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Dynamic Behavior of a Solid
Oxide Steam Electrolyzer System
Using Transient Photovoltaic
Generated Power for Renewable
Hydrogen Production
This study investigates the dynamic behavior of a solid oxide steam electrolyzer (SOSE)
system without an external heat source that uses transient photovoltaic (PV) generated
power as an input to produce compressed (to 3 MPa) renewable hydrogen to be injected
directly into the natural gas network. A cathode-supported crossflow planar solid oxide
electrolysis (SOE) cell is modeled in a quasi-three-dimensional thermo-electrochemical
model that spatially and temporally simulates the performance of a unit cell operating dyna-
mically. The stack is composed of 2500 unit cells that are assumed to be assembled into
identically operating stacks, creating a 300 kW electrolyzer stack module. For the designed
300 kW SOSE stack (thermoneutral voltage achieved at design steady-state conditions),
powered by the dynamic 0–450 kW output of PV systems, thermal management and balanc-
ing of all heat supply and cooling demands is required based upon the operating voltage to
enable efficient operation and prevent degradation of the SOSE stacks. Dynamic system
simulation results show that the SOSE system is capable of following the dynamic PV gen-
erated power for a sunny day (maximum PV generated power) and a cloudy day (highly
dynamic PV generated power) while the SOSE stack temperature gradient is always main-
tained below a maximum set point along the stack for both days. The system efficiency based
upon lower heating value of the generated hydrogen is between 0–75% and 0–78% with
daily hydrogen production of 94 kg and 55 kg for sunny and cloudy days, respectively.
[DOI: 10.1115/1.4043340]

1 Introduction
California, with its abundant natural resources, is the leading state

in terms of clean power in the entire United States, focusing upon
developing renewable power generation systems, e.g., solar
power generation to reduce emissions and improve air quality. In
California, energy and environmental policies are strong, e.g.,
33% and 50% of retail electricity sales by both retail sellers and
publicly owned electric utilities must be met with renewable
energy by 2020 and 2030, respectively. Also, the state’s greenhouse
gas emissions are required by law to be reduced to 40% below 1990
levels by 2030. These policies are the main driving forces for inte-
grating renewable electricity generation technologies into the utility
grid network and economy. In each of the last 3 years, about
2000 MW of solar capacity has been added and integrated into
the California power grid, indicating great strides toward the reduc-
tion of carbon footprint in electricity generation. According to a
California Energy Commission tracking progress report [1], at the
end of 2017, 30% of 2017 retail electricity sales was generated
with renewable resources in which solar and wind contributed
together more than 60%. This illustrates that California is ahead
of schedule regarding integrating renewable energies into the
power grid. However, rapid penetration of inherently intermittent
and sometimes unpredictable solar and wind resources leads to
challenges for the grid regarding the dynamics of too much intermit-
tent renewable electricity. One challenge occurs when insufficient
immediate demand, controllable demand, or electricity storage is
not available, which leads to renewable “over-generation.”

Currently, in California, the most cost-effective and applicable solu-
tion for handling the large-scale over-generated electricity is to
curtail over-generation, which can be concerning from a policy per-
spective. Curtailment happens when renewable electricity genera-
tion exceeds society’s immediate needs and the grid operator does
not allow that electricity onto the grid. Figure 1 displays the
amount of renewable energy curtailment in California in recent
years.2 Gigawatt hours of curtailment in recent years encourage
industrial and academic professionals to find efficient ways to store
over-generated electricity. Electrolysis is a promising technology
that converts electricity to hydrogen by splitting water into hydrogen
and oxygen. As the magnitude of curtailment increases, and espe-
cially as the need for shifting renewable energy from season-to-
season is required, hydrogen produced from huge amounts of
excess electricity via electrolysis (power-to-gas (P2G)) can be uti-
lized for energy storage purposes. P2G could be valuable to dynami-
cally use renewably generated electricity to prevent wasting of so
much renewable electricity and also for dynamic grid load-balancing
purposes.
High-temperature electrolysis of steam via an solid oxide steam

electrolyzer (SOSE) system is promising because of its potential
higher efficiency compared with current electrolysis technologies.
Much research has been carried out focusing upon the steady-state
operation of solid oxide electrolysis cell (SOEC). Li et al. [2] carried
out tests to evaluate the co-electrolysis performance of SOEC at an
operating temperature range of 550–750 °C. Stoots et al. [3] pre-
sented studies on the high-temperature electrolysis carried out at
the Idaho National Laboratory aimed at investigating the perfor-
mance of co-electrolysis in solid oxide stacks at various operating
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conditions, e.g., temperature, gas mixture, and electrical settings.
Graves et al. [4] focused on performance and durability analysis
of co-electrolysis processes in solid oxide cells. Ni [5] developed
two models to investigate the carbon dioxide electrolysis perfor-
mance of SOEC at different levels. Ni [6] carried out another study
regarding two-dimensional thermal modeling of a co-electrolysis
process in an SOEC for syngas production. Ni et al. [7] con-
ducted exergy and energy analysis to investigate thermodynamic-
electrochemical behavior of an SOSE plant. Ni [8] developed a
computational fluid dynamics model of an SOEC for hydrogen pro-
duction. Grondin et al. [9] developed a multiphysics model aimed at
investigating the performance and behavior of an SOEC. In another
study fromGrondin et al. [10], they developed a 3D simulation of an
SOEC using an artificial neural network technique to simulate the
cathodic process. Reytier et al. [11] carried out experiments on an
SOEC at the stack level in both electrolysis and co-electrolysis
modes. Penchini et al. [12] performed a theoretical study aimed at
performance evaluation of a 200 W SOEC stack for hydrogen pro-
duction. Stempien et al. [13] conducted an energy and exergy analy-
sis of SOEC to evaluate the performance of the system and determine
its optimal operating conditions.
In the literature, some studies have been carried out to evaluate the

performance of SOE systems working at part load conditions. Sanz-
Bermejo et al. [14] developed a complete model of an SOE system to
evaluate and optimize the operation of the system at part load condi-
tions operated under constant steam conversion or constant steam
flow rate modes. Their results showed that the system has the capa-
bility to operate within the range of 10–100% power with 91–97%
high heating value (HHV) efficiency, enabling the system to work
with highly transient renewable energy sources. Also, they con-
cluded that implementing constant steam conversion mode at low
power loads and constant steam flow rate mode at high loads
enabled broader operational power range with a flat performance
curve. Sanz-Bermejo et al. [15] investigated the performance of an
SOEC unit integrated with linear Fresnel reflector for grid manage-
ment. They considered two different scenarios for their proposed
system consisting of using SOEC system to produce hydrogen that

was directly sold to a hydrogen refueling station, and storing the pro-
duced hydrogen from the SOEC, for later use in a solid oxide fuel cell
(SOFC) for electricity generation. Petipas et al. [16] studied the
steady-state behavior of an SOE system at different power loads con-
sidering no external heat source. They developed a zero-dimensional
model composed of an SOE unit and balance of plant (BoP) to eval-
uate the performance of the system. They showed that when the
system operated between 60% and 100% of design power, no tem-
perature control is required, while for power below 60%, additional
heating should be employed.
In the literature, some other studies were conducted to investigate

the transient operation of SOEC. Petipas et al. [17] carried out tests on
a single SOEC for both steady-state and transient conditions. They
determined that the SOEChad the ability to operate under on-off con-
ditions without any increase in degradation rate, which provides the
ability of modular operation of SOEC with variable renewable
power. Petipas et al. [18] developed a model which is composed of
a zero-dimensional stack sub-model, BoP sub-model, and controller
sub-model to investigate the behavior of an SOEsystemcoupledwith
a solar farm. They showed that dynamic operation is technically fea-
sible without implementing an external heat source. Their results
revealed a production of 64.5 tons of compressed hydrogen using
2.76 GWh of the solar farm-generated electricity. Cai et al. [19] ana-
lyzed the dynamic response of an SOSE to transient inputs during
renewable hydrogen production. A 1D dynamic model of an SOSE
stack was developed to investigate the dynamic behavior of SOSE
and to study the prospects for stack temperature control by variation
of airflow rate. They impose step changes in current density, replicat-
ing a sudden change in electrical input energyor sudden switchoff the
SOSE stack. Another study from Cai et al. [20] proposed optimal
control strategies for SOSE integrated with renewable energy.
They considered different control strategies aimed at maximizing
hydrogen production, while minimizing SOSE energy consumption
orminimizing compressor energy consumption.Luo et al. [21] devel-
oped a 2D dynamic electrothermal model of steam and carbon
dioxide co-electrolysis in a tubular SOEC. They studied the response
of current, gas concentrations, temperature, and efficiency of the
SOEC to electricity, gas flow, and temperature step inputs.
In this study, we develop a complete dynamic model to evaluate

the dynamic behavior of a stand-alone SOSE system. The developed

Fig. 1 California renewable curtailment3
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model consists of a quasi-3D model of the SOEC, which enables the
investigation of the thermal gradients and thermal dynamics across
the cell to evaluate the feasibility of operation under dynamic oper-
ating conditions. Furthermore, the entire SOSE system is modeled
dynamically aiming at evaluating the behavior of all BoP compo-
nents and taking into account all BoP power consumption to better
figure out the performance of the proposed SOSE system. A
control model is developed to control some operational parameters,
e.g., operating temperature, the concentration of hydrogen at the
cathode inlet stream to prevent oxidation of materials, and etc., by
implementing some of the BoP components. Finally, the control
strategies are evaluated by application of the SOSE system to mea-
sured solar photovoltaic (PV) power dynamics.

2 Physical Model Description
A SOSE system model has been developed in MATLAB software

based upon a previously developed model in MATLAB/SIMULINK soft-
ware at National Fuel Cell Research Center (NFCRC) [22,23]. The
developed model is composed of a temporally and spatially resolved
quasi-3D sub-model for an SOSE stack and BoP dynamic sub-
models for different BoP components, such as heat exchangers, com-
pressors, electric heaters, valves, and air blower.

2.1 SOSE Cell and Stack Model. The stack is composed of
2500 cathode-supported crossflow planar SOE unit cells that are
assumed to be assembled into identically operating stacks, creating
a 300-kW electrolyzer stack module. In the developed MATLAB

model, a single repeating SOE unit cell is assumed to be representa-
tive of the behavior of all cells in each of the stacks. Therefore, the
input and output flows and power are multiplied by the number of
cells in the stack to obtain the stack values. The cell is modeled con-
sidering five different layers, i.e., steam side interconnects, steam
flow channels, positive electrode-electrolyte-negative electrode
(PEN), airflow channels, and air interconnect. In order to capture
temporal and spatial behavior properties, various spatially distribu-
ted states are calculated at each time in time span using MATLAB

ODE solver. In order to implement material and energy balances as
well as polarization model, each layer is discretized into an 8 × 8
nodes and control volumes. In this study, the following assumptions
are made on SOSE stack modeling:

• Electrochemical reactions occur instantaneously, due to fast
kinetics of electrochemical reactions compared with thermal
time scales.

• Electrical current only flows in one direction (from one elec-
trode to the other along the PEN), due to the iso-potential elec-
trode surfaces.

• Gases behave as an ideal gas, due to high operating tempera-
ture and atmospheric pressure operating conditions.

• Dynamic conservation equations apply to each gaseous nodal
control volume. For each discretized gaseous nodal control
volume, a continuously stirred tank reactor condition with
the exit condition representing the condition throughout the
control volume is assumed. These conditions include species
concentration, temperature, and pressure.

• Both cathode and anode streams are in a laminar flow regime
based upon the low Reynolds number in the flow channels, due
to the low gas flow rate and the small cross-sectional area of
the channels on both sides.

• Stack heat losses to the environment are neglected.

Figure 2 shows a schematic of a 10 cm×10 cm crossflow planar
SOE unit cell.

2.1.1 Governing Equations. In this study, the governing equa-
tions can be expressed as shown in the following subsections.
2.1.1.1 Material conservation. The nodes related to cathode

and anode flows present also species conservation balances
needed to take into account the different species concentrations

along the flow channels. On the cathode side, the species are H2

and H2O, and species conservation is expressed in Eqs. (1) and
(2), while on the anode side, the considered species are O2 and
N2, which are simulated by Eqs. (3) and (4) [22,23],

pC · VC

R · TC · dχH2O

dt
= (ṅC · χH2O)In − (ṅC · χH2O)Out +

I

2F
(1)

pC · VC

R · TC · dχH2

dt
= (ṅC · χH2

)In − (ṅC · χH2
)Out −

I

2F
(2)

pA · VA

R · TA · dχO2

dt
= (ṅA · χO2

)In − (ṅA · χO2
)Out −

I

4F
(3)

pA · VA

R · TA · dχN2

dt
= (ṅA · χN2

)In − (ṅA · χN2
)Out (4)

where ṅ is the total molar flow rate in the anode or cathode channel
node and χ is the species molar fraction, p, V, and T are the pressure,
volume, and temperature of the respective channel node, and R is
the gas constant. The current (I ) is negative so that hydrogen and
oxygen are yielded at the cathode and anode side, respectively,
while steam is depleted at the cathode side.

2.1.1.2 Energy balance. Energy conservation equations for
each control volume of the cathode channels, PEN layer, anode chan-
nels, and interconnect plates are presented in Eqs. (5)–(8) [22,23],

ρC · cpC · VC · dTC
dt

= Q̇T + ḢIn − ḢOut + Q̇Ion − Q̇React (5)

ρPEN · cPEN · VPEN · dTPEN
dt

= Q̇T + Q̇GEN (6)

ρA · cpA · VA · dTAdt = Q̇T + ḢIn − ḢOut − Q̇Ion (7)

ρIC · cIC · VIC · dTIC
dt

= Q̇T (8)

where ḢIn and ḢOut are the total enthalpy terms at the inlet and outlet
condition of the gaseous nodes, respectively, ρ is the density, V is the
volume, and c and cp are the specific heat capacity.
Q̇Ion is the term related to the sensible enthalpy of the oxygen ions

crossing the electrolyte from the cathode side to the anode side,

Fig. 2 Schematic of cross-flow SOE unit cell
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evaluated at PEN temperature according to Eq. (9).

Q̇Ion =
I

4F
· hO2 (9)

Q̇GEN is the term related to the heat generated or absorbed by the cell
depending on the electrolysis thermodynamic behavior, evaluated
according to Eq. (10).

Q̇GEN = Q̇React − Vcell · I (10)

Q̇React is the heat of the reaction evaluated at PEN temperature with
Eq. (11), Vcell is the cell operating voltage, and I is the current
density of the node.

Q̇React =
I

2F
· hH2 +

1
2
hO2 − hH2O

( )
(11)

Q̇T is the term related to convective and conductive heat transfer
between solid–solid, solid–gaseous, and gaseous–gaseous inter-
faces.

Q̇T = Q̇Cond + Q̇Conv (12)

The conductive heat transfer Q̇Cond is evaluated considering uniform
surface temperature for both solid and gaseous nodes. The convec-
tive heat transfer Q̇Conv is calculated assuming laminar fully devel-
oped flow resulting in a constant Nusselt number.

2.1.1.3 Polarization model. The cell voltage is determined
starting from the species concentrations in each node with the evalu-
ationof the localNernst potential according toEqs. (13) and (14) [23],

VNERNST = E0 +
R · TPEN

2F
· ln ����

pA
√ · χH2·

����
χO2

√
χH2O

( )
(13)

E0 =
−ΔGf

2F
(14)

where E0 is the reversible voltage, ΔGf is the molar change in Gibbs
free energy of formation for water conversion to hydrogen and
oxygen at the PEN nodal temperature TPEN, and χ is the species
molar fraction.
In this work, the cell polarization has been modeled to reproduce

the behavior of recently developed high power density (HiPoD) solid
oxide cells by Versa Power Systems (fuel cell energy). The materials
used for these cells are conventional SOFC materials, with the
cathode electrode made of nickel oxide and yttria-stabilized zirconia
(YSZ), the electrolyte is YSZ, and the anode is all ceramic with no
noble metals. The cells have a square geometry, and the flow chan-
nels of the metallic interconnect plates have a cross-flow arrange-
ment [24,25]. The polarization curves have been acquired for three

different operating temperatures of the cell. The curves can be well
approximated by linear fit with an error lower than 4%, as shown
in Fig. 3, allowing the determination of the area specific resistance
(ASR) values at the three temperatures 700 °C, 750 °C, and 800 °C.
The equation for the overpotential of the cell has been derived

with an exponential fitting of ASR values, expressed as Eq. (15).
A similar approach can be found in many literature works
[14,16,25].

ASRcell(TPEN ) = A × eB/Tcell (15)

To take into account the increasing overpotential due to the inter-
connection of cells to form the stack, a constant value (α) has
been added to the obtained equation for ASR [26].

ASRcell(TPEN ) = A · eB/TPEN + α (16)

The spatial overpotential and cell operating voltage are evaluated
node-by-node with the following equations:

U = ASRcell(TPEN) × j (17)

Vcell = VNERNST + U (18)

where j is the current density of the node and Vcell is the cell oper-
ating voltage. Polarization model parameters are listed in Table 1.

2.2 Balance of Plant Components

2.2.1 Heat Exchanger. Heat exchangers are modeled as one-
dimensional counterflow plate heat exchangers composed of three
layers, e.g., hot stream, metal separator plate, and cold stream in
order to capture the thermal inertia of the heat exchangers. The
developed dynamic model for a heat exchanger is spatially discre-
tized into nodes and control volumes. In each node, material and
energy balances are implemented using Eqs. (19) and (20),

ρc,h · Vc,h · cc,hp · dT
c,h

dt
= Q̇conv + Ḣ

c,h
In − Ḣ

c,h
Out (19)

ρPlate · cPlate · VPlate · dTPlatedt
= Q̇conv (20)

where Q̇conv is convective heat transfer between solid and gaseous
nodes, ρ is the density, V is volume, and cp and c are the specific
heat capacity of gaseous and solid nodes.

2.2.2 Blower. A variable-speed blower model, enabling simu-
lation of the inertia of the blower, is implemented in this study. The
blower supplies sufficient pressure head and air flow rate not only
for controlling the cell temperature but also for sweeping the pro-
duced oxygen at the anode side to prevent concentration losses. A
minimum blower power of 0.5 kW is assumed in this study to
always have air introduced toward the stack. The implemented
dynamic model for the blower is shown in Eq. (21) [27],

J · w · dw
dt

= PB − PImp (21)

where w is rotational speed, J is the moment inertia, PB is the elec-
tric power supplied to the blower, and PImp is the impeller loss eval-
uated according to Eq. (22),

PImp =
V̇Air · ΔPAn

ηB
(22)

Table 1 Polarization parameters

A 4.64462× 10−5 Ω cm2

B 8.754 × 103 K
α 0.1 Ω cm2

Fig. 3 Polarization curves of HiPoD cells [24]
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where V̇Air is the air volumetric flow rate and ΔPAn is the pressure
drop at the anode side and is the blower mechanical efficiency
assumed 65% in this study.

2.3 System Layout. The system configuration has been devel-
oped to realize a stand-alone electrolysis system where the only
energy input is electrical energy. Two inlet streams are present:
the water stream and the ambient air stream. The system layout is
presented in Fig. 4.
Apump feedswater at the requiredmolarflow rate to the systemby

providing sufficient pressure head. Water is preheated in two-stage
intercoolers of the hydrogen compressors. It then goes to the steam
generator in which it evaporates using the recovered heats of stack
cathode and anode outlet flows completed by the electric steam gen-
erator. The steam is additionally preheatedusing thermal energy from
the hydrogen-rich stack outlet flow in a counter-flow plate heat
exchanger. In the ejector, the steam flow is mixed with a partially
recirculated cathode outlet flow to obtain 10% molar fraction of
hydrogen at the cathode inlet to prevent oxidation of stack materials
at high operating temperature. In order to bring the steam temperature
to the desired stack inlet temperature, which is 1023 K in this study,
an electric heater is implemented. The steam goes to the electrolyzer
stack where the electrochemical reactions take place, resulting in a
hydrogen-richmixture at the stack outlet.A three-way valve is imple-
mented, which ismanipulated by a controller to recirculate a required
portion of the outlet flow to have the desired hydrogen concentration
at the cathode inlet. The hydrogen-rich stream heat is recovered in
both heat exchanger and steam generator, then it is cooled further
to below 60 °C to separate hydrogen from water in the water separa-
tor. The pure hydrogen is compressed in a two-stage compressor to
reach 3 MPa to be injected directly into storage or natural gas pipe-
lines. Air on the other side is introduced to the system by a variable-
speed blower, which provides both the required mass flow rate and
pressure head. It is preheated in a counter-flow plate heat exchanger
andheated to the desired temperature by an electric heater to reach the
desired temperature, which is 1023 K in this study. The anode outlet
flow,which is enriched by the oxygen generated as a byproduct of the
electrochemical reaction, passes through a heat exchanger and steam
generator for heat recovery purposes.

2.4 System Performance. Once the system configuration was
defined, the system performance can be evaluated considering
system efficiency, stack efficiency, and voltage efficiency as
defined in Eqs. (23)–(25), respectively,

ηSys =
ṅH2 · LHVH2

PS + PEH,An + PEH,Ca + PSG + PP + PB + PComp
(23)

ηS =
ṅH2 · LHVH2

PS
(24)

ηV =
VTn

Vcell
(25)

where η is the efficiency, ṅH2 is the molar flow rate of produced
hydrogen, LHVH2 is the lower heating value of the hydrogen, P is
the power consumption of different components, and VTn is the ther-
moneutral voltage at the stack operating temperature.

2.5 Control Strategy

2.5.1 Temperature Control. Cell temperature control is one of
the key issues involved in the dynamic operation of high-
temperature SOSE systems. In this study, the stack is thermally
managed by manipulating one actuator, which controls the blower
power. A variable speed blower enables control of blower dynamics
that consider the inertia of the blower. Increasing the blower power
ultimately increases the blower speed, which in turn increases the
air flow rate introduced to the stack. The air flow rate has two func-
tions in the proposed system, i.e., removing the oxygen produced as
a byproduct of the electrochemical reactions and providing cooling
or heating to the stack. The temperature control strategy consists of
keeping the air inlet temperature and volumetric flow rate constant
for a wide range of operating temperatures. In the developed control
strategy, the cell average temperature is allowed to vary between
maximum and minimum set-point values. When the difference
between anode stream (air) outlet temperature and anode stream
inlet temperature reaches one of the set-point constraints, the
blower attempts to introduce more air in order to cool or heat the

Fig. 4 SOSE system layout
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cell to keep the cell operating temperature difference inside the
desired range. In this study, the controller set-point temperature dif-
ference constraint is 40 K. Also, the inlet temperature of both anode
and cathode is controlled to the set point of 1023 K.

2.5.2 Power Control. The SOSE system is controlled by the
electric power supplied to the stack. It is assumed that the power
controller immediately adjusts the current for any change in stack
input power as described by Eq. (26)

I =
PS

Vcell · Ncell
(26)

where Ncell is the number of cells in SOSE stack.

2.5.3 Steam Flow Rate Control. The required feed water to the
SOSE system is determined based upon Faraday’s law of electrol-
ysis and specified steam utilization as indicated below.

ṅH2O =
I

2F
· NCell

SU
(27)

where SU is the SOSE system steam utilization defined as the ratio
between stoichiometric steam flow required for the electrochemical
reactions at a given current and the actual inlet steam flow intro-
duced to the system. A minimum steam flow of 2.7 g/s ensures
that the steam entering the electrolyzer is of sufficient temperature.
This constraint decreases the steam utilization at stack power
outputs below 25 kW. A threshold of this nature is required for
many high temperature electrolyzers, though the precise threshold
will depend upon the specifics of the heat exchanger and hot box
arrangement.

3 Problem Description
TheUniversity of California, Irvine (UCI) campusmicrogrid incor-

porates about 4 MW of solar PV. A 15-min resolution dataset for the
operation of PVgenerationwas obtained from a database that archives
PV power dynamics of systems on the UCI campus. The dataset was
scaled to a maximum of 450 kW of PV generation to consider the
case where about 10% excess generated electricity is to be utilized
by the SOSE system for renewable hydrogen production.
The PV generation dataset was analyzed to obtain a day in which

the PV generated power has its highest dynamic behavior (a cloudy
day) and another day in which the PV generated power is maximum
(a sunny day). Figure 5 shows PV generated power for both the
sunny day and the cloudy day.
The purpose of this study is to evaluate the capability of the SOSE

system to effectively convert renewable electrical power into

hydrogen and to dynamically follow input power variations while
maintaining all system variables within the acceptable limits. The
obtained PV generated powers (Fig. 5) are given directly to the
SOSE system to evaluate the performance of the SOSE system as
it might be integrated with over-generated renewable PV power.
The dynamic simulation of the SOSE system using measured
dynamic power generation profiles for sunny and cloudy days as
input to the system is exactly expected for a real-world application.

4 Results and Discussion
4.1 Steady-State Simulation. First, the developed SOSE

system model is used to carry out a steady-state simulation on
both stack level and system level to obtain not only the spatial dis-
tribution of different variables, e.g., Nernst voltage, overpotential,
current density, and species concentration, but also the performance
of the system at steady-state operating condition. The SOSE system
is designed to operate at 1023 K temperature and thermoneutral
voltage, which is 1.285 V at the design temperature. It should be
noticed that the spatial distribution of both PEN operating temper-
ature and operating voltage is obtained uniform with constant
values 1023 K and 1.285 V, respectively.
Figure 6 shows the spatial distribution of Nernst voltage, overpo-

tentials, and current density in a unit SOE cell. The Nernst voltages
are among 0.89 V–1.03 V.TheNernst voltage has its highest amount
at the corner close to the cathode and anode streams outlet and its
lowest amount at the corner close to the cathode and anode streams
inlet where both steam and air are fresh. The lowest amount of over-
potentials is 0.26 V captured where the current density has its lowest
absolute value (0.76 A/cm2) and the Nernst voltage has its highest
value. On the other hand, the highest amount of overpotentials is
0.39 V, which corresponds to the highest absolute value of current
density (1.15 A/cm2) and lowest Nernst voltage value.
Figure 7 shows the spatial distribution of different species’ molar

fractions. As shown, along the steam flow direction, the steam is con-
sumed in the electrochemical reactions while the hydrogen is pro-
duced as a product of electrochemical reactions leading to lower
steam and higher hydrogen molar fractions in the flow direction.
The hydrogen concentration at the beginning of the cell is 10%
which is imposed by a controller so that hydrogen present at the
cathode inlet may prevent oxidation of stack materials at the high
operating temperatures of an SOEC. At the cathode stream outlet,
the hydrogen concentration is 80%, which results from the inlet com-
position and steam utilization to produce hydrogen. Along the
anode stream flow direction, oxygen molar fraction increases due
to oxygen production by the electrochemical reactions, also resulting
in a decrease in nitrogen molar fraction. The oxygen concentra-
tion varies from 22% to 38%. This relatively high change in
oxygen concentration along the anode flow direction is due to condi-
tions of air flow rate that is at its minimum value associated with ther-
moneutral conditions. It should be noted that if the endothermicity or
exothermicity of the electrochemical reactions is great enough, more
air will be introduced to the SOEC stack (to cool or warm the stack)
so that lower final oxygen concentrations will be achieved.
Table 2 presents the steady-state operating parameters of the

developed SOSE system. Note that some electric heater power is
required at this design condition due to the fact that some energy
leaves the system with the produced hydrogen and oxygen/air
streams.

4.2 Dynamic Simulation

4.2.1 Sunny Day. The PV generated power for a sunny day
between 4:45 and 17:15 is directly given to the stack as an input
power to capture the dynamic performance of the SOSE system.
Figure 8 shows both the PV generated power in the sunny day

which is directly given to the stack and the SOE stack consumed
power which is obtained by multiplying the operating voltage by
the current and number of the cells. It shows that how closely the
SOE system captures the transient behavior of the given power.Fig. 5 PV generated power for a sunny and a cloudy day
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Fig. 6 Steady-state spatial distribution of (a) Nernst voltage (V), (b) overpotential loss (V), and (c) current density
(A/cm2)

Fig. 7 Steady-state spatial distribution of the molar fraction of (a) steam, (b) hydrogen, (c) oxygen, and (d ) nitrogen
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Figure 9 shows that the cell current density varies in the range of
0–1.35 A/cm2 and reaches its maximum value at about 11 exactly
when the PV generated power has its maximum amount (Fig. 8).
As displayed in Fig. 9, the cell operating voltage varies between
0.87 V and 1.33 V. The operating voltage begins in an endothermic
region crossing the thermoneutral voltage at about 7:30 going to
exothermal operating condition, and it goes back to endothermal
operating condition at 14:30. These 7 h of operation include

conditions in which stack input power is higher than the nominal
300 kW stack power.
Figure 10 illustrates that the PEN average temperature varies

between 985 K and 1062 K. It is assumed that at the beginning of
system operation, the stack has a uniform temperature of 1023 K,
which is the steady-state nominal operating condition at thermoneu-
tral conditions so that the temperature difference along the PEN is
zero. Early in the morning, during the startup, the PEN average tem-
perature drops because of the endothermicity of the reactions below
the thermoneutral point. At about 6:00, the PEN average tempera-
ture reaches its minimum level due to a period of operation in the
high endothermicity region of the electrochemical reaction. Due
to the large and continuous endothermicity at this time, the anode
stream temperature difference reaches to 40 K (the controller set
point). The thermal controller begins introducing more air flow to
the SOE stack by manipulating the blower power. As a result, the
cell average temperature is maintained between maximum and
minimum set-point values (1023 K± 40 K). The minimum cell
average temperature is 985 K which is about 40 K (controller set
point) lower than the nominal operating temperature. However,
increasing the air mass flow rate to maintain average cell tempera-
ture in the acceptable region causes a temperature gradient along the
cell as shown in Fig. 10. The maximum temperature difference
along the cell is 18 K, which is acceptable for SOEC dynamic oper-
ation in terms of resulting thermal stress. Figure 10 clearly shows
how the temperature controller perfectly acts to maintain the cell
average temperature between maximum and minimum set-point
values (1023 K± 40 K) by manipulating the blower power. At
about 7:30, when the operating voltage approaches the thermoneu-
tral voltage, the PEN average temperature returns to 1023 K (the
steady-state nominal operating temperature). Around 11:00, the
SOEC is working in the highly exothermic operating condition,
in which the temperature controller increases the blower power to
maintain the temperature below 1062 K, which is about 40 K
higher than the nominal operating point. At 11:00, the PEN
average temperature and temperature difference along the PEN
are close to their maximum value. As shown in Fig. 10, the
thermal controller maintains the temperature in the range of
±40 K of the nominal operating temperature. The closer the
voltage gets to the thermoneutral point, the more the PEN
average temperature approaches the nominal operating point and
the more uniform the temperature distribution becomes. Note also
that the temperature difference along the PEN is zero when the
stack is not operating and also whenever the cell operating
voltage is close to the thermoneutral point. Note that both Figs. 9
and 10 provide evidence of the SOEC stack thermal inertia at
around 7:30 when the cell operating voltage crosses the thermoneu-
tral voltage. At this time, the stack average temperature is about

Fig. 8 PV generated power versus stack consumed power
(VCell× I×NCell) for a sunny day

Fig. 9 Cell current density and voltage for a sunny day

Table 2 Steady-state operating parameters of SOSE system

Parameter Value

Cell operating voltage (V) 1.285
Cell current density (A/cm2) 0.93
Stack power (kW) 300
Steam utilization (–) 0.85
Steam electric heater power (kW) 10.5
Air electric heater power (kW) 7.1
Steam generator electric heater power (kW) 41.8
Blower power (kW) 0.5
Hydrogen compressor power (kW) 21.7
Pump power (kW) 2.1 × 10−4

System efficiency (%) (based on LHV) 76.2
Hydrogen production (g/s) 2.4
Energy per kg H2 (kWh/kg H2) 43.8

Fig. 10 PEN average temperature and maximum temperature
difference along the PEN for a sunny day
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997 K which is about 25 K lower than what is expected under ther-
moneutral operating conditions. Also, according to Fig. 10, there is
a 6 K temperature difference along the stack at this moment (versus
the uniform temperature that occurs under thermoneutral conditions
at steady state). At around 7:45, the stack average temperature
becomes 1023 K. It shows that although the operating voltage
crosses thermoneutral voltage at 7:30, there is a 15-min delay for
the stack, due to its thermal inertia, to reach 1023 K which is asso-
ciated with the thermoneutral operating point.
Figure 11 shows the minimum, average, and maximum PEN tem-

perature versus time. When the operating voltage is close to the
thermoneutral point, all three temperatures are close to each other
and equal to the nominal operating temperature. However, at
highly endothermic and exothermic operating conditions, the devia-
tion of minimum and maximum temperature from the average tem-
perature increases which causes temperature gradient along the cell
(as discussed regarding Fig. 10).
The good performance of the SOSE system is highlighted in

Fig. 12, which indicates that the system efficiency throughout the
majority of the operating time remains at values higher than 70%
LHV. High efficiency is even achieved during the periods in
which the current is high leading to high hydrogen production
rate. The average efficiency of the SOSE system over the entire

12.5 h of operation is 68%. It should be noted that between 7:30
and 15:30, the average system efficiency is 74%. According to
Fig. 12, when the SOE system begins working, between 4:45 and
6:00, the system efficiency increases up to around 70%. Since the
cell operating voltage is very low from 4:45 to 6:00, the endother-
micity of the electrochemical reaction is very low, and as a result,
the absolute change in both the average temperature of the cell
and the anode stream temperature difference along the cell is less
than 40 K (the controller set point). Hence, the system requires a
minimum amount of air flow rate, and as a result, the blower
power works at its minimum power. Also, low air flow rate needs
low air electric heater power consumption. As a result, an increase
in efficiency due to the increase in the amount of hydrogen pro-
duced can be observed. However, at around 6:00, the endothermi-
city of the cell causes an increase in anode stream temperature
difference which is greater than the controller set point. So, the
blower begins introducing more air into the system. This results
in an increase in both the blower power consumption and air electric
heater power consumption. Hence, a slight dip in the SOE system
efficiency occurs at around 6:00. Between 7:00 and 10:00, the
SOE system is working close to its thermoneutral voltage, and as
a result, the endothermicity (for times the cell operating voltage is
lower than the thermoneutral voltage) and exothermicity (for
times the cell operating voltage is higher than the thermoneutral
voltage) are not too much which causes the blower to be working
around its minimum power setting and so minimal amounts of air
are introduced to the anode side. Around 11:00, there is a slight
drop in efficiency, which is due to the high operating voltage and
high exothermicity operation of the cell. The high operating
voltage pushes the controller to manipulate the blower power to
increase the air flow rate to the anode side to maintain the anode
stream temperature difference at the controller set point. After
15:00, when the PV generated power decreases, a drop in efficiency
is obtained, which is due to the thermal controller function for
highly endothermic conditions (similar to what happened at
around 6:00). The controller pushes more air to the stack which
increases both blower and air electric heater power consumption.
The voltage and stack efficiencies have quite similar trends where
the former varies between 96% and 148% while the latter varies
between 93% and 142%. They are above 100% when the cell oper-
ating voltage is lower than the thermoneutral voltage and vice versa.
It should be noticed that for the hours in which the stack efficiency
is above 100% (the operating voltage is below the thermoneutral
voltage (thermoneutral voltage is a voltage at which hydrogen
and oxygen are produced with 100% thermal efficiency (i.e., no
waste heat produced from the reaction))), the electric power given
to the stack is lower than the energy of the produced hydrogen
(based on LHV), since the electrolysis reaction is an endothermic
reaction and the stack gets a portion of its required energy in a
form of heat provided by electric heaters. Stack efficiency above
100% is significantly valuable in case of having available external
heat sources that can be utilized to provide a portion of the required
energy for an electrochemical reaction. This results in stack effi-
ciency above 100% by utilizing the external heat source to
produce hydrogen by consuming less electric energy. In a sunny
day, during the 12.5 h of operation, the SOSE system consumes
4322 kWh and produces 94 kg of hydrogen.
Figure 13 shows the contribution of each SOSE component to the

system power consumption. For the majority of the operating time,
the stack power accounts for the highest consumed power. For 2.5 h
at the beginning and at the end of the system operating time, the
contribution of the air side electric heater increases not only due
to the increased air flow rate for heating purposes but also due to
the higher required temperature rise via air electric heater that
results from lower heat recovered in the air side heat exchanger
from lower temperature air leaving the stack. When the air electric
heater consumed power increases, the steam generator power con-
sumption decreases because of increased air heat recovery in the
steam generator. In the middle of the day, when the stack is operat-
ing in the highly exothermic region, the air electric heater power

Fig. 11 PEN minimum, average, and maximum temperature for
a sunny day

Fig. 12 Efficiencies for a sunny day
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consumption increases (nonintuitively) to maintain air inlet temper-
ature while increasing airflow to provide adequate cooling to the
stack.
Figure 14 shows the spatial distribution of current density, overpo-

tential voltage, temperature, and oxygen concentration at around
6:00, in which the SOEC exhibits its minimum average temperature
and maximum temperature difference along the cell. This operating
condition is the highly endothermic condition in which the operating
voltage is between the open circuit voltage and the thermoneutral

voltage. The operating voltage at this most endothermic operating
condition is 1.1 V. According to Fig. 14, the spatial overpotential
loss varies from 0.06 V to 0.18 V which is lower than that of
steady-state operating conditions (Fig. 6) and results from operating
in this regime at lower current density. Moreover, the spatial temper-
ature at this case varies from 979 K to 995 K while the highest and
lowest spatial temperatures are located at the cell corners. As
shown in Fig. 14, the oxygen concentration changes only slightly
due to controller action to introduce large amounts of air to warm
the cell. Since in this case, the endothermicity is high, the blower
pushes more air to keep the anode stream temperature difference at
the controller set point. As a result, the amount of oxygen produced
in the electrochemical reaction is almost negligible compared with
the amount of oxygen entering the anode.
Figure 15 shows the spatial distribution of operating parameters

at around 11:00, in which the system is working at its maximum
average temperature. This operating condition is the highly exother-
mic condition in which the operating voltage is greater than the ther-
moneutral voltage. The operating voltage at this endothermic
operating condition is 1.33 V. According to Fig. 15, the spatial
overpotential loss varies from 0.31 V to 0.45 V, which is higher
than that of steady-state conditions (Fig. 6) resulting from high
current density. Moreover, the spatial temperature at this case
varies from 1050 K to 1066 K which is greater than nominal oper-
ating temperature conditions. As shown in Fig. 15, the oxygen con-
centration changes more compared with the endothermic condition
shown in Fig. 14. This small change results from the controller that
introduces more air to cool the stack because endothermicity is
high. The small, but larger, change in oxygen concentration in the
anode compartment compared with the endothermic condition is
due to the higher current density and higher oxygen production

Fig. 13 Contribution of each component in power consumption
for a sunny day

Fig. 14 Highly endothermic spatial distribution: (a) current density (A/cm2), (b) overpotential loss (V), (c) PEN average
temperature (K), and (d ) oxygen molar fraction
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by the electrochemical reactions. However, the variation of oxygen
concentration is lower compared with the steady-state operating
condition (thermoneutral condition), since in the exothermic condi-
tion, the blower introduces more air to the anode to control the tem-
perature of the stack.

4.2.2 Cloudy Day. The PV generated power for a cloudy day
between 6:45 and 17:45 is directly given to the stack as an input
power to capture the dynamic performance of the SOSE system.
During the cloudy day, several strong dynamic conditions are
present but nevertheless the system is able to modulate its operat-
ing condition following the highly dynamic renewable excess
power. The transients related to the passing clouds cause multiple
fluctuations of the cell operating voltage during the day rapidly
switching between exothermic and endothermic modes of opera-
tion ten times.
Figure 16 shows both the PV generated power in the cloudy day

which is directly given to the stack and the SOE stack consumed
power which is obtained by multiplying the operating voltage by
the current and number of the cells. It shows that how closely the
SOE system captures the transient behavior of the given power.
As presented in Fig. 17, the cell operating voltage varies between

0.87 and 1.33 V, while the cell current density varies between 0 and
1.25 A/cm2 and reaches its maximum value at about 13:25 exactly
when the PV generated power has its maximum amount (Fig. 16). It
should be noticed that due to the lower amount of PV generated
power in this cloudy day scenario compared with the sunny day sce-
nario, the SOEC is working mostly in endothermic and endothermal
operating conditions.
Figure 18 shows multiple dynamic fluctuations in both PEN

average temperature and maximum temperature difference along

the PEN. These variations are within safe operating limits, confirm-
ing the appropriate system configuration and appropriate applied
temperature control strategy that is able to keep the stack operating
temperature inside the 80 K safe range during realistic and highly
dynamic operating conditions. The maximum temperature differ-
ence across the PEN is lower than 18 K. It is shown that the
maximum PEN temperature difference increases when the PEN
average temperature reaches its lower limit value. According to
Fig. 18, for the cloudy day scenario, the PEN average temperature
reaches its lower limit (40 K below 1023 K) during endothermic

Fig. 15 Highly exothermic spatial distribution: (a) current density (A/cm2), (b) overpotential loss (V), (c) PEN average
temperature (K), and (d ) oxygen molar fraction

Fig. 16 PV generated power versus stack consumed power
(VCell× I×NCell) for a cloudy day
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operating conditions since it stays in endothermic condition for a
considerable time. However, it does not reach to its upper limit
(40 K higher than 1023 K) because the SOE system does not stay
in the exothermic operating condition for a very long time. Thus,
the SOEC stack does not have enough time to heat up to the
upper limit due to its thermal inertia. It should be noted that when
the operating voltage is switched between endothermic and exother-
mic conditions, the SOEC stack takes time to experience dynamic
changes in its temperature. In the cloudy day scenario, even
though at several moments, the operating voltage crosses the ther-
moneutral condition toward exothermic conditions, the short dura-
tion of stay in exothermic mode does not allow the temperature of
the stack to reach the upper safe limit. According to Fig. 19, the
maximum and minimum temperatures of PEN have their highest
deviation from the average temperature under highly endothermic
operating conditions, while there is a small deviation obtained in
moderate exothermic operating conditions.
The system efficiency for the cloudy day fluctuates a lot due to

the fluctuations in stack input power (Fig. 20). The average effi-
ciency of the SOSE system for the 11 h of operation is 63%. The
voltage and stack efficiencies have quite similar trends where the
former varies between 96% and 148% while the latter varies
between 93% and 142%. Both of the stack and voltage efficiencies
are above 100% for the majority of the time due to the operating
voltage which is lower than the thermoneutral voltage most of the
time. During the 11 h of operation, the SOSE system consumes
2663 kWh and produces 55 kg of hydrogen.

Fig. 17 Cell current density and voltage for a cloudy day

Fig. 18 PEN average temperature and maximum temperature
difference along the PEN for a cloudy day

Fig. 19 PEN minimum, average, and maximum temperature for
a cloudy day

Fig. 20 Efficiencies for a cloudy day

Fig. 21 Contribution of each component in power consumption
for a cloudy day
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Figure 21 shows the contribution of each SOSE component in the
total system power consumption. As clearly shown in Fig. 21, the
blower power and therefore the air electric heater power contribu-
tions increase four times throughout the day, corresponding to
hours in which the cell operating temperature reaches its lower
limit and the controller forces the blower to blow more air toward
the SOSE stack to heat the stack. For most of the hours that corre-
spond to the increased contribution of the air electric heater to
overall power consumption, the contribution of the steam generator
drops due to the higher air heat recovered in the steam generator.
The highest stack power contribution happens between 13:00 and
15:00 where the PV generated power given to the stack has its
maximum amount (Fig. 16), and the blower power is at its
minimum power.

5 Summary and Conclusions
This study focused on evaluating the dynamic behavior of a

SOSE system without an external heat source which uses transient
PV generated power as an input to produce compressed (to 3 MPa)
renewable hydrogen to be stored or injected directly into the natural
gas network. The study developed an SOSE system design and
control strategy and demonstrated that the proposed SOSE system
is able to operate dynamically to directly convert solar power to
hydrogen for both sunny and cloudy days. For the entire operating
periods of both of these days, the stack temperature and temperature
difference along the stack were maintained in a safe operating
range. The 12.5 h operation of the SOSE system on a sunny day
resulted in the production of 94 kg hydrogen by using an average
of 46 kWh/kg of the produced hydrogen. The SOSE system oper-
ated 11 h on a cloudy day and produced 55 kg hydrogen at
average system power consumption per kilogram of produced
hydrogen of 48.4 kWh/kg. The temperature distribution and
dynamics of temperature gradients (spatial and temporal) that our
dynamic model has produced, as demonstrated in this paper, will
have a significant impact on degradation and other performance
characteristics. The impacts on degradation will be studied in
future works.
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Nomenclature
c = specific heat capacity (kJ/kg K)
h = specific enthalpy (kJ/kmol)
j = current density (A/cm2)
p = pressure (kPa)
t = time (s)
F = Faraday constant 96,485 (C/mol)
I = current (A)
P = electrical power (kW)
R = universal gas constant 8.314 (kJ/kmol K)
T = temperature (°C)
U = overpotential (V)
V = volume (m3)
ṅ = molar flow rate (mol/s)
Ḣ = total enthalpy of a stream (kW)
Q̇ = heat flux (kW)
V̇ = volume flow rate (m3/s)
cp = specific heat capacity at constant pressure (kJ/kg K)

hconv = convective heat transfer coefficient (W/m2)
E0 = cell reversible voltage (V)

Ncell = number of cells in SOSE stack
Vcell = cell operating voltage (V)

VNernst = Nernst voltage (V)
ASR = area specific resistance (Ω cm2)
LHV = lower heating value (J/mol)
ΔG = molar Gibbs free energy difference (kJ/mol)
η = efficiency (–)
ρ = density (kg/m3)
χ = molar fraction (–)

Subscripts

A = anode stream
An = anode side
B = blower
C = cathode stream

Ca = cathode side
Comp = compressor
Cond = conduction
Conv = convection
EH = electric heater
IC = interconnector

Imp = impeller
In = inlet
Ion = oxygen ions
Out = outlet
P = pump

PEN = positive electrode-electrolyte-negative electrode
React = reaction

S = stack
SG = steam generator
SU = steam utilization
Sys = SOSE system
T = total
Tn = thermoneutral
V = voltage

Superscripts

C = cold stream
H = hot stream
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