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ARTICLE INFO ABSTRACT
Keywords: The low cost of electricity in some areas facilitates the adoption of high-temperature electrolysis plants for the
Supercritical water gasification large-scale storage of electricity. Supercritical water gasification (SCWG) is a promising method of syngas pro-

Reversible solid-oxide cell duction from wet biomass. Additionally, it is a potential source of steam for electrochemical plants. However, the

glzm::s commercialisation of standalone SCWG systems is hindered by low efficiency and high operating cost. Accord-
R};niwable energy ingly, we propose the integration of SCWG with a reversible solid oxide cell (rSOC) to realise simultaneous
Aspen Plus syngas or power generation and wet biomass conversion. This technique would make the process feasible in
terms of energy, allowing engineers to use SCWG to combine power generation with fuel production. The wet
syngas from the SCWG is fed to the rSOC powered by excess renewable electricity in electrolysis mode, where
steam is reduced to Hy to produce dry syngas with a higher calorific value. The energy efficiency of the proposed
system is 91% in electrolysis mode and 47% in fuel cell mode. The electrolysis increases the syngas yield by a
factor of thirteen and the use of total syngas generates twelve times more power in fuel cell mode compared to
the use of only fresh syngas from SCWG.
sustainable energy.
1. Introduction A high-temperature electrolysis process utilises electricity and heat
to produce hydrogen (or syngas) from steam and CO5, which can be used
Solutions to combat climate change and to improve sanitation directly as a fuel, or raw material for production of other synthetic fuels.
infrastructure globally are fundamental for sustainable development of Any process that generates a high concentration of steam or CO; is a
society. According to previous studies [1] renewable energy will potential source of these reactants for electrolysis. The electricity and
constitute 14 % of global energy sources worldwide by 2040 under heat required for the electrochemical reaction may come from sources
current policies for a faster-growing energy source than oil or natural gas such as solar, wind, industrial process waste heat, geothermal, or nu-
[2]. As a result, the price of renewable electricity is falling globally and clear energy.
is already quite low in some areas; for example, it is 13.5 USD MWh ! in Solid oxide fuel cells (SOFC) are high efficiency devices used to
the United Arab Emirates [3]. However, renewable energy sources such produce electricity directly from fuels by electrochemical oxidation,
as wind and solar are intermittent. Therefore, there is a need for without NOx production. For stationary power generation, SOFC-GT
development of efficient energy storage solutions. (gas turbine) combined cycles are the systems with the highest effi-
Wet organic matter such as manure, sewage, and industrial waste is ciency [6]. At present, SOFC technology has reached high TRL (Tech-
currently the most significant source of global water pollution [4]. nological Readiness Level) levels (8 or above), prompting various
Sanitation-related diseases cause approximately 2.2 million deaths per companies to offer SOFC products, Solid Power, Sunfire, etc. [7].
year (mostly children younger than five) [5]. Therefore, conversion of A combination of SOEC and SOFC systems can be used to convert
wet organic matter (wet biomass) into biofuel will not only provide renewable electricity to synthetic fuels, and later utilise these fuels to
health and environmental benefits, but also provide a valuable source of produce electricity again; thus, acting like a renewable energy storage
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Nomenclature

A area of the stack (cm?)

d, particle diameter (nm)

E cell voltage (V)

E; reversible potential (V)

ef specific flow exergy per unit of mol (kJ mol™1)
Ex exergy (kW)

exsh chemical exergy (kJ mol™1)

Eq exergy destruction rate (kW)

F Faraday constant (C mol™)

AG change in specific molar Gibbs free energy (Jmol 1)
AH change in specific molar enthalpy (Jmol ™)
h specific enthalpy (kJ kg™')

I current (A)

j current density (Acm™?)

m mass flow rate (kg sh

M molecular weight (g mol™1)

n number of moles

n mole flow rate (mol s~ 1)

P pressure (Pa), power (kW),

) partial pressure

Q heat (kW)

R gas constant (Jmol'K™1)

AS change in specific molar entropy (kJ mol K1)
S specific entropy (kJ K kg™1)

T temperature (K)

Us fuel utilisation ratio

A% voltage (V)

X mass fraction

y mole fraction

W rate of work (kW)

Greek letters

chemical potential (Jmol™)
surface site density (mol cm?)

A thickness (um)

B surface ratio

n efficiency, cell resistant (Q m?)
T tortuosity

€ porosity

i

r

8 conductivity

Subscripts, superscript

act activation

ch chemical

conc concentration

cv control volumen

des desorption

e exit

f thermochemical

ex exergy

i inlet, mixture components

j number of component present in a mixture
0 properties at the reference environment
ohm Ohmic

ox oxidant

r reversible

sys system

N thermoneutral

an anode

cat cathode

Abbreviations

BOP balance of the plant
CGE cold gas efficiency

CE carbon gasification efficiency
SCWG  supercritical water gasification
GT gas turbine

GUP gas upgrading unit
LHV lower heating value (kJmol™)

HE heat exchanger

HHV high heating value (kJmol ")
PSC post combustor

TPB three-phase boundary

ASR area-specific resistance

rSOC reversible-solid oxide cell
SOFC solid-oxide fuel cell

SOEC solid-oxide electrolyser cell
SEP gas/liquid separator

SCW supercritical water

system. In the recent years, there has been increasing research on the
concept of reversible solid oxide cells (rSOC). The main advantage of
this concept is that the same SOC device can operate both in fuel cell
(FC) and electrolysis (EL) mode, and in some cases, the same balance-of-
plant (BOP) component can also be used in both modes. This reduces the
capital cost of such a renewable energy storage system, while retaining
the high efficiency benefits of SOC systems.

Some researchers have studied the integration of biomass gasifica-
tion with SOEC systems. Sigurjonsson et al. [8] investigated the inte-
gration of rSOC with biomass gasification for hydrogen or power
generation. The system reaches an efficiency of 46 % for fuel production
from biomass with a moisture content of 45 wt%. Clausen et al. [9]
examined the combined gasifier and pressurized SOEC system. The en-
ergy efficiency achieved was 84 % for syngas production from wood
pellets. In another research, Anghilante [10] proposed the upgrading of
bio-syngas through steam electrolysis and catalytic methanation
achieving an energy efficiency in the range of 78.5-81.8 %. Ali et al.
[11] investigated straw biomass gasification and SOEC combined system
for methanol production. The system reaches an energy efficiency of
72.08 %, at a biomass moisture content of 7.9 wt%. Yi et al. [12] ana-
lysed and optimized a biomass-fuelled polygeneration system for

electricity, hydrogen, and freshwater generation. The system combined
a Rankine cycle, a multi-effect desalination, and a solid oxide electro-
lyser and achieved a total exergy efficiency of 17.64 %. Habibollahzade
et al. [13] analysed and optimized the integrated hybrid biomass-based
solid oxide fuel cell/solid oxide electrolyser cell/gas turbine using
different gasification agents. The system achieves an exergy efficiency of
45.25 % for power and hydrogen production. For the systems mentioned
above it is difficult to compare the efficiencies since for poly-generation
systems the definition of efficiency requires a different approach.
According to the literature review, the integration of gasification
technology with SOEC technology combines the advantages of the two.
Heat integration improves thermal performance. The oxygen by-product
of electrolysis acts as a gasifying agent. Therefore, the fuel is produced
with high energy efficiency > 70 % [9,10,11]. However, the efficiency of
fuel and power production in the poly-generation system reduces to <
50 % [12,13]. There is a lack of studies on highly efficient fuel and/or
power generation using wet biomass feedstock. The integrated systems
analysed are limited to conventional biomass with a moisture content
lower than 10 wt%. Higher moisture in biomass requires an energy
demanding dryer unit, reducing the efficiency of the systems. It is re-
flected in the efficiency of 46 % found in the work of Sigurjonsson et al.
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Table 1
Fuel and power SCWG combined system.
Integrated System P T con. n MNex Prod. Ref.
bar °C wt.% % %
SCWG-SOFC-GT 250 600 21.52 50 50 Power [35]
Hydrothermal gasification-Catalytic fixed-bed gasific SOFC-RNK-FP-GT 300 350-450 20 63 60 Power [36]
SCWG-direct expansion in a gas supercritical turbine- combined cycle. 250 650 25 54.38 Power [37]
Solar SCWG - SMR 240 605 25 45 45 syngas [28]
SCWG-syngas chemical looping (SCL)-power generation 650 15 73 Power + Hy [32]
Solar SCWG - SMR 240-250 590-605 13-15.4 81.26 50.31 syngas [26]
SCWG - syngas separation Rankine cycle 250 650 20 89.18 Power + syngas [31]
8 20

[8].

SCWG is a process that converts wet biomass into combustibles with
useful minerals as by-products [14]. A separation system can easily
recover the minerals contained in the biomass, given that minerals have
low solubility in water at supercritical conditions. A gas cleaning unit at
temperature > 374 °C, and pressure > 221 bar recovers the salt [15,16].
The addition of a ZnO bed in the SCWG reactor enables sulphur removal
[17 18]. Hence, the product gas is relatively clean to feed a SOC without
causing degradation of the SOC anode. This process operates at rela-
tively low temperatures between 400 °C and 600 °C and pressures above
220 bar. The variation of thermo-physical properties of supercritical
water (SCW) significantly influences the heat transfer and the biomass
gasification [19,20]. The main advantage of SCWG is that it does not
need an energy-intensive biomass-drying step since it uses water as both
the reactant and the reaction medium.

The SCWG technique is still not widely commercialised and needs
some research and development because it is hindered by high operating
costs and multiple engineering challenges. Nearly 100 % conversion of
biomass (minimization of char formation) into syngas requires high
temperatures (>600 °C without catalyst), feasible residence time and
low feedstock concentration [21,22,23]. The thermodynamic efficiency
is affected by high energy requirements, which requires a heat recovery
system [22]. The resulting gas contains high concentration of steam and
COs. Chen et al. [24] suggested increasing the system capacity, feed-
stock concentration, improving the heat transfer efficiency and energy
recovery, etc. to contribute to the reduction in hydrogen production cost
and the improvement in the thermodynamic efficiency.

Table 1 shows the operating conditions and performance of several
integrated SCWG systems for fuel and/or power production. The energy
efficiency reached by these systems is in the range of 50 to 82 %. The
feedstock concentration is between 13 % and 25 %. Thermal efficiency
and CGE (cold gas efficiency) are favoured at feedstock concentrations
> 10 wt% [25,26] because of the higher CO and CH4 content in the
syngas [27]. But the exergy efficiency decayed due to increased char
formation [28,26]. In this regard, high feedstock concentration harms
the gasification, since water influences the physics and chemistry that
determines supercritical water gasification [29,30]. It is demonstrated
nearly complete gasification of 99.2 % CE (carbon gasification effi-
ciency) at feedstock concentration of 9 wt% chicken manure at 620 °C
[25]. On the contrary, the high moisture content leads to a high energy
requirement for increasing the temperature to supercritical conditions,
substantially reducing the exergy efficiency. Chen et al. [31] reported a
decrease in the SCWG exergy efficiency from ~ 90 % at 20 wt% biomass
to ~ 20 % at 8 wt% biomass. Thus, a trade-off between complete gasi-
fication and thermal efficiency is required.

The SCWG product gas, with high exergy, contains a high amount of
steam, which is usually condensed out (gas upgrading unit) before uti-
lisation of the gas as fuel. The systems indicated in Table 1 recover the
exergy of the product gas, before entering a gas upgrading unit, with a
HE (heat exchanger) or with chemical looping (oxy-fuel combustion
using a solid-state oxygen carrier). These units recover the sensible heat
of the product gas to recirculate in the process. Ajiwibowo et al. [32]
uses chemical looping in co-production of Hy and recovers the heat for

power generation. The system reaches an energy efficiency of 73 %.
Chen et al. [31] uses a HE for heat recovery and power generation. The
HE recovers most of the sensible heat of the gasification product gas. The
heat recovered pre-heats the water entering the SCWG and heats the
water that feeds a Rankine cycle. The system reaches an exergy effi-
ciency of 89.18 % at 20 wt% biomass (80 wt% water) but reduces to 20
% at 8 wt% biomass. The exergy destruction of the energy recovery units
accounts for a significant fraction of the total exergy destruction in the
system [31,26]. Guo et al. [33] presented direct mass transfer system as
an alternative to the HE. The highest exergy efficiency, around 90 %, is
reached at feedstock concentration of 70.6 wt% biomass; at 30 wt%
biomass the efficiency reduces to 30 % approximately. In addition, the
oxygen demand by the system will imply additional operation costs.

The gas upgrading unit negatively influences the overall system ef-
ficiency. It depends on the high-water content and the inlet gas-product
temperature. High inlet temperature of the gas upgrading unit results in
high waste heat production in the system [28,34]. The syngas obtained
after the condensation still contains a high volume of CO3 (22 vol%,
SCWG operating at 420 °C, 280 bar) [18], which reduces its calorific
value. Onigbajumo et al. [26] fed the product gas to a reforming reactor
promoting, simultaneously, the water gas shift reaction. However, the
reactors represent 60 % of the total exergy destruction of the process
[26] and [28]. The higher the system complexity the higher exergy
destruction. It is reflected in the exergy efficiency of 50.31 % in the work
of Onigbajumo.

From this perspective, feedstock concentration lower than 10 wt%
can be an alternative to address the char formation issue, achieving a
high conversion of feedstock in SCWG, despite the high energy demand
to increase the temperature to supercritical conditions. Process inte-
gration makes heat recovery feasible and reduction of exergy destruc-
tion in HE, gas-liquid separation unit and reforming reactors, by
applying simpler system configuration. In this context, the gasifier
product gas (salt separation in the gas cleaning unit Temperature >
374 °C, Pressure > 221 bar [15,16]), when excess renewable electricity
is available, can be directly fed to an rSOC in EL mode. The fuel electrode
promotes the electrochemical reduction of H;O into Hy and O,. It in-
creases the exergy of the produced gas and thus the capacity of the
system. SOEC anode is able to support electrolysis. Additionally, it also
supports water—gas shift reaction and methanation reaction (the latter at
pressurised operation [38]).

The combustible gas and the air-based streams release heat during
the downstream cooling process. This provides the energy required to
pre-heat the feedstock to supercritical conditions. Heat is also provided
for SOEC air preheating. The water content of the product syngas is
significantly reduced thanks to electrolysis. The high-value syngas
generated can be stored for later use in the rSOC in FC mode. When there
is a deficit of renewable electricity, the stored syngas is mixed with the
fresh syngas from the SCWG system (after gas upgrading), and used in
the rSOC in FC mode to generate electricity.

The objective of this study is to develop a process design for a
combined SCWG-rSOC system that significantly increases the system
capacity for hydrogen production, which could reduce operating costs
and achieve high thermodynamic efficiency by reducing exergy
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Fig. 1. Feed system of the SCWG-rSOC process.

destruction. The integration enables intermittent syngas or power pro-
duction from wet biomass SCWG. Syngas generation from wet syngas
generated in SCWG using an rSOC in EL mode, and power generation
from mixed syngas using an rSOC in FC mode. In addition, by aligning
with the objectives towards the sustainable development of society, this
novel system can be a potential solution that addresses a threefold need:
sustainable sanitation, power generation from wet biomass waste, and
energy storage.

To evaluate the performance of the SCWG-rSOC system, process
simulations were conducted. The efficiency of the combined system in
each mode was calculated. The effects of several parameters such as
biomass moisture content, rSOC stack temperature and pressure, and
current density on the system efficiency were studied. Finally, an exergy
analysis was carried out to identify the sources of greatest exergy
destruction.

2. System concept
2.1. Integration of SCWG with rSOC

Fig. 1 shows a feed diagram of the proposed system, in which wet
biomass is used to feed an endothermic SCWG. The gasifier generates a
steam-rich gaseous mixture (Line 1, in Fig. 1) under supercritical water
conditions. The rSOC stack operating in the electrolyser mode is directly
fed with the pressure-regulated gaseous mixture coming from (Line 1, in
Fig. 1) of the SCWG. Fig. 2A shows the process heat integration of the
SCWG-rSOC EL mode. The high-temperature and high-pressure steam
and CO; in the gaseous mixture are recovered and electrochemically
reduced into Hy and CO in the fuel electrode of the SOEC using elec-
tricity from the grid, which can be produced by solar and/or wind power
systems. The heat required for the SOEC can be partly obtained from the
heat generated by in situ methanation and partly from the heat generated
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Fig. 2. Aspen Plus SCWG-rSOC feed system simulation. A) SCWG-rSOC-EL Mode, B) SCWG-rSOC-FC Mode.

from the rSOC losses (cell overpotential). Additional heat can be sup- expander E1 recovers any energy from the hot airflow. The SCWG is
plied by an external thermal source and process heat. An air stream feeds highly endothermic; heat exchangers are employed to facilitate the heat
the oxygen electrode and is used as a sweep gas to remove the oxygen flow from the high temperature stream to the low temperature
generated during electrolysis. The air stream is also used as a sink or feedstock.

source of heat for exothermic or endothermic SOEC operation. The After SOEC operation, the unconverted H,O is condensed in
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Table 2

Main biomass properties.
Parameters
Ultimate Analysis biomass (wt.%-dry basis) [44]
H 6.3
C 49.1
N 5.9
S 2.0
O (by difference) 36.7
Proximate analysis (wt.% dry basis) [44]
Volatile fraction (%, db) 46.46
Ash (%, db) 49.03
Moisture content

(%, fresh weight) 90-95

Energy content LHV (dry), (MJ/kg) 16.84

separator S1 upon cooling to remove it from the fuel gas produced in the
electrolyser. It is then pressurizer and stored in a tank for future use.

In the SOFC operation mode, two fuel sources are fed to the fuel
electrode of the rSOC: the syngas from the SOEC, which is stored in the
storage tank (Line 3 in Fig. 1), and the fresh syngas from the SCWG (Line
2 in Fig. 1), which is upgraded in a gas/liquid separator (S2) that
removes the water from the gaseous mixture. The gaseous mixture is
pressure-regulated before being fed to the SOFC stack, where the process
heat preheats the fuel and air streams. Then, the gaseous mixture is
electrochemically oxidised on the fuel electrode of the SOFC, producing
electricity, heat, and exhaust compounds. The airflow provides oxygen
for the electrochemical reactions and regulates the stack temperature,
removing excess heat. Combustion takes place in the post-combustor
(PSC) between the high-temperature airflow from the oxygen elec-
trode and the exhaust species from the SOFC fuel electrode. Fig. 2B
shows the process heat integration of the SCWG-rSOC FC mode.

Main assumptions of this study are:

e All processes are in steady-state equilibrium; the system is well
insulated (i.e. no energy or exergy is lost to the environment from the
process units).

e Low solubility of the inorganic compounds (ash) in supercritical
water at thermodynamic equilibrium-NH3 and SO is transported by
water in the gas-liquid separation units [39].

e Co-electrolysis of HyO and CO, takes place at the fuel electrode of the
rSOC in EL mode [40,41].

e The ASR estimation uses a gaseous mixture of HyO and Hj [42].

e External heat supplied to the system is electric heat.

3. Thermodynamics of the SCWG-rSOC system
3.1. Chemical analysis

Non-traditional biomass feedstocks such as wet animal manures,
human waste, sewage sludges, food industry waste, aquaculture residues
and algae are potential feedstock for SCWG. These feedstocks are large
renewable residual streams, continuously generated. These feedstocks
must be treated to guarantee the protection of the environment. How-
ever, the high degree of heterogeneity in the form, composition and
water content of biomass is a disadvantage for almost all applications
[43]. Real biomass is quite challenging due to the complex nature
containing cellulose, hemicellulose and lignin. For the SCWG, equations
(1,2) describe the complete conversion of biomass into a mixture of Ho,
CH4 and CO,, where the organic matter of biomass is assumed as
CeH1206 as a representative model biomass compound used to under-
stand the gasification process. Table 2 shows a sample composition of
the biomass. We assume low solubility of the inorganic compounds (ash)
in supercritical water at thermodynamic equilibrium [39]. It is sepa-
rated in the salt separator unit, Fig. 1.

The sulphur content is converted to H,S, while nitrogen content is
converted to NH3 [45]. The addition of a ZnO bed in the reactor allows

Energy Conversion and Management 270 (2022) 116208

the removal of H»S [17,18] in the SEP unit described in Fig. 2A and 2B-
NH3 is assumed to be transported by water in the SEP 1 and LPFLASH
water separation units in Fig. 2A and 2B, respectively. The temperature,
pressure, residence time, and amount of water in the biomass all influ-
ence the product gas composition. Furthermore, hydrogen production is
favoured at high temperatures, whereas methane generation is facili-
tated by high pressures [46]. Note that the reaction in Equation (2) is
exothermic and thus contributes to reducing the heat required for the
gasification process.

CeH1206 + 6H20 — 6CO, + 12H, AH = 360 kJ-mol ! (1).

C5H1206—>3CH4 +3C02 AH = -132 kJ~1110171 (2)

Details of the thermodynamic analysis of the FC operation mode can
be found in [34]; the analysis of electrolysis and thermochemical re-
actions is detailed in Equations (3)-(9). The excess electrical ener-
gy—available from renewable sources—and a residual heat supply
(external or internal) serve as energy inputs for high temperature elec-
trolysis. Equations (3) and (4) represent the reduction of HyO and COy;
thus, electrical energy is stored in the chemical form. The generated CO
and H; react to form methane following Equation (8) (methanation re-
action) at low temperature and high pressure (600 °C, 20 bar). Metha-
nation has a considerable impact on cell thermal management because
of the relatively high amounts of heat released (AH) due to its
exothermic nature [47], which contribute to satisfying the heat re-
quirements of the SOEC. Operating conditions also allow the reverse
water-gas shift reaction (the reverse of Equation (7)) to be predominant,
which results in the reduction of CO3 by Hp [48].

Full cell reactions in the rSOC:

H,0(gas) < H, + 1/20, AH = 242kJA-mol™! 3)

CO, < CO + 1/20, AH = 283kJA-mol™’ 4

Reactions at the fuel electrode:

H,0+2¢” < H, +0> (5)
CO+0% & CO, +2e” (6)
H,0 + CO « H, + CO, AH= —41kJA-mol™ 7)
3H2 + CO < CH4 + H20(gas) AH = —206kJA-mol ™’ (8)

Reactions at the oxidant electrode:
0%~ & 1/205 + 2 (9).

4. Energy analysis of the rSOC system

The overall energy required to spur a chemical reaction [49] in the
rSOC is given by:

AHsopc = AG+TAS (10)

where AH is the change in enthalpy; AG is the change in Gibbs free
energy, which, at a constant pressure and temperature, determines the
maximum value of the useful electrical work of the system required to
initiate the reaction; and TAS is the product of the temperature and
change in entropy, which determines the reversible transfer of heat.

The reversible cell voltage of the rSOC is related to AG through the
Nernst equation as a function of the species partial pressure of the sys-
tem. This equation represents a case in which an electrochemical reac-
tion facilitates the charge transfer between phases [50]. This transfer of
charged species (electrons or ions) across the interface in an rSOC de-
pends on the amount and nature of the electrode/electrolyte/gas triple-
phase boundaries (TPB). Assuming that co-electrolysis of HoO and CO;
takes place at the fuel electrode of the rSOC in EL mode [41], the
reversible cell voltage, E,, is the average of the Nernst equation applied
to the chemical reactions in Equations (3) and (4) as follows [40]:



M. Recalde et al.

1/2

RT py,Po
Erpo = Bommo +— LH2PO: 1
H,0 0H,0 + WF Pao an
12
RT peop
E;co, = Eoco, +— €070 12)
nF - p,
1
(Xt,0Erm, + Xco,Erco) (13)

=
Xn,0 + Xco,

where the quantity nF expresses the amount of charge transferred for
every mole of reactant species.

The reversible voltage calculated by the Nernst equation is equiva-
lent to the open-circuit voltage (OCV), which can be measured as the
difference between the electrode potentials of the anode and cathode
when no current is flowing.

The rSOC reversible voltage varies with the electrical current flowing
through the system, and its nature depends on the direction of the cur-
rent [50].

Resistance to the flow of charge in a cell leads to Ohmic losses. The
charge transfer reactions cause activation losses, whereas the transport
limitations of gases through the porous electrodes to the TPB cause
concentration/diffusion losses. These resistances affect the final voltage
of the rSOC. Thus, the operating voltage is higher than the OCV for the
case of an SOEC as follows:

Vsore = Er +11,(7) + Mot () + Moone () a4

The total overvoltage 7 is equal to the area-specific resistance (ASR)
times the current density of the cell, resulting in the following expression
for SOEC operating voltage [51]:

Vsoec = E: +ASR*j (15)

For the ASR estimation, it is assumed that the rSOC stack is fed with a
gaseous mixture of HO and Hy. The SOEC stack ASR is described using
the models developed by [52] and [42]. Table Al provides the simula-
tion parameters to fit the I-V curve of a two-electrode supported solid
oxide cells with structure of “Ni-Sm doped CeO; infiltrated porous
Lao.gsrollGao,gMgo.QO:g (LSGM) dense LSGM/SmBao,SSro,s(IOgOs infil-
trated porous LSGM” tested in the work of Wang S. et al. at 600 °C [53].
Appendix A gives supplementary information about ASR estimation.

5. Current density

When operating in EL mode, the amount of current through the
external circuit depends on whether reduction of CO, at the fuel elec-
trode occurs through steam electrolysis followed by reverse water-gas
shift reaction or via direct co-electrolysis. It also depends on structural
and operational parameters, which determine if direct CO, electrolysis
will have a significant or negligible influence on the process [42]. Ac-
cording to [54], a surface ratio f, derived based on the applied experi-
mental method, splits the active surface area for the H;O and CO»
electrochemical reductions. In this study, the approach of [40] was
considered which is as follows:

Isoec/m0 = 2F1if o Uy (16)
Isokc/co, = 2Fn(1 — ) o U; a7)
TPB
YH,0
f=—10 _ (18)
T

The current density is estimated by: has.

Isorc

(19)

jSOEC =
ASOEC

A single SOEC stack consisted of parallel connected cells. Each cell of
the SOEC has an active area equal to 0.1 m2. For each biomass moisture
content, the required number of cells is obtained with the objective of
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TAS Nsoec * 1

HyO(ees) < Ha+ 50,

Qwes

QCH 4 iQair

Fig. 3. rSOC electrolysis mode heat balance.

operating the cell with the highest system efficiency.
The power supplied to the electrolysis operation can be calculated
by:

Psorc = Vsokc @ Isokc (20)
6. Thermoneutral voltage

The theoretical thermoneutral voltage in electrolysis mode is ob-
tained as [48]:

VTN =— (21)

In SOEC mode, Vy is the cell voltage provided to the SOEC system.
The heat generated in the cell meets the heat balance of all cell reactions,
both chemical and electrochemical [48], thereby resulting in both
adiabatic and isothermal operations [55]. At operating voltages less
than or greater than Vry, the system operates in the endothermic mode
or the exothermic mode, respectively. The molar change of the enthalpy
AH of the reactions promoting charge-transfer (Equations (3) and (4))
depends on the external supply of power, AG, and heat, TAS, as
expressed in Equation (10). The energy balance diagram of the SOEC
shown in Fig. 3 depicts all the energy (heat and power) sources and sinks
influencing the thermal energy required by the reactions defined in
Equations (3) and (4).

In Fig. 3, Qcu,andQwgs are the reaction enthalpies of the spontaneous
reactions for methanation and water-gas shift, respectively, at the fuel
electrode. The heat liberated by the cell losses is equal to the over-
potential, 550, times the current, I. The air fed to the air electrode acts
as a temperature regulator, adding or removing heat, Qu, from the
SOEC. Thus, based on the energy balance equation, Q,;; can be computed
by:

Qur = TAS — (Qcu, + Owas + Nsorcl) (22
Combining Equation (22) with Equations (10) and (14) results in.
Qair = AI_ISOEC - VSOEC o/— (QCH4 + QWGS) (23)

The Aspen Plus™ reactor blocks provide the values for Qcy,, Qwas,
and AHgsogc. When Q,;; = 0, the SOEC is in thermoneutral mode, and the
operating voltage is equal to the thermoneutral voltage. In this case, the
oxygen electrode supplies a small amount of air to release the product
O,, since there is no heat to provide to or remove from the SOEC. When
Q. > 0, the net operation in the SOEC is endothermic, and air at a
higher temperature than the SOEC operating temperature provides the
heat required by the cell. When Q,; < 0, the net SOEC operation is
exothermic and sweep air at a lower temperature than the SOEC oper-
ating temperature drains the excess heat.

7. Exergy analysis of the SCWG-rSOC system

Eq. (24) describes the exergy balance of the SCWG-SOEC system at
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steady state [56]. The exergy enters the system in the form of biomass
and electricity. The system is well insulated; there is no exergy transfer
accompanying heat transfer.

0=We+ Zmiefi - Zmeefe —E, 24)
The total specific flow exergy is the sum of the thermomechanical

and chemical exergies:

e=e +e" (25)
The thermochemical exergy is given by:

es =h—hy—To(s— so) (26)

The chemical exergy for an ideal gaseous mixture at the reference
environment (To, po) is given by:
e = Z(y[éfh + yiRTolny;) 27)

8. Efficiency definitions

The SCWG-rSOC system’s efficiency:
PBOP.sys&em = AE@Pheul + /E©Ppower (28)

Py is the external heat supplied to the system (heaters), assuming
electric heat, and P, is the power of the auxiliary components
(pumps, gas compressors). Aspen Plus™ blocks provide values for each
Pycae and Py, component of the system. In the equations below, the
subscript (i) refers to the components relevant to the subsystem whose
efficiency is being calculated.

SCWG efficiency:

; _ Tiruel LHV gyngas SCWG (29)
SCWG Tviomass LH V biomass + PBOP‘(")
Ex;&ngm +E g,;za.vmixtllre
Nex—scwe = — G0

1
mbiomassEx‘b[’gmam + PBOPA(i)
rSOC efficiency:

nfuelHHVsyngas,SOEC - nfuelHHVsyng‘ds,SCWG

= (€29)
MIsorc Psoec + Psop,i)
Psorc — Psop,(i)
Msore = el B0 (32)
SOFC Z nfuelHHvsyngus,(i)
The system energy efficiency:
I’] _ rifuelHHvsyngas,SOEC - mbiomassHHVbiumass (33)
SCWG-SOEC Psoec + Pgopsysiem
PSOFC - PBOP system
NscwG-sorc = — 34
SCWG=SOFC ™ 4y HH Vyngas,s0EC + Mbiomass FTH Vbiomass
Exergy efficiency of the system:
h h
" _ Ex3eas = EXpimass (35)
exSCWGSOEC ™ Pooke + PpopscwG-soEc
Psorc — PBop,scwG-SokC (36)

TNex—scWG-SOFC = Ex

ch
xsyngu.‘,S()EC + Exhwmam

9. Simulation of the CSCWC rSOC model in Aspen Plus™

Fig. 2A and 2B depict the feed system model of the SCWG-rSOC
operation as simulated on Aspen Plus™. The rSOC model was built
based on the work in [58,59,60]. This model considers the following
assumptions: all processes are in steady-state equilibrium; the system is
well insulated, and no energy or exergy loss occurs in the process units.
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Table 3

SCWG operating conditions.
Parameter
SCWG
Temperature (°C) 500
Pressure (bar) 250
Biomass mass flow rate (dry) (g/s) 0.56
Biomass water flow rate (80, 90, 95 wt%) (g/s) 2.24, 5.04, 10.64
HP-LP flash pressure (bar) 10-1 [45]
HP-LP flash temperature (°C) 100-25 [45]
Pump isentropic efficiency (%) 85 [57]
Biomass moisture content (wt.%) 95
Energy biomass input (on HHV) (kW) 8.92
Energy biomass input (on LHV) (kW) 8.25
Exergy biomass input (kW) 10.56

Table 4

rSOC operating conditions.
Parameters
rSOC
Temperature (°C) 680-850
Pressure (bar) 1-20
Fuel utilization 0.95-0.65
Number of cells 260-370
Area of a cell (m2) 0.01
Current density SOFC (A em?) <2
Current density SOEC (A cm™2) >2
Storage fuel tank temperature (°C) 25
Storage fuel tank pressure (bar) 400 [61]
DC/AC inverter efficiency (%) 95 [62]
Fuel compressor isentropic efficiency (%) 85 [57]
Air compressor isentropic efficiency (%) 85 [57]
Heat exchanger minimum approach temperature (°C)Process units 10

pressure drop (bar) 0.02

“ Each process unit of SCWG-rSOC system.

The Aspen model consists of three sections: SCWG, SOFC, and SOEC.
In the SCWG, the gasifier model uses the procedure available in the
Aspen Plus process simulation using solids. Table 3 lists the operating
parameters of the SCWG. The RGibbs block used to represent the SCWG
predicts the final gas product concentration from the gasifier based on
the minimisation of the total Gibbs free energy. Table 2 lists the
elementary composition of the dry biomass described by the Dry
biomass stream, Fig. 2A and 2B. The biomass decomposes into its con-
stituent elements in the RYield block, DECOMP, at ambient temperature
and a pressure of 250 bar. The heat of reaction, which is a product of the
decomposition of the biomass, is considered in biomass gasification.
Heat stream S then carries the reaction heat from the RYield block to the
RGibbs block in the SCWG. The WATER stream is used to simulate the
water content of the biomass. The pressure of the WATER stream is
increased to 250 bar at PUMP and mixed with decomposed biomass
stream 2A. The heat exchangers HE2, HE3 and HE6 and HEATER-1
preheat solution stream 2A, and the preheated species enter the
reactor SCWG. The GASMIX fuel stream is then directed to either the
SOFC or SOEC block, depending on the desired operation mode defined
by the availability of electricity.

In the SOFC, as shown in Fig. 2B, the SOEC stored syngas and the
fresh syngas from the SCWG (stream 2) are mixed to form stream 4, and
fed into the system. The turbine TURBINE-1 recovers part of the energy
from the exhaust. For a complete discussion of the SCWG-SOFC simu-
lation, the reader is referred to [34].

The SCWG-rSOC-EL model is shown in Fig. 2A and Table 4 provides
the operating parameters of the rSOC. The SCWG-rSOC-EL model (see
Figure S1 supplementary material) employs three blocks to describe the
fuel electrode: WGSR, CATHODE, and METH. The RGibbs blocks WGSR
and METH account for the heterogeneous reactions on the catalytic
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rSOC - EL:
input Table 4

— /.

SCWG:
Input Table 3
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/

Biomass

// composition Table 2

\ 4

! I

SCWG calculations: gas mix composition at equilibrium, thermodynamic
properties and molar flowrate

P

A 4

SOEC calculations: fuel and oxidant composition at equilibrium, thermodynamic
properties AHsorc (10), Qwsr (7). Qcir (8), arbitrary oxidant molar flow rate

v

SOLC power calculation:
Ermeo (11), Ercos, (12) (13), Er (13). Vsorc (15), Lsoeck:o (16), I.soecco: (17), B
(18), jsoec (19). Psoec (20). Vi~ (21)

4

SOEC heat supplied or removed by the the oxidant stream:

Q:\ir (23)

Tan = Tcat

I

Converged?

Exergy calculation:

ef (26), ech (27), Ld (24)

v

System efficiences:

N (29)—(36)

efficiency?

Highest

Return results:

1. jSOEC, Psoec, VM. Vsoec, Ld, Qair.
Er, ef. ech, Qwsr, QcH:

Fig. 4. Calculation workflow for estimating the highest efficiency of the SCWG-rSOC-EL (numbers in parentheses refer to equations in this paper).

material of the fuel electrode: the forward and reverse water-gas shift
reaction (WGSR) and methanation reaction (METH). The stoichiometric
block CATHODE defines the electrochemical reduction of H,O and CO5
into Oz, Hy, and CO. The separator block ANODE1 and heater Q6
simulate the air electrode. The block ANODE] separates the oxygen and
syngas from CATHODE. The heat in the fuel electrode is added to or
removed from the SOEC using block heater Q6. An Aspen Fortran
calculator computes total heat entering or leaving block Q6 according to
the energy balance shown in Fig. 3 and defined in Equation (23). The
airflow rate of the stream AIR and temperature of stream 17 by means of
electric heater Q7 changes to keep the temperature of the outlet air
stream 18 equal to the SOEC operating temperature.

The enthalpy of the electrochemical reaction is estimated using the
net DUTY of CATHODE. The enthalpy of the heterogeneous reactions,
WGSR, and METH are determined by the DUTY of block WGSR and

METH, respectively. The calculation sequence for estimating the effi-
ciency of the is shown in Fig. 4.

10. Results and discussion
10.1. rSOC results comparison

The ASR of the rSOC is compared with the experimental [-V curve
presented by Wang et al. [53] as shown in Fig. 5A and Fig. 5B. Table 1A
provides the fitted cell parameters to obtain the experimental results.
The model accurately simulated the rSOC experimental results of Wang,
at 600 °C, at atmospheric pressure 50 % Hy0 and 70 % H50. The higher
the gas concentration, the higher the cell exchange current density [63].
This is reflected in the variation of the slope curve.

The predicted value of the ASR, rSOC operating at 20 bar, 680 °C and
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Fig. 5. A - B Experiments by Wang et al. [53] and present simulation results.

70 % H,0 is shown in Fig. 5B. Concentration losses in the SOEC are
reduced at higher operating pressure and higher H;O concentration,
while the increased temperature reduces Ohmic losses. Therefore,
increasing pressure, gas concentration and temperature are favourable
for the rSOC performance, obtaining stable ASR, which is shown in
Fig. 5B. This trend coincides with the results presented in the work of
Hauck et al. [42]. The ASR value of rSOC, at temperature > 800 °C and
ambient pressure, used in this work is equal to the value presented by
Banner et al. [64] for LNO-LDC50 and LSM-YSZ oxygen electrodes. As a
result, the following analysis uses an ASR in the range of 0.11 to 0.16 Q

Table 5
Performance results of SCWG-rSOC.
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At 95 wt% biomass moisture, the pH,0/pCO ratio of the gas mixture
SCWG (see Table 5) is around 53. According to recent findings of
Ioannidou et al. [65], the HoO/COg2 co-electrolysis process in pH20/
pCO2 = 1 is 100 % selective towards HyO electrolysis. A similar
behaviour is expected at pressurized operation [66]. Therefore, the in-
fluence of COy electrochemical reduction is negligible for 95 wt%
biomass moisture. The surface ratio j is almost one calculated with Eq.
18.

The exergy efficiency of the SOEC at 95 wt% biomass moisture, 1 bar
and 850 °C, (see Table 6) is 78 %. This value is in agreement with the
findings of [67]. At 20 bar and 680 °C, feedstock with a moisture content
of 80, 90 and 95 wt% the thermoneutral voltage found in this work is in
the range of 1.24-1.25 V and the reversible voltage is around 1.1 V.
These values are in the same range of the findings of [48] at 20 bar and
H/C ratio higher than 40.

11. SCWG-rSOC operation

The performance analysis of the proposed SCWG-rSOC system based
on energy, exergy, and mass balances for power or syngas generation (i.
e., FC mode and EL mode, respectively) are summarized here. The
performance is studied by making use of an exergy flow diagram, which
indicates the exergy losses occurring in the various processes; the dia-
gram also indicates additional external heat requirements, process heat
recovery and the power consumed by the auxiliary units. Subsequently,
the changes in the energy efficiency of the SCWG-rSOC are analysed as a
function of i) biomass moisture, ii) rSOC pressure, iii) rSOC temperature,
iv) syngas flow rates, v) current density. Table 5 reports the key data
describing the system performance. Fig. 6 shows a schematic of energy/
exergy flows of the SCWG-rSOC in FC and EL mode. Fig. 7 A-C shows the
flowsheet of the system and Table 5 present the main gas compositions.
The thermochemical and chemical exergy flows are shown in Fig. 7, at j
=3.4A cm’z, T =680 °C, P = 20 bar, biomass moisture content = 95 wt
%.

12. SCWG-rSOC operating in EL mode

Fig. 8A shows an exergy flow diagram of the results of the perfor-
mance analysis of the syngas generation. The system is fuelled by SCWG
product gas mixture (Line 1 in Fig. 1) and electricity, and the system
generates biofuel (Line 3 in Fig. 1). Table 5 summarizes the results of
analysis of flow rates, gas composition, pressure, temperature of the
gases labelled in Fig. 1, Line 1. In Fig. 8A and Table 5, the SCWG-rSOC
EL operation is at j = 3.4 A cm ™2, T = 680 °C, P = 20 bar, and biomass
moisture content = 95 wt%.

Chemical composition

Gas mix. SCWG Fresh SCWG syngas SOEC syngas Mixed gas

Stream in Fig. 2A Line 1 Line 1A Line 2 Line 3A Line 3 Line 4 Air-1 Air + 02 in Air + 02 out
H, %mol 1.6 1.6 29.0 73.0 95.3 90.7 - - -
CH4 %mol 1.4 1.4 26.2 3.3 4.4 5.8 - - -
H,0 %mol 95.1 95.1 9.9 23.5 0.1 0.8 - - -
CO, %mol 1.8 1.8 33.4 trace trace 2.3 - - -
Cco %mol trace trace - trace trace - - - -
NH3 %mol trace trace - trace trace - - - -
N, %mol trace trace 1.28 trace trace 0.16 71.0 67.1 67.1
O, %mol - - - - - 21.0 32.9 329
Total flow mol s~! 0.611 0.611 0.033 0.589 0.451 0.48 1.309 1.541 1.541

gs ! 111 111 0.726 3.7 1.2 1.94 37.8 45.2 45.2
LHV (ref. 15 °C) kJ mol ! 15.4 15.4 280.9 203.5 265.7 266.7 - - -
Chemical exergy kJ mol ™! 15.5 15.5 300.4 198.6 261.1 262.4 - - -
Temperature °C 500 680 97 680 25 680 569 680 —-12
Pressure bar 250 20 1.013 20 20 20 20 20 1.013
Specific Enthalpy kJ mol ! —226.7 —214.2 —38.6 —-3.7 16.6 20.3 -1.1

10
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Table 6
Key data — SCWG-rSOC performance.
Parameter Unit SCWG-1SOC-FC SCWG-1SOC-EL SCWG-SOFC SCWG-1SOC-FC SCWG-1SOC-EL SCWG-SOFC
Reactant Mix syngas Gas mixture Fresh syngas Mix syngas Gas mixture Fresh syngas
SOC operating pressure bar 1 20
SOC operating temperature °C 850 680
rSOC ASR Q.cm 2 0.11 0.16
SCWG Exergy efficiency % 76.4 69 68.9 32.4 78.1 61.4
Individual mode simulations
Current density Acm 2 1.5 3.4 0.13 1.5 3.4 0.14
Stack active area em 2 60,000 26,250 60,000 60,000 26,250 60,000
Turbine net power production kw 56 9.6
SOFC net power production (AC) kw 80.42 6.8 64 7.76
SOFC net power production (DC) kw 84.65 7.2 68 8.17
SOEC fuel production (on HHV) kw 147 145
SOEC fuel production (on LHV) kw 124 124
System efficiency (on HHV) % 56.4 87 57.8 42 89 21.0
System efficiency (on LHV) % 65.9 73 62.6 46 77 22.7
System exergy efficiency % 61.6 70 52.3 49 73 48.8
Exergy efficiency rSOC-FC/EL % 59.4 77.9 68.5 72.6 74.5 70
System with same area in both modes
Current density Acm? 2.7 2.7
Stack active area cm 2 33,750 33,750
Energy efficiency of the system % 44.9 88.56 31.1 88.4
The system achieves an energy efficiency of 91 % which can be
Table Al compared with and efficiency of biomass and electricity by gasification
Simulation parameter of the SOC. with pressurized SOEC of 84 % [9].
Parameter Unit Fit. Value Ref.
Anode - cathode 13. SCWG-rSOC FC operation
Thickness anode dan pm 2.10E-04 [53] . .
Fig. 8B shows an exergy flow diagram of the results of the perfor-
Thickness cathode dcat pm 2.10E-04 [53] 8 lysi £ th 8y 8 . . de p
Particle diameter d, [nm] 200 (53] mance analysis of the SCWG-rSOC operating in FC mode for power
Porosity e 0.3 [52] generation. In Fig. 8B and Table 5, the SCWG-rSOC FC operation is at j
Tortuosity T 5 [52] =3.4Acm 2 T=680°C, P = 20 bar, biomass moisture content = 95 wt
Empirical constant in, A/cm2 28 [52] %. The fuel used can either be: Part i) only syngas produced by SCWG
Pre-exponential of desorption Ades s em2/mol 5.59E + 19 [52] (while system is running in FC mode), hereafter called “fresh syngas”
Surface site density r mol/cm2 2.60E-06 [52] Part ii) fresh syngas + stored syngas which was produced in rSOC in EC
Sticking probability ' Yo 0.01 (52] mode. This mixture is hereafter called “mixed syngas”.
Activation energy of desorption  Eqes kJ/mol 88.12 (52] Table 5 summarizes the results of flow rates, gas composition,
Empirical constant i*o2 A/cm2 0.4 . . . .
Pre- exponential factor Ao, atm 4.90E + 08 N pressure, temperature of the gases labelled in Fig. 1 as Line 2 and Line 3.
(52 Fig. 8C and Table 5 shows the results of the analysis of power generation
Activation energy Eo, kJ/mol 200 [52] by the rSOC in FC mode fuelled exclusively by fresh syngas (Lines 2 in
Electrolyte Fig. 1).
Thickness del pm 1.60E-05 (53] It can be seen from Fig. 8B and Fig. 8C, that the twelve times higher
2- o . .
Pre- factor of O soel  W-1em-l 333.3 (52] power is produced when the rSOC uses mixed syngas, when compared
Activation energy Eel J/mol 85.63 [52]

The system efficiency depends on the external power and heat sup-
plied to the system, and the efficient utilisation of the process heat in the
SCWG fuel, air, and fuel preheating. The generated process heat almost
satisfies the heat required by the SCWG, fuel and air preheaters. The
energy supplied to the electrolyser is used to electrochemically reduce
steam and CO; from the gas mixture, generating Hy and CO (syngas).
The use of rSOC in EL mode results in an amount of syngas (Line 3,
Fig. 1) that is around thirteen times the fresh syngas generated exclu-
sively in the SCWG gasifier (Line 2, Fig. 1). Some energy is recovered as
electricity using the turbine, although with high exergy destruction. The
fuel generated by the SCWG-rSOC system in EL mode contains approx-
imately 69 % of the total exergy input to the entire system. The exhaust
gas emitted to the environment is at ambient temperature, thus its
exergy loss (that eventually becomes exergy destruction in the atmo-
sphere) is negligible. In contrast, the exergy destruction of the electro-
lyser and turbine (9.6 and 6.4 kW respectively) have significant
influence in reducing the system performance. The rSOC stack in EL
mode must operate at a current density higher than 2 A-cm~2. This
current density was derived considering that the system must operate
near the thermoneutral voltage to attain the highest possible efficiency.
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with using only fresh syngas. This is owing to the higher flow rate of the
mixed syngas, as well as its higher calorific value. The rSOC fuelled by
the mixed syngas has higher exergy losses and exergy destruction than
the rSOC fuelled by fresh syngas. This is because the system fuelled by
the mixed syngas is not configured for optimal utilisation of the heat
produced in the rSOC and PSC. Therefore, improving the heat integra-
tion can have a scope for significant reductions in the exergy losses and
exergy destruction. The current density was derived considering the
amount of produced heat to be distributed in the system to reach the
minimum exergy loss and destruction in the exhaust and process units
respectively.

14. Sensitivity analysis of SCWG-rSOC FC operation

14.1. Effect of pressure and temperature and moisture content on the
energy efficiency of the SCWG-rSOC FC mode system

Fig. 9A shows the influence of the operating pressure and tempera-
ture of the rSOC on the energy efficiency of the SCWG-rSOC system in
FC mode, at biomass moisture contents of 80 and 95 wt%, with current
densities of 0.47 and 1.5 A-cm ™2, respectively. The feed to the rSOC
consists of the “mixed syngas”.
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Fig. 6. Schematic for energy/exergy flows in each mode.

At a high biomass moisture content (95 wt%) the gasifier was
endothermic because the high moisture content favours the production
of Hp, which is an endothermic reaction. The energy consumed by the
gasifier under this condition was approximately 2 kW. However, at a
moisture content of 80 wt%, the gasifier was exothermic and generated
0.453 kW of heat since low moisture promotes the exothermic metha-
nation reaction. Additionally, the energy required by the gasifier pre-
heater to take the biomass to the reaction temperature was exceptionally
high at 95 wt% moisture, due to high flow rates.

High operation pressures increased the rSOC power output due to the
higher Nernst voltage. The external heat demand for the preheating of
air and fuel decreased because of the increase in gas temperatures
caused by the air and fuel compressors, respectively. However, the
adverse effects of increased compressor power requirements overrode
both these benefits, and the overall system efficiency decreased.

The reduction in efficiency with increasing stack pressure was more
severe at 95 wt% moisture content than at 80 wt% because, at 95 wt%,
the air compressor required more power to remove excess heat from the
rSOC. This was the result of greater heat generation in the stack at 95 wt
% due to the higher fuel consumption rate. Indeed, at 95 wt%, the syngas
molar flow rate was almost five times that at 80 wt% (0.48 kmol-s~ !
compared to 0.1 kmol-s’l) because as mentioned before, the mass flows
are higher at higher biomass moisture levels. The higher fuel con-
sumption also required a higher current density (0.47 A-cm™2 at 80 wt%
and 1.5 A-cm™2 at 95 wt%) that increased the overpotentials, further
contributing to greater heat generation in the rSOC at higher biomass
moisture contents.

At 80 wt%, the reduction in efficiency with increased pressure was
less severe at 850 °C than at 680 °C because a high temperature favours
the endothermic reformation of methane in the rSOC, reducing the heat
generation and thus requiring lower cooling airflow. At a lower airflow,
the increase in compressor power with pressure was less severe, and so
was the decrease in efficiency. At 680 °C, however, the opposite effect
was observed: low temperature and high-pressure favour exothermic
methanation, which increased the heat generation in the stack. Thus, the
compressor power required to drive the cooling air increased more
sharply with pressure at a temperature of 680 °C, and the accompanying
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decrease in efficiency was more severe. However, at 95 wt%, the curves
in Fig. 9B for 680 °C and 850 °C are very close because the methane
reforming or methanation reactions are negligible at higher moisture
contents, and therefore the effects described at 80 wt% are not apparent
at 95 wt%.

The maximum efficiency of the SCWG-rSOC system in FC mode was
found to be 66 % at the following conditions:

rSOC pressure of 1 bar.

moisture content of 80 wt%.

rSOC temperature of 850 °C.

At 95 wt% and 1 bar, the efficiency decreased to 56 % at 680 °C and
54 % at 850 °C.

15. Effect of current density on the efficiency of the SCWG-rSOC
system in FC mode

Fig. 9B and Fig. 9C illustrate the effect of current density (j) on the
SCWG-1SOC system energy efficiency in FC mode at 95 and 80 wt%
biomass moistures, respectively, at varying rSOC operating pressures
and temperatures. Two different situations were evaluated for the rSOC
in FC mode: a) fresh syngas as fuel, and b) mixed syngas as fuel. While
the current density was varied, the fuel flowrate and the stack area were
constant. Therefore, fuel utilisation factor also increased proportionally
with current density. However, due to the different flow rates of fresh
and mixed syngas, the achievable current densities for those two cases
was very different. In order to make a proper comparison between the
trends in the same figure, the X-axes of Fig. 9B and 9C use the current
density between the minimum and maximum current densities for each
case in the figure.

At 95 wt% biomass moisture, and rSOC pressure of 1 bar, and rSOC
temperature of 850 °C, the power generated by the rSOC fed by fresh
syngas was 7.2 kW. However, the rSOC power increased to 86.25 kW
when the mixed syngas was fed to the rSOC. This was due to the higher
flow rate and calorific value of the mixed syngas.

At a higher temperature (850 °C) and lower pressure (1 bar), the
system efficiency monotonically increased with increasing j. At higher j
values, a greater portion of the fuel was consumed in the stack.
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Fig. 7. Flowsheet of the SCWG-rSOC system at j = 3.4 A cm 2, T = 680 °C, P = 20 bar, biomass moisture content = 95 wt%. The figures include electricity

consumption and production (red), as well as chemical exergy flows (green), thermochemical exergy flow (pink). Stream numbers refer to Table 5 with gas com-
positions. A) SCWG-rSOC - EL. B) SCWG-rSOC - FC. C) SCWG-SOFC.

Therefore, stack power output increased, while the PSC had to burn less
fuel. Lower fuel combustion in the PSC led to smaller combustion losses
and lower exhaust gas temperatures. Lower exhaust gas temperatures, in

turn, led to a lower fuel temperature at the HE1/HE2 outlets (in Fig. 2B).
Therefore, HE3 recovered more heat from the gasifier outlet, and less
heat was lost in the gas/liquid separator (LPFLASH). The lower exhaust
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Fig. 7. (continued).

gas temperatures also led to more efficient heat transfer with the
incoming air and fuel due to the smaller temperature differences in the
heat exchangers (HE1/HE2/HE4). All these factors led to higher effi-
ciency at higher j values. On the other hand, at lower j values, the PSC
had to combust more fuel and additional air was supplied to limit the gas
temperature to<1000 °C. The additional heat generated in the PSC was
lost to the environment via exhaust gas and LPFLASH, leading to lower
efficiency.

At 95 wt% moisture, the current density was only between 0.12 and
0.14 A-cm~2 when fresh syngas was used. The maximum system effi-
ciency is not reached at 850 °C and 1 bar at current density < 0.14
A-cm™2, contrary to at 680 °C and 20 bar. By contrast, the current
density varied between 1.2 and 1.7 A-cm™2 when mixed syngas was
used. Therefore, more heat was generated in the rSOC with mixed syn-
gas due to the higher fuel consumption and higher overpotentials. This
excess heat was lost through the air exhaust and the liquid/gas
separator.

However, at a lower temperature (680 °C) and higher pressure (20
bar), the system efficiency reached its maximum at j ~ 1.5 A-cm~2 and
then decreased with further increase in j. Atj < 1.5 A-cm™2, an increase
in j improved efficiency for the same reasons stated in the previous
paragraphs. But at j < 1.5 A-cm ™2, the rSOC became highly exothermic
owing to the higher fuel consumption and current overpotentials.
Therefore, the required cooling airflow and air compressor power grew
very large, reducing the efficiency despite the other benefits mentioned
above. The maximum system efficiency depend on the fuel utilization
and thus the current density [68].

The trends for lower biomass moisture content (80 wt%), Fig. 6C,
were similar to those for higher biomass moisture content as discussed
above, but the efficiencies were higher at lower moisture contents. This
occurred for several reasons:

The syngas flow rate was lower at lower moisture contents, leading
to decreased heat generation in the rSOC and smaller heat losses to the
environment, as mentioned above;
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The lower moisture and the accompanying lower biomass flow rate
meant that the gasifier required less external heat for preheating and for
driving the reactions in the gasifier.

The higher content of CHy4 in the flow promotes endothermic side
reaction such as CH4 reforming, thus reducing the energy utilized for
heat removal by the air compressor.

These effects resulted in a higher efficiency at a lower biomass
moisture content.

16. Sensitivity analysis of SCWG-rSOC EL operation

16.1. Effect of rSOC pressure and temperature on the efficiency of the
SCWG-rSOC system

Fig. 10A illustrates the influence of the operating pressure and
temperature of the rSOC on the SCWG-rSOC system in EL mode at 95 wt
% biomass moisture content.

At rSOC temperature of 680 °C, the rSOC was exothermic; therefore,
the cooling airflow was relatively small. In this situation, increasing the
rSOC pressure improved the system efficiency, from 87 % at 1 bar, to 90
% at 20 bar. At higher pressures, there was a significant increase in the
temperature of fuel and air in the compressors. This greatly reduced the
external heat demand for preheating. Further, higher pressure increased
the rSOC voltage (due to increase in the Nernst voltage), making the
stack more exothermic. This heat was used to preheat the air and fuel,
further decreasing the external heat requirement. The stack power and
air compressor power also increased at higher pressure, but the decrease
in external heat requirement was more significant, increasing the overall
system efficiency at higher pressures. The efficiency slightly increases
after 13 bar, then stabilizes at 20 bar, obtaining the highest efficiency of
90 %. Therefore, the calculation was made at 20 bar in the subsequent
results. The system could also work optimally at pressures between 13
and 14 bar to reduce engineering limitations for practical application in
future research.
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Fig. 8. Exergy flow diagram (kW) of the SCWG-rSOC system at j = 3.4 A cm ™2, T = 680 °C, P = 20 bar, biomass moisture content = 95 wt%. A) SCWG- rSOC EL
mode, B) SCWG- rSOC FC mode with mixed syngas, and C) SCWG-rSOC FC mode with fresh syngas.

At rSOC temperature of 750 °C, the rSOC was endothermic. The air
flow required to provide this heat was also high. Therefore, the air
compression power increased sharply as the pressure was increased. The
stack power also increased at higher pressure, due to the increased
Nernst voltage. Due to the high temperature and endothermic nature of
the stack, a large amount of external heat was required to preheat the air
and fuel. This heat demand decreased at higher pressures, just as
mentioned before, but the increase in stack power and air compressor
power were much more significant in this case, due to the higher air flow
rate. Therefore, the system efficiency greatly decreased with increased
pressure, from 88 % at 1 bar to 81 % at 20 bar.

At rSOC temperature of 850 °C, the rSOC is more endothermic than
at 750 °C, and therefore the airflow required to heat the stack is much
higher. Therefore, the decrease in efficiency with pressure is much
sharper at 850 °C due to the greater influence of air compressor power.
Similarly, at 550 °C, the rSOC is more exothermic than at 680 °C and the

15

cooling airflow is higher than at 680 °C. Therefore, the improvement in
efficiency with increased pressure is lower at 550 °C, due to the greater
influence of air compressor power.

In all these cases, higher pressure increases the exothermic metha-
nation in the stack. However, because the biomass has 95 % moisture,
the amount of methanation is small, and these changes are not very
significant compared to the other changes in BoP power and heat
demand.

Notably, the thermal efficiency of biofuel production by SCWG-rSOC
achieved with this approach overcomes the previously determined
production efficiency limit of 45 % for thermochemical biomass gasifi-
cation plus steam electrolysis and of 30 % for solar—electrochemical
hydrogen [8,69].
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17. Effect of current density on the efficiency of the SCWG-rSOC
system in EL mode

Fig. 10B shows the variation of system energy efficiency with rSOC
current density, for different biomass moisture contents. At each level of
moisture, the flow rates of biomass had significant variations. This was
because the dry biomass flow was held constant at 0.56 g/s, while the
water flow rate (as part of the wet biomass) was changed as needed,
from 2.24 g/s at 80 wt% to 10.64 g/s at 95 wt%. Because of this, if the
rSOC active area would be held constant, then the current densities
would vary too far away from the optimum efficiency values. Therefore,
a different rSOC area had to be considered for each moisture level, to
avoid excessively low or high current densities, thus maximising effi-
ciencies. At 95 wt%, this area was 2.624 mz, and at 80 wt%, it was 0.525
m2.

At a 95 wt% moisture content, the optimal current density was 3.4 A
em ™2, at which value the system reached a maximum energy efficiency
of 91 %. When the SOEC was operated at a lower moisture content, i.e.,
80 wt%, the maximum energy efficiency decreased to 86 %, achieved at
2.9 A em 2 To electrochemically reduce HyO at 95 wt% moisture
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content, the rSOC required a higher current density and heat than at a
lower moisture content owing to the larger flow rate. Maximum system
efficiency was reached at a cell voltage (1.32 V) slightly greater than the
thermoneutral voltage (approx. 1.26 V). The increased current density
makes the rSOC system exothermic, which favours the highest system
efficiency due to the use of this generated heat to meet the air and fuel
preheating demand.

At a higher moisture content, the concentration of syngas produced
in the SCWG was 5 % of the gaseous mixture, which contained Hy, CHy,
CO, and COy, promoting the exothermic methanation reaction to some
extent. However, at a lower moisture content, i.e., 80 wt%, the mixture
processed by the rSOC contained a larger proportion of syngas, which
constituted approximately 20 % of the gaseous mixture. This increased
methanation, leading to additional heat generation, making the stack
highly exothermic. This additional generated heat provided for the heat
requirements of the system. However, the power required to compress
more air to remove the heat under exothermic operation had a greater
negative effect on the system efficiency. Therefore, the peak efficiency at
80 wt% moisture content was lower than at 95 wt%.

The airflow rate and air inlet temperature (oxygen electrode) can be
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changed to extract or provide heat to the stack. The heat from the rSOC
air electrode exhaust provided the heat for air and fuel preheating, as
well as for the SCWG. The heat available from the stack was 4.7 kW at
95 wt% moisture, and 1.5 kW at 80 wt%. The power supplied to the
compressor at 95 wt% was 19 % of the total power input, whereas it was
37 % at 80 wt%. The turbines recovered a significant amount of waste
heat in the form of electricity, to the tune of 7.4 kW and 2.6 kW, at 95 wt
% and 80 wt%, respectively. At the thermoneutral voltage, the least
power was required to drive the compressor, but the external heat
required by the system BoP to preheat the air and fuel was high, which
reduced the efficiency. On the other hand, at the optimum voltage
(slightly above thermoneutral voltage), the compressor power was
higher, but the external heat requirements were very low, thus max-
imising the efficiency.

Any increase in the current density from the optimal value made the
rSOC highly exothermic, causing it to generate excess heat that was
removed by the airstream. This in turn increased the power required to
drive the air compressor, and consequently reduced the system effi-
ciency. However, at a current density lower than optimum, the rSOC
exhibited endothermic behaviour. The airstream supplemented the heat
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demand of the system by increasing the inlet air flow rate and inlet
temperature. Thus, the external heat provided the heat requirements of
the electrolyser through the airflow, and the air compressor consumed
more power, reducing the system efficiency.

18. The efficiency of the SCWG-rSOC system

Fig. 10C shows the system efficiencies of the SCWG-rSOC system at
95 wt% biomass moisture content as a function of the current density j of
the rSOC, in both modes. The system efficiency in FC mode was higher at
lower current densities, whereas the system efficiency in EL mode was
higher at higher current densities. The rSOC can operate at different
current densities in both modes [70].

The operation of the reversible system with an active area of 3.375
m? in a similar current density range (2-3 A~cm’2) in both modes. The
rSOC in FC mode, operating at high current densities saw an increment
in the generated heat, reducing the efficiency. In EL mode, within the
range under consideration, the efficiency increases with current density
due to operation moving closer to thermoneutral point. The FC mode
efficiency was around 40-45 % whereas the EL mode efficiency was
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around 80-90 %. The efficiency of biomass gasification and reversible
solid-oxide cell stack reaches 50 %-60 % for power generation, 72 %-76
% for power storage mode is presented in the findings of [71].

19. Exergy destruction in the SCWG-rSOC system

Fig. 11A illustrates the contribution of each process unit to the total
exergy destruction of the SCWG-rSOC system in EL mode, for different
biomass moisture contents at the highest system efficiencies from
Fig. 10B. The total exergy destruction increased with the biomass
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moisture content because of the increased exergy available. The most
significant contributions to exergy destruction were from the rSOC,
turbines, and preheating for rSOC reactants. The SCWG, preheating for
SCWG reactants, and SEP exhibited lower exergy destruction rates. The
exergy destruction due to chemical reactions was the largest component
of exergy destruction in the rSOC-EL mode, increasing from 0.22 kW at
80 wt% to 0.35 kW at 95 wt%. A high biomass moisture content facili-
tated more chemical and electrochemical reactions in the rSOC owing to
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the higher water content, which led to a greater exergy destruction. The
exergy destruction in preheating of rSOC reactants was caused by the
significant temperature differences between the streams in the heat
exchangers, considering that air and biomass entered the system at
ambient pressure and temperature, and the hot streams had a temper-
ature as high as 680 °C. Exploring more efficient energy recovery
pathways could therefore represent a promising topic for future studies.
The exergy destruction of the SEP and SCWG reduced with moisture is
remarkable. High water content determines gasification [29,30].

Fig. 11B describes the exergy destruction in each process unit of the
SCWG-rSOC system in reversible operation at various operating condi-
tions. At 680 °C and 20 bar, the exergy efficiencies were 49 % and 73 %
in the FC and EL mode, respectively. Variations in the operating pressure
and temperature of the rSOC influenced the heat and power required by
the system. The air and fuel preheating in the rSOC exhibited higher
exergy destruction because of high temperature differences in the heat
exchanger units. At a lower temperature and high pressure, the pres-
surised air and fuel required less process heat for preheating. Thus, the
exergy destruction in heat exchangers was reduced. The exergy
destruction in SEP is almost negligible due to the small fraction of
separated water, unlike in GUP. Table 6 reports the key data describing
the system performance.
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20. Conclusions and future outlook

This study investigated a process design for a combined SCWG-rSOC
system, which can attain high efficiencies in energy conversion and has a
high capacity for hydrogen production. By doing so, three needs have
been met effectively: sustainable sanitation, biofuel and power genera-
tion from waste, and renewable energy storage. As a standalone unit,
SCWG using high moisture biomass produces syngas with high steam
and COy content. This system overcomes this limitation by converting
the steam and CO; into more syngas. The integration of SCWG and rSOC
technology represents a new approach that — together with improve-
ments in materials, residence time, and stable catalysts at a competitive
price — will help commercialise SCWG-rSOC technology.

The SCWG-rSOC system exhibited high performance at a biomass
moisture content of 95 wt%. At rSOC operating conditions of 680 °C and
20 bar, syngas production with the system in EL mode achieved energy
and exergy efficiencies of 89 % and 73 %, respectively. The use of an
rSOC (in EL mode) increased the yield of syngas by approximately
thirteen times compared to that produced exclusively by the SCWG. The
SCWG syngas production exergy efficiency reported in the literature at
biomass moisture > 90 wt% is around 20 %. The total exergy destruction
of the SCWG-EL mode is comprised of the following parts: exergy
destruction in the electrolyser, heat exchange process, and turbines. The
exergy destruction of gas/liquid separator is negligible. SOEC operation
at high pressure and lower temperature result in lower total exergy
destruction. Higher feedstock moisture increases the exergy destruction,
but the utilisable exergy increases. The system efficiency reached a
maximum of 91 % at a current density of 3.4 A cm™2.

The high-quality syngas produced in EL mode was stored in a tank
and then used in FC mode along with freshly produced syngas from the
SCWG. This increased the power output in the FC mode by a factor of
twelve, compared to the use of syngas produced solely by the SCWG. The
system in FC mode achieved energy and exergy efficiencies of only 42 %
and 49 %, respectively.

However, the proposed SCWG-rSOC energy storage system is
currently subject to limitations that may prevent its use for large-scale
power generation. First, in the rSOC field, a new system configuration
for the SCWG-rSOC must be identified to reduce the mentioned exergy
destruction and losses. Second, since the presence of CH4 has a signifi-
cant influence on the thermal behaviour of the rSOC, it is necessary to
gain a better understanding of the chemical and electrochemical
behaviour of CH4 under fuel utilisation to improve the SCWG-rSOC
performance.

The proposed technology has been shown to efficiently generate fuel
or power. Manure, sewage, industrial waste, agriculture waste, or algae,
can be used to feed the proposed system. As the increasing global pop-
ulation requires high quality water and air to ensure the health of all
living species, increased efforts to develop sustainable methods for en-
ergy generation and sanitation provision are urgently required over the
next decade(s); the proposed SCWG-rSOC system is a step in this
direction.
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Appendix A

The Ohmic overpotential occurs due to the electrolyte resistance to the ionic current O2. The resistance include the solid electrolyte and the
electrodes. In this work, it is assumed the electrode resistance are negligible. The Ohmic losses depend on the cell design, electrolyte thickness and
material. They depend on the ionic and electronic conductivity o, [Q'm™1] of the electrolyte [24]:

. Ou
ﬂohm =Je O__Z[ (17)

Where 3 is the electrolyte layer thickness, rohmel is the specific Ohmic resistance of the electrolyte layer [Qcm?] and TI'Ohmic,const iS the resistance of
interconnectors and wires [Qcm?], which is assumed to be constant. On the other hand, the electrolyte conductivity o strongly depends on tem-
perature and can be calculated as [72]:

Ee
G = 00T '@ exp( R [T> (18)
L]

where 6 ¢l [Q'm '] is an empirical pre-exponential factor, and E¢ [J/mol] is the activation energy.

Concentration/Diffusion overpotential. During cell operation, the reactant and product are transported by diffusion through the porous media
from the bulk of material to the TPB or vice versa. The geometrical effects and molecular interactions generate diffusion losses that result in lower
reactant and product partial pressure at the TPB. Assuming the system contain binary components, the concentration losses according to [42] result:

ReT oln (pﬁzo.mb ® Dp, .bulk) (19)

rlcom‘ fuel =
2eF D50 bulk ® PHy 1pb

ReT bt
2 o POl (20)

r]com‘,oxygen =
4eF Po,.ipb

where p; puik and pj ¢pp are respectively the bulk and TPB gas concentration as a function of the partial pressure of the species i in a binary mixture i
and j. According to Fick’s model, the gas concentration is given by [42]:

ReT e, u

21
nieF eDy; (21)

Piwpb = Pibulk —

considering that Knudsen diffusion and molecular diffusion compete with one another, the effective diffusion coefficient D¢t ; [m?/s] is determined
by [42]:
€ 1 1
Dyi=-o(—+— 22
i = ® (Dij—"_Dik) (22)

where the path for the diffusion of the gas molecules within the pores has a tortuosity T and average pore diameter €. The pure Knudsen diffusion
comprises the effect of the porous medium and is estimated by [42]:

d, [BRT
Dy =L,/ — 23
T3V (23)

where M; is the molecular weights of gas species i, and d}, is the mean pore size of the porous media. The binary diffusivity coefficient Dj; is given by
[42]:

-7 1.75
Do — 143107 " o T (24)

ij 2
pe 2/ (M ) (Vi + Vi)

where Vg is the atomic diffusion volumes of species i and j.

Activation losses. The charge-transfer resistance depends on the TPB area and operating conditions such as gas composition and temperature. The
inverted Butler-Volmer [54] Egs. 26 and 29 compute the charge-transfer activation overpotentials (1act,a Nact,c)- In the present work is assumed that
only the oxidation of Hy takes place in the TPB, and the charge-transfer reaction at the TPB region is the limiting step in the anode and cathode. The
limiting step reaction of electrochemical oxidation of Hj is giving by Eq. 25, [52].

H(N,') + OH(YSZ) < (Nl) + Hzo(ysz) +ey; (25)

. RT| . _, i
Moo =1 {smh <2i0.amde>} (26)

where iy is the exchange current density:
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Lo\ /4
. (pl‘lz /I’Hz) (szO)3/4
io =, e @7)
1+ (PHz/pHZ)

The balance between adsorption and desorption of hydrogen on the Ni determines the parameter p;,z. According to [52] there are not yet
established values for the forward and reverse rates of hydrogen adsorption and desorption on Ni, and they are a function of different variables such as
the particular crystal face and surface defects. In the work of [52] the dissociative adsorption rate is written in terms of a sticking probability .
Table 1A shows the parameters.

« Al \/21RTMy, Eues
Py =————exp| — (28)
Yo RT
iy, depends on parameters associated with the charge-transfer reactions. However, parameters like the specific three-phase boundary length and
the elementary charge-transfer rates are not directly known. Thus, here we take i;,z as a fitting value.
Eq. 29 describes the electrochemical reduction of oxygen incorporated at the electrode—electrolyte interface [54]:

RT i
Mo = {Si”hfl (m) } (29)
.cathode
The charge transfer and incorporation at the TPB [54]:
Oude) + Vo +2e) < 0p(el) + () (30)

Oudc) is adsorbed atomic oxygen on the cathode surface and (c) is an unoccupied cathode surface site, V;,,, is the oxide-ion vacancy and O (el) is an
oxide anion. iy is the exchange current density:

RN
N (p02/p02)

io =g, 12 @D
1+ (poz / Poz)
iy, is a fitting parameter, see Table 1A for parameters.Ao, ,Eo,
« E,
. = Ao -2 (32
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