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The increase of intermittent renewable energy contribution in power grids has urged us to seek means for temporal de-coupling of electricity 
production and consumption. A reversible solid oxide cell (r-SOC) enables storage of surplus elec-tricity through electrochemical reactions when 
it is in electrolysis mode. The reserved energy in form of chemical com-pounds is then converted to electricity when the cell operates as a fuel 
cell. A process system model was implemented using Aspen Plus® V8.8 based on a commercially available r-SOC reactor experimentally 
characterized at DLR. In this study a complete self-sustaining system configuration is designed by optimal thermal integration and balance of 
plant. Under reference conditions a round trip efficiency of 54.3% was achieved. Generated heat in fuel cell mode is exploited by latent heat 
storage tanks to enable endothermic operation of reactor in its electrolysis mode. In total, out of 100units of thermal energy stored in heat storage 
tanks during fuel cell mode, 90% was utilized to offset heat demand of system in its electrolysis mode. Parametric analysis revealed the 
significance of heat storage tanks in thermal management even when reactor entered its exothermic mode of electrolysis. An improved process 
system design demonstrates a system round-trip efficiency of 60.4% at 25 bar. .

1. Introduction

The growing penetration of renewable energy sources (RES) to
power grids entails some challenges that need to be tackled. The inter-
mittent and unpredictable nature of wind and solar power make it nec-
essary to balance the time varying demand and supply in power net-
work. Electrical energy storage (EES) boosts the reliability of power
supply, stability of the grid, and quality of voltage [1]. Different
technologies of EES such as compressed air, pumped hydroelectric,
and battery have been proposed with their own pros and cons [2–7].
Conversion of electricity to chemical energy is an advantageous al-
ternative thanks to its high energy density capacity [8,9]. Moreover,
the high value chemical compounds produced by electrochemical re-
actions could be further utilized by the chemical industry [10,11]. The
regenerative solid oxide cell (r-SOC) is a means of EES that incor-
porates both charging and discharging of electricity in one reactor.
The concept is new and few modeling and experimental investiga-
tions have been done on r-SOC systems [12–16] or material develop-
ment [17–19]. High operating temperature required for electrochem-
ical reactions occurring inside r-SOC (750–1000 °C) results in lower
electrochemical loss and hence higher performance. This character-
istic of r-SOC systems makes them superior to other electrochem-
ical reactors [20]. Electrochemical reactions could be based on ei-
ther H-O or H-O-C elemental systems. In H-O-based systems, only
hydrogen, water, and oxygen are involved; while in H-O-C-based
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systems also hydrocarbons participate in reactions and therefore ex-
tend the application range of r-SOC systems. This paper investigates
H-C-O-based r-SOC system. During charging, SOC operates as elec-
trolyzer converting electricity to chemical energy via co-electroly-
sis of H2O and CO2 generating fuel such as H2 and carbonaceous
compounds. During discharge, r-SOC operates as fuel cell generat-
ing electricity via the electrochemical oxidation of fuel [21,22]. Op-
erating electrolysis mode of r-SOC in its endothermic mode gives
rise to an enhanced cell performance and subsequently higher sys-
tem round-trip efficiency [23]. The exothermic nature of oxidation
reactions in fuel cell mode and endothermic behavior during elec-
trolysis necessitates an efficient thermal management system. Uti-
lization of heat generated due to exothermic reactions in solid ox-
ide fuel cell (SOFC) mode is an effective recourse to compensate
the heat demand for endothermic operation of solid oxide electrol-
ysis cell (SOEC) [24]. Application of thermal energy storage (TES)
in r-SOC system boosts thermal management by storing the released
heat in SOFC and consuming it for SOEC operation. In this work,
a cascaded latent heat storage system with appropriate phase change
materials is integrated with a commercially available solid oxide cell
experimentally characterized at DLR [25,26]. A downstream process
like methanation is also incorporated into the system for its benefi-
cial implications on thermal management as well as hydrocarbon pro-
duction. As a consequence, a thermally self-sustaining process sys-
tem is designed for this r-SOC reactor with the required balance of
plant. Performance of the system is studied under reference condi-
tions, followed by parametric analysis. Based on the results from
the parametrical analysis, an improved process system model is pro

© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
Published Journal Article available at: http://dx.doi.org/10.1016/j.enconman.2017.03.010

http://dx.doi.org/10.1016/j.enconman.2017.03.010


posed and investigated for maximum performance of the available
r-SOC reactor.

2. Description of process system components

Simple schematic design of r-SOC system for charging and dis-
charging modes are provided in Figs. 1 and 2. Fig. 1 depicts the r-SOC
system during charging or fuel production mode (SOEC). When the
electricity supplied from intermittent sources is more than demand, it
could be stored within r-SOC system by following process: H2O and
CO2 required for electrolysis are primarily preheated in heat recov-
ery units to cool down the outlet streams. The required heat for en-
dothermic electrolysis is supplied through inlet process gasses by di-
recting them to TES units. Electricity is converted to syngas (H2, CO)
as a result of electrochemical and chemical reactions inside r-SOC.
The product gases undergo further chemical reactions in downstream
processes such as methanation or Fischer-Tropsch depending on the
requirements. Finally, the products are cooled and separated from the
steam, compressed and kept in a fuel tank. Fig. 2 represents the dis-
charging mode (SOFC), where the fuel produced from SOEC opera-
tion is utilized in the fuel cell. After being mixed with the required
steam for coke prevention, process gases are preheated and reached
equilibrium before entering the r-SOC. Fuel gases are oxidized to
provide electricity. Considerable amount of heat is generated due to
exothermic reactions and losses in the SOFC. This heat is harnessed
through a TES system and the remaining heat is used for preheating
the inlet streams. The exhaust gases are subsequently separated from
the steam, compressed and stored in a fuel tank. Air, as an essential
agent for both operations is supplied to the air channel of the r-SOC
after being preheated by outlet air streams. It provides the required
oxygen for oxidation and cools down the reactor during exothermic
SOFC operation; whereas, for endothermic SOEC operation it acts as
heating medium and sweep gas to flush the produced oxygen. Brief
description of the components is provided in the following subsec-
tions.

Fig. 1. Simple schematic of r-SOC system in charging mode (SOEC).

2.1. Solid oxide cell electrochemical reactor (SOC)

A solid oxide cell is an electrochemical reactor capable of direct
conversion of electricity to fuel (electrolysis) and fuel to electricity
(oxidation) owing to the identical infrastructures required for SOFC
and SOEC. Each cell is composed of a fuel electrode, ion electrolyte
and air electrode. Electrolytes are made of nonporous solid ceram-
ics like YSZ with high ionic and low electrical conductivity [27].
The electrodes are made of porous and electrically conductive com-
posites such as Ni-YSZ for fuel side and LSM-YSZ for air side [28].
Base on the mechanical structure, the cells are categorized as elec-
trolyte supported cell (ESC) with high ohmic resistance due to thick
electrolyte or as anode supported cell (ASC) with thin electrolyte layer
and lower overpotential loss [29,30]. The operating temperature of
SOC varies from intermediate to high values, 600–1000 °C enabling
their integration with other systems [31–33]. The following reaction
sets represent the electrochemical and chemical reactions involved in
the r-SOC system at 800 °C. The forward direction belongs to SOFC,
and the backward direction characterizes SOEC [34].

2.1.1. Solid oxide electrolyzer cell (SOEC)
In H-O-C-based SOEC, the backward reactions in Eqs. (1)–(4) oc-

cur. High temperature co-electrolysis of H2O and CO2 as well as other
chemical reactions in SOEC leads to syngas production and CO2 mit-
igation [35,36]. Electricity could be supplied from intermittent RES
to store the surplus generation. Heat demand for electrolysis reactions
could be supplied externally by combustors or internally by exother-
mic methanation reaction and overpotential losses. Depending on the
heat generation inside the SOEC due to losses or methanation reaction,
the operation of the SOEC varies from endothermic to thermoneutral
and exothermic mode [13]. In the SOEC, the fuel electrode is the cath-
ode (reduction reaction site) and the air electrode is the anode [37].

2.1.2. Solid oxide fuel cell (SOFC)
Forward reactions mentioned in Eqs. (1)–(4) take place in

H-O-C-based SOFC. Various types of fuel (H2, syngas and hydrocar-
bons) could be utilized in SOFCs thanks to its broad range of operating
temperature (750–1000 °C). Exothermic oxidation of fuels results in
clean and silent electricity generation. The heat released in SOFC due
to overall exothermic reactions and overpotential losses is absorbed by
endothermic internal SMR and supplied air. Unlike SOEC, in SOFC
the fuel electrode is the anode (oxidation reaction site) and air elec-
trode is the cathode [37].

(1)

(2)

(3)

(4)



2.2. Thermal energy storage system (TES system)

Thermal energy storage is a technique to store heat in a medium
at a required temperature for later consumption. It is an approach ap-
plied in RES to control instability of energy generation and consump-
tion. The heat can be stored as internal energy in the heat transfer
fluid (HTF) in sensible, latent, or thermochemical form. Sensible heat
storage (SHS) systems employ the specific heat capacity, tempera-
ture change, and quantity of liquid or solid medium to charge and dis-
charge thermal energy Eq. (5) [38]. Latent heat storage (LHS) sys-
tems, exploit the phase change heat concept, in which the storage ma-
terial undergoes a phase transition during charging and discharging
process Eq. (6). Due to rather low volumetric expansion and high en-
thalpy of phase change, solid-liquid a transition is more common tech-
nique [39,40]. The amount of storable heat in LHS is determined by
mass and type of material (melting point, heat of fusion). The indices
are explained in Table 9.

2.2.1. Phase change materials (PCM)
PCMs are heat transfer media for the LHS technique. High energy

storage density or high thermal inertia due to high phase change en-
thalpy makes the LHS an advantageous method. It furthermore pro-
vides a means of heat storage at a rather constant temperature thanks
to isothermal phase transition phenomenon [41]. Selection of PCMs is
based on thermophysical characteristics such as latent heat of fusion,
thermal conductivity, density, and melting point. High enthalpy of fu-
sion, thermal conductivity, density, and chemical stability are criteria
that PCMs should meet. Depending on their melting point, PCMs are
classified as low, intermediate and high temperature media [42].

2.3. Equilibrium reactor

A methanation reactor or Fischer-Tropsch system downstream the
SOEC, makes it possible to improve syngas and produce desirable
hydrocarbons such as methane, Dimethyl ether, and methanol. In this
work, an equilibrium reactor using a proper Ni-based catalyst is uti-
lized so as to operate a reversible methanation reaction. Therefore, de-
pending on the operating condition of the reactor, either methanation
or SMR occurs, Eq. (3) [43]. SMR reaction is highly endothermic and
typically occurs at a temperature range of 800–1000 °C and a pressure
of 10–30 bar over a nickel-based catalysts bed [44,45]. The reverse
exothermic methanation reaction is highly favored at 300 °C and high
pressure up to 20 bar over a nickel-based catalyst [46].

3. System configuration and component modeling

The aim of this research work lies in answering the following
questions: is it feasible to build a system for energy storage based
on r-SOC concept and what are the possible efficiencies that can be
achieved? How pragmatic is it to achieve a thermally self-sustaining
energy storage system relying solely upon the heat generations within
the system? How can a TES system facilitate thermal management of

the system without resorting to external heat sources such as furnaces?
Which system configuration matches better the behavior of the com-
mercially available r-SOC reactor and how it is influenced by key pa-
rameters such as pressure and current density? In order to answer the
above-mentioned questions, an r-SOC process system was modeled
using Aspen Plus® V8.8. A detailed description of the system archi-
tecture design and key components’ modeling is provided in the fol-
lowing subchapters.

3.1. A reference system architecture

In order to analyze the model behavior, following assumptions
were made within this study.

3.1.1. Assumptions

1. State of charge over one charge/discharge cycle is assumed to be
equal; that is the number of oxygen ions being transferred through
electrolyte is equal in oxidation (charging) and electrolysis (dis-
charging) mode, Eq. (7).

2. Duration of charging is assumed to be equal to discharging for sim-
plification, Eq. (8).

3. As a result of equal quantity and time of charge transfer, current
flow through the circuit in both SOFC and SOEC mode is equal in
magnitude but in opposite direction, Eq. (9).

4. Composition of the fuel for any conditions is set such that the ele-
mental ratios are met. This constraint is to provide enough hydro-
gen for carbon atoms enabling the methanation reaction ( );
and prevent coke formation inside the reactor and on components
by sending enough steam or oxygen along with the fuel ( )
[47].

5. It is supposed that chemical reactions occurring in the SOC, metha-
nation and SMR reactors reach equilibrium and that the outlet gases
are at equilibrium at the given pressure and temperature.

6. The boundary conditions of the system and design specifications of
the BOP are provided in Tables 1 and 2, respectively.

3.1.2. Process system description during charging mode or SOEC
operation

The process scheme of the r-SOC system during SOEC mode is
shown in Fig. 3. In this process, gas from exhaust tank mainly com-
posed of carbon dioxide is expanded to system pressure from its stor-
age pressure, 25 bar. The required water which is stored at atmos-
pheric pressure and 90 °C is pumped to the evaporator and super-
heater units. The superheated steam is then mixed with the process
gas from the exhaust tank. The resultant stream is sent to the heat re-
covery units to be preheated. In order to bring the temperature of the
gas stream to the required inlet conditions of the SOEC reactor, the
gas is directed to low and high temperature heat storage tanks, re-
spectively. Heat stored in the storage tanks is absorbed by the inlet/

(5)

(6)

(7)

(8)

(9)



Table 1
Boundary conditions of r-SOC system at reference condition.

Pressure in bar Temperature in °C

Fuel storage tank 25 110
Exhaust storage tank 25 110
Water storage tank 1 90
SOC in FC mode 1 850
SOC in EC mode 1 800
High-temperature storage tank 1 850
Low-temperature storage tank 1 750
SOFC inlet air 1 700
SOFC inlet fuel 1 750
SOEC inlet streams 1 820

Temperature gradient over the reactor 50 °C .

Table 2
Design condition for BOP.

Heat exchanger pinch point temperature in °C 10
Compressor isentropic and mechanical efficiency in % 85
Expander isentropic and mechanical efficiency in % 85
Current density of r-SOC reactor in 0.25



Fig. 3. Process flow diagram for r-SOC system in charging/electrolysis mode (SOEC); solid lines: reactant streams, dashed lines: outlet streams.

reactant streams and temperature reaches the required value. Besides,
air is supplied from ambient to the system for two reasons; firstly, it
flushes out the produced oxygen from electrolysis reactions of SOEC;
secondly, it acts as a medium that carries heat to or from the r-SOC
reactor to meet the boundary conditions. It is first preheated in the air
heat recovery unit and then directed to the high temperature storage
tank (HT-ST). In HT-ST, both streams absorb heat to reach boundary
conditions for the SOEC inlet temperature. Both air and process gas
leave the HT-ST at 820 °C and enter to the air and fuel channel of the
r-SOC reactor respectively. Water and carbon dioxide in reactants un-
dergo electrolysis reactions inside the SOEC reactor at an average re-
actor temperature of 800 °C. Due to presence of suitable catalyst, fur-
ther chemical reactions such as internal methanation and RWGS re-
action also occur in SOEC (Eqs. (3) and (4) ). As a consequence of
all reactions, the produced H2 and syngas leave the fuel channel and
air stream with additional oxygen content leaves the air channel of the
r-SOC. Both streams exit the r-SOC at 648 °C and are sent to the heat
recovery units to preheat the inlet streams. Product gas exits the heat
recovery unit at 380 °C and enters a double-stage methanator unit. The
heat generated due to exothermic methanation reactions is employed
in the superheater and evaporator unit for steam generation. The fi-
nal fuel product, now higher in methane content, is separated from the
steam, compressed and brought to fuel storage tank condition. Sepa-
rated steam on the other hand, is condensed and cooled down to 90 °C
and pumped into the water tank. The outlet air stream from the r-SOC
reactor is vented to ambient pressure after being cooled down in heat
recovery unit.

3.1.3. Process system description during discharging mode or SOFC
operation

The process scheme of the r-SOC system during SOFC opera-
tion is shown in Fig. 4. In this process, the fuel gas produced during

SOEC mode is employed to generate heat and electricity. The fuel gas
(mainly H2) is expanded from the fuel storage tank to system pres-
sure. It is first preheated in the low temperature heat recovery unit
and then mixed with the superheated steam. Steam is added to the re-
actant stream to prevent coke formation and promote steam methane
reforming (SMR) reaction. The consequent mixture of fuel gas and
steam is directed to an equilibrium reactor. The outlet gas mixture en-
ters the heat recovery unit to reach required inlet temperature of 750
°C for SOFC . The required oxygen for oxidation reactions is supplied
from ambient air after being heated to 700 °C in air the heat recovery
unit. The mass flow of air is controlled to cool the SOFC and main-
tain outlet temperatures at boundary condition level. Fuel and air en-
ter the fuel and air channel of the r-SOC respectively and undergo the
forward reactions in Eqs. (1)–(4). Under fuel cell operations, air with
lower content of oxygen leaves the air channel and exhaust gas mainly
composed of steam, carbon dioxide and unreacted fuel leaves the fuel
channel of the r-SOC at 890 °C. High quality heat within these streams
is first stored in the HT-ST at 850 °C and afterwards in the LT-ST at
750 °C. The remaining heat in outlet streams is utilized by the inlet
streams in heat recovery units. Finally, the steam content of the ex-
haust gas is separated, condensed and stored in the water tank. The re-
maining exhaust gas predominated by CO2 is compressed and kept in
the exhaust storage tank. Outlet air is emitted to ambient after being
cooled down in the heat recovery unit.

3.2. Component modeling

The detailed description of methods and assumptions used for
component modeling is presented in the following subchapters.



Table 3
Summary of melting point and heat of fusion for potential components as PCM.

Composite Melting point °C Heat of fusion

70% LiF + 30% MgF2 728 520
65% NaF + 23% CaF2 + 12% MgF2 743 568
67% LiF + 33% MgF2 746 947
74% LiF + 13% KF + 13% MgF2 749 860
80% LiF + 20% CeF3 756 500
81.5% LiF + 19.5% CaF2 769 820
85% KF + 15% CaF2 780 440
85% KF + 15% MgF2 790 520
64% NaF + 20% MgF2 + 16% KF 804 650
62.5% NaF + 22.5% MgF2 + 15% KF 809 543
68% NaF + 32% CaF2 810 600
75% NaF + 25% MgF2 832 627
LiF 848 1080
KF 856 486
40% NaF + 40% MgF2 + 20% CaF2 914 590
49% CaF2 + 41.4% CaSO4 + 9.6% CaMoO4 943 237



Fig. 4. Process flow diagram for r-SOC system in discharging/fuel cell mode (SOFC); solid lines: reactant streams, dashed lines: outlet streams.

3.2.1. r-SOC
The r-SOC model used in this work is based on a commercially

available r-SOC reactor with a planar design. Being an ESC type SOC
reactor, it is characterized by a thick electrolyte and thin electrodes.
The 10-cell planar r-SOC reactor was experimentally characterized us-
ing DLR's pressurized test rig facility. Based on the experimental re-
sults a semi-empirical temperature dependent ASR model is devel-
oped and used in this work. A temperature based function for ASR is
justified for the ESC reactor since from the experiments it was found
that ohmic resistance was the dominating loss mechanism owing to the
thick electrolyte, Eq. (15). Ohmic resistance is dependent on tempera-
ture and not on pressure [48]. In this work, r-SOC reactor is developed
in Aspen Plus® as a hierarchical block that incorporates all features
and behavior of a SOFC and SOEC unit, though in an entirely indi-
vidual approach. Implementation of the model in Aspen can be found
in Appendix A. Mass and energy conservation over the r-SOC reactor
in steady state condition are considered as in Eqs. (10) and (11). The
indices are explained in Table 9.

where the mass flow rate of the process gases (either SOFC or SOEC)
entering and leaving the reactor is respectively denoted by and

. and denote the mass flow rate of air enter-
ing and exiting the reactor. The term is a general term for
power; it could be negative as a product of fuel cell operation or

positive as a supplied power for electrolysis reactions . The
methodology of developing each unit within the r-SOC including
SOFC and SOEC is provided in the followings.

For the SOFC mode the RGibbs reactor model is used to simu-
late fuel chamber (anode) and the chemical reactions inside the SOFC.
A separator is used to simulate the oxide-ion conducting electrolyte.
The mass of oxygen ions transferred is calculated externally in For-
tran code. A heater is used to simulate the internal heat transfer. For
the SOEC operation, the inlet reactant gas is first brought to equilib-
rium in REquil reactor. Electrochemical reduction of H2O and CO2 is
simulated in the RStoic reactor for a given extent of the reaction. Like-
wise, in the SOFC a separator is used to model the electrolyte to re-
move the oxygen from the fuel stream and supply to the air stream.
The products of the RStoic reactor are finally brought to equilibrium
in the RGibbs reactor to simulate other chemical reactions such as in-
ternal methanation, etc. The electrochemical model to calculate reac-
tor voltage, power, oxygen ion transfer, and current is modeled in an
external Fortran block.

3.2.2. Electrochemical model
The electrochemical model is implemented in an external For-

tran-based calculator block. The Nernst (ideal) voltage is calculated
based on Gibbs free energy of H2 oxidation (H2O reduction) which
depends on conversion of the reaction, temperature and pressure. The
outlet compositions are used for calculating the Nernst voltage in Eq.
(12). [49,50]. The standards Gibbs free energy of reaction ( is
calculated from Eq. (13) [51]. The electrochemical losses are imple-
mented based on a lumped resistance model. The ASR model was ob-
tained from experimental results , Eq. (14) [52]. The final operating
voltage of a single cell in the r-SOC reactor is calculated from Eq.
(16) considering overpotential loss effect (positive for SOEC, nega-
tive for SOFC). The heat released or consumed by the r-SOC reactor

(10)

(11)



is obtained from Eq. (18) based on thermodynamics’ first law in fuel
cells. The heat calculated is inclusive of the heat produced due to elec-
trochemical losses.

The reactor current and oxygen ions transferred are calculated
based on the equations below. The maximum current for electrochem-
ical oxidation in SOFC and reduction in SOEC mode is given by Eqs.
(19) and (20), respectively. The actual cell current is a product of max-
imum current and utilization value. The oxygen ions transferred is
then calculated from reactor current via Faraday’s law.

3.2.3. Heat storage
In this system, TES is implemented using latent a heat thermal

energy storage (LHTES) technique. The working principle behind
LHTES is releasing or absorbing heat in an almost isothermal process.
This heat exchange leads to phase transition of the storage material.
The model is therefore based on the fundamental mass and energy bal-
ance formulas for heat exchange between streams and PCMs.

The implementation of LHTES unit in Aspen Plus® is not straight-
forward both from material and component viewpoint. The following
steps are exerted in Aspen Plus® to simulate LHTES.

• A thermal energy storage tank is considered as a 2-stream-heat-ex-
changer.

• Due to its higher energetic and exergetic efficiency, a cascade model
of latent heat storage unit is designed. Therefore, the process of heat
storage/consumption takes place in a 2-stage heat storage unit. One
stage is considered to be HT-ST at 850 °C and the other is LT-ST at
750 °C.

• The storage material or PCM for each stage is selected such that its
melting point is very close to the storage temperature.

• Fluoride salts are found to have suitable melting points Tm range
(700-950 °C) for this study [53,54].(see Table 3)

• LiF with a Tm = 848 °C is employed as PCM for HT-ST, while a
fluoride salt (74% LiF + 13% KF + 13% MgF2) with Tm = 749 °C is
considered to be PCM in LT-ST.

• However, since the exact material model of this composite is not
available steam is used in the implementation of LHTES in Aspen
Plus® instead of PCM. This does not affect the model and system
performance, as long as the temperature difference of the process
stream, temperature of heat storage medium and quantity of heat
transfer are maintained [55].

3.2.4. Equilibrium reactor (SMR-Methanation)
The external SMR and methanation reactions Eq. (3) are consid-

ered to reach adiabatic equilibrium at the reactor conditions. There-
fore, an equilibrium reactor in Aspen Plus® named RGibbs is cho-
sen for simulating these reactions at adiabatic conditions. This reac-
tor is considered to be equipped with a Ni-base catalyst suitable both
for the SMR and methanation reactions. The minimum temperature ei-
ther at the inlet or outlet of reactor is set to be 380 °C. This temper-
ature restriction is set to due to the inactivity of the Ni-based catalyst
at lower temperatures. . Depending on the conditions such as temper-
ature, pressure and reactant/product concentrations the SMR reactions
can shift to forward direction or reverse direction. In other words, the
same reactor used for the methanation reaction in SOEC mode can op-
erate as SMR reactor in SOFC mode as long as the required conditions
are met. This is due to the primarily Ni-based catalyst that is same
for SMR and methanation reactions [56,57]. To improve the methane
formation, two methanation reactors are employed to act as a 2-stage
methanator. The pressure of equilibrium reactor changes according to
the system pressure. Hence for the reference case it is set at 1 bar.

4. Results and discussion

Key results of the process system model simulation for reference
case and impact of key operating parameters on its performance are
discussed in this chapter. In order to have a better understanding of the
system behavior and performance, some non-dimensional parameters
have been introduced. These indicators are defined in the following
part.

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)



• Round-trip efficiency : It is an indicator of performance for the
system and the r-SOC reactor. For r-SOC reactor, it is the ratio of
the generated electrical power by oxidation in SOFC mode to
the consumed electrical power for electrolysis in SOEC mode
, Eq. (26). In the system level, the round-trip efficiency also incorpo-
rates the parasitic power consumption incurred by balance of plant
(BOP) components, Eq. (27). Sign convention is in Table 9.

• Relative BOP power ( ): It is a non-dimensional para-
meter that compares the total electrical power belonging to BOP
with the power associate to r-SOC in each mode of operation. There-
fore represents the ratio of total BOP power to
the produced power from the r-SOC reactor during SOFC operation
and indicates the ratio of total BOP power to
the power consumed by the r-SOC reactor during SOEC operation,
Eqs. (28) and (29).

• Alpha ( ): This parameter is defined to demonstrate the thermal
performance of the system during its SOEC mode. Depending on
endothermic/exothermic behavior of the electrolyzer, could
be the heat required for/generated from SOEC. Based on the sign
convention, is positive for endothermic and negative for
exothermic mode of SOEC. is the ratio of to the total heat
consumption from both high and low thermal energy storage tanks

. Hence, the positive sign of implies the endothermic mode
of SOEC and the negative sign indicates its exothermic mode.

4.1. A reference case

The reference case is set based on the conditions given in Table 4.
The compositions of process gases in fuel and exhaust tanks are

at steady-state condition. These compositions are obtained after sev-
eral consecutive operations of system in SOFC and SOEC mode. Once
the composition of each tank after a complete cycle of charging/dis-
charging reaches to its initial value and does not vary, the system is
at steady state condition. At this condition, the product gas from the
SOFC mode is the reactant gas for the SOEC mode and the prod-
uct of the SOEC mode after methanation process is the reactant gas
for the SOFC mode. Table 5 shows the composition of the process
gas in discharging mode at different levels: before entering the system
(fuel tank), after mixing with steam (SOFC inlet), after all reactions

(SOFC outlet, wet), and after separation from st eam (SOFC
outlet, dry).

Table 6 shows the composition of the process gas in the same
points in charging mode. The product of the SOFC mode is utilized
as reactant of the SOEC mode as could be seen from equal values in
Table 5 and Table 6. In all conditions, the criteria for minimum H/C
and O/C are met.

A summary of the key results for the system performance in the
reference case are shown in Table 7. The utilization factor in electrol-
ysis mode is calculated based on assumption of equal current in SOFC
and SOEC mode. The performance indicators is illustrated in Figs.
5-7.

Fig. 5 depicts the performance of the system when it operates in
the SOFC mode. Based on this pie chart, out of 100 units of chemical
power in fuel that is being sent to the SOFC, 47.6 units are converted
to electricity, 6.9 units are stored as heat in the HT-ST and 15.8 units
are stored in the LT-ST. The remaining heat inside the gas streams
amount to 8.9% of chemical power of inlet fuel stream and could be
exploited in the heat recovery units. 20.8 units of the chemical power
are neither converted to electricity nor heat inside SOFC. This sector
represents the portion of the initial fuel that did not participate in any
SOFC reactions and hence remained in form of chemical power in the
gas stream.

Effectiveness of the thermal energy storage tanks are illustrated
in Fig. 6. The process gasses going into the r-SOC reactor during
the SOEC mode first pass through the LT-ST at 750 °C. By absorb-
ing 81.7% of the available heat, the process gases exit the LT-ST at
744 °C. This temperature is not high enough to meet the boundary
condition of the SOEC reactor. In order to reach 820 °C the gases pass
through the HT-ST at 850 °C and absorb almost 100% of the stored
heat, as observed in Fig. 6. This heat is carried to the r-SOC reac-
tor during SOEC operation mode to offset the heat requirement for
endothermic reactions. As shown in the third bar, in total 86.8% of
the heat stored in both TES tanks was used by inlet process gases for
SOEC mode. The distribution of absorbed heat from the TES tanks for
preheating and endothermic requirements of SOEC reactor is shown
in Fig. 7.

According to Fig. 7, only 41.4% of the heat stored in the TES tanks
system is enough to compensate the heat demand for endothermic re-
action in SOEC. 58.6% of the absorbed heat is indeed used for pre-
heating the streams. This implies the significant role of the TES sys-
tem in thermal management of the system.

Other noteworthy result of the reference case is the functionality
of an external equilibrium reactors inside the system. As mentioned
earlier in Section 3.2.3, the equilibrium reactor can either act as a
methanator or as reformer depending on conditions such as temper-
ature, pressure, composition. In SOEC mode, it always operates as a
methanator because of the low inlet temperature that is always reduced
to 380 °C and also because of the favorable composition (higher H2
and CO) for the methanation reaction. In SOFC, the inlet tempera-
ture is determined by the available heat in the heat recovery unit be-
fore the equilibrium reactor. At the reference case this temperature
does not go beyond 424 °C. The temperature is not high enough to
prompt the endothermic SMR and also due to low CH4 content in
fuel, methanation takes place before SOFC. As a result, the outlet
stream is richer in methane content and the temperature is increased.
This interesting result is contrary to most conventional SOFC systems
integrated with an external reforming reactor. The equilibrium reac-
tor which acts as methanator plays an important role in obtaining a
thermally self-sustaining system in the SOFC mode. The reason is
the exothermic nature of the methanation reaction that increases the
temperature of process gas by more than 100 degrees. As a result of

(26)

(27)

(28)

(29)

(30)



Table 4
Reference case condition.

p 1 bar
J 0.25

85%

Table 5
Process gas molar compositions (%) in SOFC mode.

Component Fuel tank SOFC inlet (Wet) SOFC outlet (Wet) SOFC outlet (Dry)

H2 65.2 44.8 7.8 27.0
H2O 0.00 31.2 71.2 0.00
CO 7.80 5.4 2.5 8.6
CO2 16.9 11.7 18.5 64.4
CH4 10.1 6.9 0.00 0.00

Table 6
Process gas molar compositions (%) in SOEC mode.

Component Exhaust tank SOEC inlet (Wet) SOEC outlet (Wet) SOEC outlet (Dry)

H2 27.0 7.8 44.8 65.2
H2O 0.00 71.2 31.2 0.00
CO 8.6 2.5 5.4 7.8
CO2 64.4 18.5 11.7 16.9
CH4 0.00 0.00 6.9 10.1

Table 7
Summary of reference case results.

Performance indicator Value in%

56.3
54.3
65
41.4



Fig. 5. Distribution of chemical power in fuel to other forms of power during SOFC
mode.

this temperature rise, less amount of heat is required to be absorbed
from the SOFC outlet streams at heat recovery units. Since less heat is
required at the heat recovery units from the SOFC outlet streams, more
amount of heat could be stored in the TES tanks which could be later
utilized for the SOEC mode heat demands. This means that no external
heat source such as combustor or electric heater is required to bring
the streams to the system boundary conditions. Although the exother-
mic methanation reaction is beneficial for thermal management of the
system, the conversion of hydrogen’s chemical energy to heat as a re-
sult of the methanation reaction causes an exergy loss. More simply,
the inlet fuel to the SOFC reactor after the methanation reactor has less
exergy than the inlet fuel that has not passed the methanation reactor
resulting in a lower round-trip efficiency.

4.2. Parametric analysis

In order to investigate the effect of key parameters on the system
behavior, two parametric analyses was performed on this system: vari-
ation of current density and pressure. In the former, current density is
changed from 0.20 to 0.45 while keeping the other variables
of the system unchanged. In the latter, the pressure of system is in-
creased from atmospheric condition to 25 bar. The following sections
explain the effects on system through key performance indicators.

4.2.1. Current density effect (J)
As J was increased from 0.20 to 0.45 , many sys-

tem indicators changed consequently. The effect of current density on
round-trip efficiency is given in Fig. 8.

According to Fig. 8, as J increases, drops from 60.3%
to 41.6%. Decline of which is defined in Eq. (26) is
due to the effect of the current density on the overpotential loss
and subsequently

Fig. 8. Effect of current density on round-trip efficiency of reactor and system.

on the power production/consumption of the r-SOC reactor. As shown
in Eq. (17) and are linearly proportional to and

in respective mode. As per Eq. (15), rises as J rises. There-
fore, as J increases of Vcell of the SOFC decreases whereas of the
SOEC increases. Hence, as J increases, decreases and in-
creases reducing the roundtrip efficiency. The heat loss issuing from
h higher current density pushes the SOEC operation to-
wards an exothermic behavior. of SOEC increases from 1.15 V
at J = 0.2 and reaches 1.34 V at J = 0.45 . The in-
tersection of with is where the SOEC reactor reaches its
thermoneutral point and enters exothermic mode. Therefore, it is con-
cluded that the SOEC reactor reaches its thermoneutral point at J = 0.4

.
A similar descending trend is observed in behavior of

in response to J variation. The only difference is the lower magnitude
of which is because of the BOP consumption. It reduced from 58.1%
to 40.6% as J was varied from 0.2 to 0.45 , and the reason be-
hind that is the same as the reason for drop. This means
that in this system current density does not affect the BOP consump-
tion.

The effect of current density on the thermal management of the
system during SOEC mode could be perceived from dimensionless
indicator . As defined in the introduction of Section 4 the relation
between and heat consumption from the TES tanks ( )
in charging mode of the system is represented by . could be
either the heat required for the SOEC for endothermic reactions or
the heat released from it after entering into the exothermic mode. As
J moves towards higher values, decreases and moves towards the
exothermic region as shown in Fig. 9. This descending trend is at-
tributed again to effect of J on . The higher J, the higher over-
potential loss generated inside the r-SOC reactor both in SOEC and
SOFC mode. This means more heat generation in the SOFC mode
and thereby more heat storage in the TES tanks. Consequently, more
heat is available in the TES tanks for endothermic operation of the
SOEC mode. In the SOEC mode, the heat generated by overpoten-
tial losses can itself meet the heat demand for the endothermic re-
actions and therefore less heat is required to be consumed from the
TES. Fig. 9 demonstrates that as J increases less portion of is
used to support the heat demand inside the SOEC reactor. The ra-
tio of to decreases from 49.9% at J = 0.2 to
−34.8% at J = 0.45 . The intersection of graph with the
abscissa at J = 0.4 indicates the thermoneutral point of the
SOEC and the negative sign of signifies the exothermic opera-
tion of it. The noteworthy point of this figure is the fact that the
TES tanks are still essential part of

Fig. 9. Effect of current density on thermal management of system in SOEC mode.



the SOEC system even though it enters its exothermic mode. To put
it simply, the heat generated by exothermic behavior of the SOEC is
not yet sufficient to preheat the inlet gas streams even at a high current
density value of J = 0.45 . In other words, the integration of
the TES systems is vital for the SOEC system even in its exothermic
mode because of its significant role in preheating the reactant streams.
Only when reaches about −100% and beyond we can assure that heat
generation by exothermic SOEC operation is adequate to also preheat
the inlet streams to the SOEC. To reach the current density
should be raised to a very high value, which impairs and reduces
it to a very low value. It could be concluded that it is more reasonable
to operate the SOEC system in endothermic mode and keep the TES
unit as an essential component in the SOEC system for thermal man-
agement.

4.2.2. Pressure effect
Pressurization effect on the system behavior will be provided in

this section. The system pressure is increased from 1 bar to 25 bar and
the impact on different aspects of the system were studied and pre-
sented in the following.

The impact of the pressure on the round-trip efficiency for both
the r-SOC reactor and the system are shown in Fig. 10. Pressuriza-
tion has a beneficial effect on the r-SOC reactor as shown by an as-
cending trend of in Fig. 10. As p increases from 1 bar to
25 bar grows from 56.3% to 60.5%. According to Eq.
(26), merely depends on variation of the power for both
modes: and . Since electrical power is linearly propor-
tional to and J, the impact of p is investigated on them. The ef-
fect of pressure on the voltage is shown in Fig. 11. An increase of
p leads to an increase of and consequently during the
SOFC mode. Likewise, it results in a rise of and dur-
ing the SOEC mode. Since the r-SOC reactor in this system is a
ESC type, the effect of pressure on the ASR is negligible [52]. Av-
erage temperature of the reactor is maintained fixed, so the ASR re-
mains constant Eq. (14). Current density is kept constant at J = 0.25

as p increases. Hence does not vary by p which is also
observable in Fig. 11 where the difference between and
, or is always constant for both modes. According to
Eq. (12), the second term in is a function of the pressure.
As pressure increases also increases in both SOFC and SOEC
mode. This effect is direct consequence of thermodynamics. Conse-
quently, in both SOEC and SOFC mode increases; this means
that a higher pressure has a positive effect on the fuel cell but a neg-
ative effect on the electrolysis cell. Overall, the beneficial effect of

Fig. 10. Effect of pressure on round-trip efficiency of reactor and system.

Fig. 11. Variation of voltage with pressure.

high pressure on the fuel cell operation overcomes the detrimen-
tal effect of it on the electrolysis operation leading to an improved

.
On the other hand, the effect of high pressure on is

not as promising as . It declines from 54.3% to 46%. Al-
though the r-SOC reactor has a better performance at higher pres-
sure, the entire system cannot benefit from it. This downtrend in

is attributable to high power consumption of BOP at
higher pressures. In particular, the power required for the air com-
pressors from ambient to system pressure. In order to see the ef-
fect of pressure on the BOP, non-dimensional parameters namely

and are plotted in Fig. 12.
The y-axis of this plot displays the ratio of net BOP power to the
r-SOC reactor power corresponding to each mode. Based on the sign
convention provided in Table 9 the power production is regarded to a
have negative sign and the power consumption is regarded as positive.
Nevertheless, in Fig. 12 the denominator ( or ) is consid-
ered to be the absolute value while the nominator is the net sum of
the power consumption/production by BOP components. Therefore,
the positive value in Fig. 12 means that the net BOP power is positive
and the system is consuming power whereas the negative value means
that net BOP power is negative and the system is generating power
in that mode. At 1 bar in SOFC mode, the net BOP power is -1.4%
of absolute . This demonstrates that the BOP components in the
SOFC mode at 1 bar are indeed producing power and that this effect is
due to the fuel expander which expands the fuel from the

Fig. 12. Effect of pressure on BOP.



storage tank at 25 bar to the system pressure at 1 bar. However, at
the same pressure, net BOP power in the SOEC mode is 5% of

meaning that the system is consuming parasitic BOP power
in SOEC mode along with required power for electrolysis. In gen-
eral, at 1 bar the system consumes BOP power and which is the rea-
son of lower than . The ratio of the BOP
power to increases as the p goes up from 1 to 25 bar. At
25 bar, reaches 15.7% because of high pres-
sure ratio in the air compressor. A noteworthy point of this graph
in the SOFC mode is the dramatic increase in relative BOP from
1 to 5 bar. The plot reduces with a smoother slope as p increases.
This behavior is due to the methanation reaction which is favored
at higher pressures. Since more methane is produced in electrolysis
mode both inside electrolyzer and in methanation reactors, the pro-
duced gas from SOEC mode contains more percentage of methane
at higher pressures as shown in Fig. 13. The produced gas from
SOEC is stored in the fuel tank and sent to the system during SOFC
mode as fuel. Owing to higher contents of methane in fuel stream
in SOFC mode, internal SMR reaction in the SOFC moves more to-
wards forward direction, Eq. (3). Since SMR is an endothermic re-
action, it absorbs the heat produced in the SOFC and acts like a
coolant for the r-SOC reactor in SOFC mode. Thus, less amount of
air is required for the SOFC reactor for cooling purpose at higher
pressures. Less quantities of air leads to less compression work con-
sumption by the air compressors. The reason of an incremental trend
for with a lower slope at higher pressure is
the lower mass flow rate of air entering the compressor in SOFC
mode. On the other hand, the trend of is differ-
ent from . The reason is again the pressure ef-
fect on methanation reaction. As pressure increases, reaction Eq. (3)
moves backwards (methanation) which has an exothermic nature. This
means that higher amount of heat is produced inside the r-SOC re-
actor in SOEC mode as pressure goes up. Therefore, less amount of
air is required for the SOEC reactor as heating agent for endother-
mic reactions. The decreasing trend of from 1 to
15 bar is owing to less amount of air compressor work as a result of
low air flow rate. The drastic increase of from
15 to 25 bar is an indication of an exothermic behavior of the SOEC
reactor. As shown in Fig. 11, the intersection of and oc-
curs at pressure close to 15 bar meaning that the SOEC reaches its
thermoneutral point at this pressure and enters its exothermic mode
at pressures above this value. In order to keep the r-SOC reactor
in its boundary conditions, more air is required to cool

down the SOEC reactor when it enters the exothermic mode. Thus, the
amount of air sent to the SOEC at pressures higher than 15 bar has no-
ticeably increased and results in a higher work of air compressor. This
leads to a steep decline of from 15 to 25 bar.

The effect of pressure on thermal management of the system dur-
ing SOEC mode could be understood from the factor. As mentioned
earlier, represents the ratio of heat required/produced by SOEC re-
actor to the heat absorbed from both high and low temperature heat
storage systems. The denominator (heat consumption from TES tanks)
is always positive while the nominator is positive for endothermic
and negative for exothermic behavior of the SOEC. As pressure rises
from 1 to 25 bar (see Fig 14), varies from 41.4% to −58.6%; this
implies that by increasing pressure the behavior of the SOEC system
moves towards a thermoneutral and exothermic mode from endother-
mic mode at 1 bar. This transition is justified by internal methana-
tion which is favored at higher pressures. Since it is exothermic, more
pressure values result in more heat generation inside the SOEC reac-
tor which can offset the heat demand of endothermic electrolysis reac-
tions. However, even at 25 bar, the highest pressure of this study the
generated heat inside the SOEC reactor is only 58.6% of the heat ab-
sorbed from the TES tanks. This means that at 25 bar the heat gener-
ated from the exothermic SOEC reactor still does not amount to the
heat consumption from the heat storage tanks. The heat consumed
from the TES tanks is not just to meet the heat demand of the SOEC
operation but for preheating the inlet gas streams to the SOEC reactor.
Thus, even though the heat demand for the SOEC operation is met by
exothermic methanation reaction, the TES tanks are vital for the sys-
tem to keep the boundary conditions . This observation accentuates the
results from current density analysis regarding the crucial role of the
TES tanks in thermal management of system even at exothermic op-
eration of the SOEC mode. In order to be solely dependent on r-SOC
reactor for thermal management of the system has to be reached to
−100%. This is possible at much higher pressure values which on the
other hand diminishes the system performance

5. Improved system configuration

The parametric analysis on pressure effect demonstrated that
higher pressure has positive effect on the r-SOC reactor performance (

) while showing a negative effect on the system level per-
formance ( ). The left-y-axis of Fig. 15 shows the vari-
ation of

Fig. 13. Effect of pressure on methane composition.



Fig. 14. Effect of pressure on thermal management of SOEC.

Fig. 15. Effect of pressure on LHV of fuel and reactor round-trip efficiency.

with p; likewise the right-y-axis of Fig. 15 depicts the
effects of p on the LHV content of fuel as an inlet stream to the
SOFC reactor. As p increases, the LHV of the fuel injected to the
system in SOFC mode rises from 20.7 to 25.6 . This en-
hancement in the LHV is a result of the pressure on the methana-
tion reaction. As mentioned in Section 4.2.2, methanation is favored
at higher pressure. LHV of hydrogen, carbon monoxide, and methane
are respectively 120, 10, and 50 . Due to the growth of
methane mass fraction inside the fuel tank at higher pressures and
also higher molecular weight of methane, more LHV content is stored
in the fuel tank at higher pressures; in other words, less volume
of storage tank is required to keep a specific quantity of energy at
higher pressures due to higher energy density of methane and other
gases. This explains why methanation is important in the r-SOC sys-
tem both for thermal management and storage tank sizing. As a re-
sult of these beneficial impacts of higher pressure on r-SOC reac-
tor performance and fuel quality, an improved system is designed
and provided in this paper. The aim of this upgraded system is to
make the most of favorable effects of pressure on the r-SOC reac-
tor, which boosts to 60.5%. Since the unfavorable sys-
tem performance at higher pressures was mainly caused by the work
of the air compressor, the improvement had to be applied on this
part of system. Instead of sending the required air from the

ambient to the system and compressing it from 1 to 25 bar, it is intro-
duced from a compressed air tank at 25 bar. This solution eliminates
the need for high compression ratio of air compressor and thereby
lowers the BOP consumption considerably.

5.1. Improved system model and results

The simple schematics of the improved system model are depicted
in Figs. 16 and 17 for charging (SOEC) and discharging (SOFC)
mode respectively. The system architecture in Aspen Plus® is there

Fig. 16. Simple schematic of improved r-SOC system in charging mode (SOEC).

Fig. 17. Simple schematic of improved r-SOC system in charging mode (SOFC).



fore modified accordingly. The results of this improved model along
with the system conditions are provided in Table 8.

As shown in the Table 8, the performance of the system has no-
ticeably improved in the upgraded r-SOC system. A remarkable en-
hancement is observed in as the configuration changes
from the base model to improved model. In the base model at 25 bar

dropped to 46% as a result of air compression work.
By eliminating the need for air compression in the improved model,

is boosted to 60.4% (almost by 14%) which is close to
. In this improved system design, the parasitic power con-

sumption has largely diminished due to several reasons: (1) The sys-
tem pressure is at 25 bar which is equal to the gas storage tank pres-
sure. This means that the product gas streams from the system do not
need to be compressed from lower system pressures to storage tanks’
pressure (25 bar). This equal pressure omits the extra power consump-
tion incurred with the gas compressors. This issue indeed affected the
system performance at reference case (p = 1 bar and J = 0.25 )
where the round-trip efficiency dropped by 2 points from the reactor to
system level ( , ). (2) The
air is not injected from ambient but from a very large compressed air
storage tank at 25 bar; hence no compression work is required for the
air injection. The assumption of having a large compressed air stor-
age tank is to overcome the oxygen composition change during each
half-cycle (charge/discharge) of the system. In other words, having a
huge volume of air makes the air composition change due to the elec-
trolysis and oxidation negligible.

Since water is incompressible fluid and is not affected consider-
ably by pressure, it is still kept at 1 bar storage tank and is pumped to
system pressure at 25 bar. The power required by pump is not large
enough to damage the performance considerably.

As a result of storing all gases at 25 bar in the storage tanks, the
parasitic BOP power consumption is avoided and the system per-
formance matches the r-SOC reactor performance. The only issues

Fig. 2. Simple schematic of r-SOC system in discharging mode (SOFC).

Fig. 6. Ratio of heat consumption from thermal energy storage tanks during SOEC mode.

Fig. 7. Comparison of heat required for/released from r-SOC with the heat absorbed from TES tanks in SOEC mode.



Table 8
Conditions and results of improved system model.

Improved system conditions
p 25 bar
J 0.25

85%
Improved system results in %

60.5
60.4
65

α −58.6



Table 9
Abbreviation, nomenclature, and sign convention table.

Abbreviation Description

ASC Anode Supported Cell
ASR Area Specific Resistance
BOP Balance Of Plant
DLR Deutsches Zentrum für Luft- und Raumfahrt
EES Electrical Energy Storage
ESC Electrolyte Supported Cell
GDC Galodenium doped Ceria
H/C ratio Hydrogen to Carbon ratio
HTF Heat Transfer Fluid
HT-ST High Temperature Storage Tank
LHS Latent Heat Storage
LHTES Latent Heat Thermal Energy Storage
LSCF Lanthanum Strontium Cobalt Ferrate
LSM Lanthanum Strontium Manganite
LT-ST Low Temperature Storage Tank
O/C ratio Oxygen to Carbon ratio
PCM Phase Change Material
PFD Process Flow Diagram
RES Renewable Energy Sources
r-SOC Reversible Solid Oxide Cell
RWGS Reverse Water Gas Shift
S/C ratio Steam to Carbon ratio
SHS Sensible Heat Storage
SMR Steam Methane Reforming
SOC Solid Oxide Cell
SOEC Solid Oxide Electrolysis Cell
SOFC Solid Oxide Fuel Cell
TES Thermal Energy Storage
WGS Water Gas Shift
YSZ Yttria Stabilized Zirconia
Aspen plus components
RGibbs Equilibrium reactor with Gibbs energy Minimization
RStoic Stoichiometric reactor with specified reaction extent or conversion
REquil Equilibrium reactor with chemical and phase equilibrium reactions
Nomenclature
Chemical formulas
CH4 methane
CO carbon monoxide
CO2 carbon dioxide
H2 hydrogen
H2O water
KF potassium fluoride
LiF lithium fluoride
MgF2 magnesium fluoride
N2 nitrogen
Ni nickel
O2 oxygen
Roman letters
ASR area specific resistance,

specific heat capacity at constant pressure,



Table 9 (Continued)

Abbreviation Description

F Faraday constant,
H specific enthalpy,
I current, A ( )
J current density,

mass flow rate,
molar flow rate,

p pressure, bar
partial pressure of component i, bar
power consumption or generation by r-SOC reactor, W
power generation by SOFC, W
power consumption by SOEC, W

q electric charge, C
heat, W
total heat consumed from both heat storage tanks in SOEC mode, W
heat remained in process streams after passing heat storage tanks, W
heat generation by SOFC, W
heat consumption/generation by SOEC, W
total heat stored in both heat storage tanks in SOFC mode, W

Uf,SOC utilization factor of reactants in SOC reactor, %
Uf,SOFC percentage of inlet gases that are utilized in reactions of SOFC reactor, %
Uf,SOEC percentage of inlet gases that are utilized in reactions of SOEC reactor, %

universal gas constant,
normalized with respect to , %
normalized with respect to , %

T time, s
T temperature, K

temperature of material in liquid state, K



Table 9 (Continued)

Abbreviation Description

melting temperature of material, K
temperature of material in solid state, K
number of exchanged electrons during electrochemical reactions, –
operating voltage of single cell in r-SOC reactor, V
overpotential losses (electrochemical losses), V
ideal voltage of r-SOC reactor without electrochemical losses (Outlet Nernst voltage), V
thermoneutral voltage, V

Greek letters
ratio of to in SOEC mode, %
standard Gibbs free energy of formation,
specific enthalpy change of reaction,
total enthalpy change of reactions inside SOC either in SOFC or SOEC mode, W
temperature difference between inlet/outlet of SOC reactor, K
Round-Trip Efficiency, %
r-SOC reactor efficiency as a ratio of to , %
system efficiency as a function of r-SOC reactor performance and BOP, %
net power of system associated with BOP components in SOFC, W
net power of system associated with BOP components in SOEC, W
molar composition of component i, %

Subscripts
charging electrolysis/reduction
chemical chemical power remained in streams at the end of SOFC operation
Com compressor
Cons consumption
discharging fuel cell/ oxidation
exp expander



Table 9 (Continued)

Abbreviation Description

f final
i initial
in inlet
l liquid
m melting point
out outlet
pg Process Gas
rxn reaction
s solid
TN thermoneutral
TOT total heat stored in/consumed from heat storage tanks
Sign convention
Heat/electricity consumption +
Heat/electricity generation −



Fig. A.1. SOEC model in AspenPlus.

Fig. A.2. SOFC model in AspenPlus.

diminishing the performance are pressure drop, friction, and work per-
formed by the pump .

Therefore, the best practical working condition for the designed
r-SOC system is at p = 25 bar, J = 0.25 and storage tank
conditions of p = 25 bar and T = 110 °C for the process gases and
p = 25 bar and T = 25 °C for the air.

6. Conclusion

An energy storage system is designed based on a reversible solid
oxide cell (r-SOC) reactor which is commercially available . The para-
metric analysis reveals the following results on the r-SOC behavior
and performance:

• At reference conditions, p = 1 bar and J = 0.25 , round-trip
efficiency of the r-SOC reactor reaches to 56.3%;
however, due to the parasitic BOP consumption the round-trip effi-
ciency of system is lower 54.3%.

• A full thermally self-sustaining r-SOC system is achieved by stor-
ing generated heat during the SOFC mode and utilizing it during the
SOEC mode.

• Using phase change materials with proper melting point in latent
heat storage tanks facilitates the thermal management of system and
eliminates the need for external heat sources.

• Presence of thermal energy storage system is vital for the system as
it not only provides heat for endothermic operation of the SOEC, but
also heats up the inlet streams of the SOEC to the boundary condi-
tion temperature.

• The significance of latent heat storage system has been realized par-
ticularly after parametric analysis. In spite of the fact that the elec-
trolyzer enters its exothermic mode, the amount of heat released
from the SOEC was not sufficient to meet the heat demand for pre-
heating the inlet streams.

• released from exothermic operation of the SOEC reactor
at highest value of current density (J = 0.45 ) and pressure



Fig. B.1. Latent heat storage system model in AspenPlus.

(p = 25 bar) is only 34.8% and 58.6% of the total heat demand of the
process streams, respectively.

• Increase of pressure positively affects while negatively
affects . At p = 25 bar, reaches 60.5%
whereas drops to 46%. This mismatch in the pressure
effect is due to parasitic BOP consumption caused by higher com-
pression ratios of air compressors at higher pressures.

• To abate the high and detrimental BOP consumptions at higher pres-
sures, an improved system model is designed. The system pressure
in this upgraded model is 25 bar in order to make the most of a good
r-SOC reactor performance at this pressure.

• In the improved model, the air is supplied from a pressurized storage
tank at 25 bar (compressed air tank) instead of air at ambient con-
ditions. This solution eliminates most of the BOP consumption as
there is no considerable compression work for air. Moreover, at a
system pressure of 25 bar, no compression work is required to com-
press outlet process gases from the system to the gas storage tank
(25 bar).

• As a result of this enhanced system configuration,
reaches 60.4% which is very close to at 25 bar, 60.5%.
The difference is a result of pressure drops in the pipelines and
valves.

• In comparison with reference case (p = 1 bar, J = 0.25 , air
supply from ambient), the improved model (p = 25 bar, J = 0.25

, air supply from compressed storage tank) has remark-
ably better performance in terms of the r-SOC reactor and system
round-trip efficiency.

• The system behavior is dependent on design and performance of the
r-SOC reactor, the better the reactor the better the reactor

.
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Appendix A

Implementation of r-SOC reactor for both SOFC and SOEC mode
in Aspen Plus (see Figs. A.1 and A.2).

Implementation of latent heat storage system for both high and low
temperature storage tanks (see Fig. B.1).
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