and COG (Flue gas dewpoints calculated from
water vapor partial pressure).

HTC-200 HTC-250
S/C 0.6 1 14 0.6 1 14
m [kg/h] 37 4.0 427 25 3.0 33
Flue gas T[°C] 402 344 288 91 119 85
Dewpoint [°C] 71 74 76 70 72 74
coc m [kg/h] 28.6 279 273 20.1 243 238
T[°C] 180 176 173 184 184 180

4. Conclusions

Hydrothermal carbonization, gasification, and SOFC technologies were studied in a
combined process to exploit biomass simulated with ASPEN Plus.

HTC conditions affect the syngas yield and composition and the fuel utilization
factor of the SOFC. The results showed that concentration of CO and CHj, increase with
HTC process temperature, while the CO, decreases. The lower value of fuel utilization is
obtained with biomass, while the higher with hydrochar is produced at 250 °C. Lower HTC
temperatures lead to the increase of the gas yield, which allows obtaining higher energy
output of the SOFC and process efficiency similar to the one obtained without HTC.

Thus, the HTC process at 200 °C seems to be a very effective pretreatment in order to
exploit biomass that cannot be gasified as they are. The heat recovery allows avoiding the
use of auxiliary fuel to produce steam and for the gasification step. Furthermore, the flue
gas discharging temperature is relatively high in the simulation with HTC-200.
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