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A 1D dynamic model was developed in Matlab in order to study the Reversible Solid Oxide Cell (RSOC) behavior
in transient state. It is a combination of kinetic, thermal and electrochemical models. The model was validated
in steady state using available experimental results and showed a maximum relative error of 4.8 %. Therefore,
the developed model can accurately simulate the RSOC performance. A dynamic simulation was performed to
illustrate the temperature, the operating voltage and the outlet gas concentrations as a function of time and the
fractional cell length for Power-to-Gas process that allows the storage of 10 MW of renewable energy. The co-
electrolyser is operated under thermoneutral conditions at 1,073 K and 11,400 A/m2. The obtained results
showed that the cell has a thermal inertia that causes a temperature peak in dynamic state. This information is
important because the temperature must be controlled in transient state to prevent the cell deterioration. It is
observed that the operating voltage and outlet gas concentrations reach instantaneously the steady state while
the temperature needs about 5 min to reach a constant value.

1. Introduction

Electricity produced globally using renewable sources of energy, reached over 4,699 TWh in 2012. This number
exceeds 20 % of the total production of the world electricity (20.8 % in 2012) (ObservER, 2013). The EREC
(European Renewable Energy Council, 2012) expects 70 % of electricity production to come from renewable
sources by 2050 of which 42 % are generated from new technologies (mainly wind and solar). Noting that, the
use of renewable sources of energy (RE) must be accompanied by the concept of electricity storage in order to
smooth the fluctuation of the RE. A new approach to seasonal storage of renewable energy is based on using
excess electricity produced from a renewable source to co-electrolyze at high temperature (1,073 K) steam and
COz2 into syngas via a RSOC (Reversible Solid Oxide Cell) operating in SOEC (Solid Oxide Electrolysis Cell)
mode. The produced syngas (Hz and CO) is fed into a methanation reactor where it is converted into CHa. This
gas is then injected into the natural gas network. When high consumption peaks appear, the RSOC is switched
to SOFC (Solid Oxide Fuel Cell) mode which is fed by syngas. This latter is produced by tri-reforming of
methane. The global diagram of this process is described in Figure 1 and detailed in Redissi et al. (2013).
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Figure 1: Reversible Power-to-Gas Process
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This system undergoes disturbances that are mainly related to the intermittent renewable sources of energy in
electricity storage mode and the reversibility of the process. However, there is a lack in studies which evaluate
the dynamic operation of such systems mainly due to the lack of experimental data in literature. Each of the
process components (in both operating modes) has time-dependant characteristics that affect the behaviour of
the whole system. Particularly the electrolyser which should meet the dynamic operating conditions mainly
caused by the intermittency of renewable energy. The current experimental tests allow the characterization of
the co-electrolyser in steady state operation, but its dynamic behavior is yet to be investigated.

The Idaho National Laboratory (INL) in US has carried out research studies on the possibilities of producing
synthesis gas by co-electrolysing CO2 and H20 (O’Brien et al., 2009). The models presented are 0D and steady
state macro level based on the material and energy balances as well as the WGS (Water Gas Shift) reaction
equilibrium constant (Stoots et al., 2009). The Polytechnic University of Hong Kong has proposed a 1D and 2D
stationary model of a cathode supported planar SOEC operating at 1,073 K. The 1D model allows the prediction
of WGS contribution in the production of CO and defining the limiting operating conditions (Ni M., 2012a). The
2D model is more accurate and studies each contribution of the involved chemical reactions (i.e WGS and
methanation). The study concluded that the influence of methanation reaction can be neglected while WGS
reaction has a significant impact on CO production (Ni M., 2012b).

There are only few works have dealt with dynamic behavior of SOEC. The models aimed to define control
strategies and study the effects of operating conditions on transient performance. Udugawa et al. (2008a)
developed a SOEC stack dynamic model operating at 1,073 K based on their previous model of the SOFC.
Although the equations used were time dependent, only a steady state analysis was presented.

In second paper, Udagawa et al. (2008b) presented additional results on the air flow introduction at the anode
side of the cell. They concluded that decreasing the concentration of oxygen on the air electrode lowers the
Nernst potential required to start the cell operation. Cai et al. (2010), focused on simulating the behavior of the
stack at various temperatures, and for different inlet gas compositions. They found that temperature and current
density are the main parameters affecting the stack performance. In this work, they proposed to operate at a
temperature of 1,073 K and a current density of 10,000 A/m2. Under these conditions, the dynamic response of
the cell temperature was stable.

In all of the above mentioned work, no model results have been compared to experimental data. Petipas et al.
(2013) developed a 0D model for a system approach. It was based on physical equations (Nernst, current
density and energy and mass balances) and experimental value of Area Specific Resistance (ASR). The model
is composed of two sub-models describing the electrolysis module and the system balance. The results showed
that the efficiency of the system can reach 91 % (HHV based) which is higher than that of low temperature and
pressurized electrolysers (Bailera et al., 2017). However, since the thermal stress of the ceramic material, the
maximum tolerable temperature gradient across the cells is + 100 K, which reduces the average operating
temperature to the range 1,073 + 50 K to prevent mechanical failure. As the temperature is a function of the
system power load, this latter is limited to a range of 60-100 %.

Kasempoor et al. (2014) developed a unit cell and then a stack model of the regenerative high temperature co-
electrolyser (RSOC). This 1D model on a planar cell allows a static-dynamic simulation. Although, the authors
presented equations of dynamic model, no transient simulation was performed. This work proposes an
improvement of existing models to allow investigation into the effect of cell geometry, operating conditions and
the inlet gas composition.

Despite all the current research, there is still a lack of understanding of the fundamental reaction and degradation
mechanism of the high temperature co-electrolysis process. There are only few experimental studies on long-
term degradation of a SOEC and no model takes into account this parameter. Moreover, few models have been
validated with experimental results at steady state. In most cases, validation has been limited to a single V-J
curve or was even absent. Furthermore, dynamic simulation results of the electrolyser and co-electrolyser have
not been reported yet. Therefore, the present work addresses this issue through a dynamic simulation of the
co-electrolyser.

2. Model description and steady state validation

2.1 Model description

The SOEC models are based on SOFC models and includes the following processes: porous gas diffusion,
adsorption/desorption, reaction kinetics, electrolyte transport and charge transfer. The most common method to
model the SOEC is to describe the limiting process mentioned previously by introducing the overpotential
contribution: anode and cathode concentration Nconc,an aNd Neonc,ca, activation nact and ohmic overvoltages nohm
(i.e. Eq(1)). Where Vopis the cell operating voltage and Vremst is the Nernst potential.
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Figure 2: Representation of the RSOC unit cell

A 1D dynamic model on a planar RSOC cell is developed in Matlab (see Figure 2). It is a combination of kinetic,
electrochemical and thermal models. It takes into account the electrochemical reaction of steam as well as the
thermo-fluid phenomena inside the cell.

Vop = Vnemst — (Nohm + Nact + Nconc,ant Neonc,ca) 1)

The model allows the study of the effect of cell geometry, operation conditions and the inlet gas composition. It
can easily predict the performance of SOEC/SOFC for different current density (J) and under various operating
conditions. The operating mode (SOFC or SOEC) is defined by changing the sign of current density. When it is
negative, the model is operating at SOEC mode and when it is positive, the model is in SOFC mode. The cells
are electrically in series.

2.2 Model validation

The steady state model validation is based on the prediction of V-J performance characteristic curve and the
reactant utilization. The model developed in this work has been validated by comparing numerical results against
experimental data in steady state carried out by and Zhan et al. (2009) and later Graves (2010) for different
cases. The operating conditions used for this experimental work are presented in Table 1.

The predicted model results are in excellent agreement with the experimental data even at different operating
conditions and inlet compositions. The maximal relative error between experimental and numerical results is
around 4.8 %. Figures 3(a) and 3(b) show the experimental data points vs the humerical model behavior for all
considered cases. The final adjusted values of the model parameters (The fitted values are confidential) are
then used to assess the dynamic behavior of the RSOC unit within the reversible Power-to-Gas process shown
earlier in Figure 1.

Table 1: Operating conditions for the available experimental data

Experimental data Graves (2010) Zhan et al. (2009)
Temperature (K) 1,123 1,073
Pressure (MPa) 0.1 0.1

Total molar flow in fuel side (mol/s) 2.84x10 1.74x10*
Composition in fuel side (%) Composition 1 Composition 2 Composition 3

H20 45 50 25 50

CO2 45 50 25 25

Hz 10 0 25 25

(6{0) 0 0 25 0

Total molar flow in air side (mol/s) 5.68 x10* 5x1010
Composition in air side (%) Composition 1 Composition 2 Composition 3

(07} 1 1 1 1

N2 0 0 0 0

3. RSOC unit dynamic simulation

The dynamic simulation was performed for the considered composition in the Power-to-Gas process: 68.7 %
H20, 6.3 % H2, 23 % CO2 and 2 % CO. The reversible co-electrolyser has been sized for storing 10 MW of
renewable electricity. In order to scale up the unit cell to a stack, the value of ASR was set to 1.7x10°° Q.m2.
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Figure 3(a): Steady state model validation with Graves (2010) experimental data
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Figure 3(b): Steady state model validation with Zhan et al. (2009) experimental data

The RSOC is then modeled as a parallel set of stacks of equal number of cells which are fed by the same flow
of fuel and sweep air. Consequently a total of 49,190 cells are used in the 10 MW RSOC unit and fueled by
around 56 mol/s of gas with the specified composition and 10 mol/s of sweep air. The co-electrolyser operates
at 1,073 K and 0.3 MPa. A current density of 11,400 A/mz is applied for thermoneutral operation.

3.1 Thermal behavior

Figure 4(a) shows temperatures profile as a function of time. As shown in this figure the steady state is reached
in about 5 min. First, a short temperature decrease is observed which is mainly caused by the endothermic
nature of the involved reactions (i.e WGS and methanation). The time to reach equilibrium is almost
instantaneous (half a second). Then, the stack temperature reaches its maximum before finding its steady state
later on. When the enthalpy of the involved endothermic reactions is minimal and the applied power becomes
maximal, the temperature increases because the gap between these two physical parameters is enough to
change the temperature. Then, when this latter reaches its peak, the gap between the applied power and the
electrochemical reaction enthalpy becomes minimal and therefore the temperature decreases.

Therefore, it is safe to conclude that the dynamic response of stack temperature is mainly dictated by thermal
inertia. Indeed, the stack remains in steady state until the thermal disturbance is sufficient to change it. The
mentioned thermal inertia is nothing but the resistance of stack materials to temperature change. It is as a
function of thermal diffusivity of the used materials - i.e. Eq(2).

This physical parameter (i.e. D) which characterizes the ability of a material to transmit a temperature signal
from one point to another and is related to the material's ability to transport heat (A thermal conductivity) and its
ability to store heat (Cp thermal capacity) and its density p.

A
Dy = —
h = @
As shown in Figure 4(b), the thermal gradient across the cell length is 297.15 K. According to Nakajo et al.
(2009), the probability of cell failure increases significantly above 10 K/cm. For the cell length used in this study

(220 mm), the maximum tolerable temperature gradient across the cell is thus 393.15 K.
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Figure 4: RSOC unit dynamic state results: (a) Cell, fuel, sweep air and interconnector temperatures; (b)
Temperatures across cell length; (c) Air sweep flow effect on cell temperature; (d) Operating cell voltage.

The air sweep effect has been also studied in order to define the suitable air flow for the thermoneural operation.
As shown in Figure 4(c), by increasing the sweep air, the cell temperature decreases. Indeed, the velocity in air
side increases, therefore, the air channel temperature decreases due to heat advection increase. Thus, the cell
temperature decreases by convection. Based on this result and for thermoneural operation, the air sweep flow
has been set at a value of 10 mol/s.

3.2 Electrochemical behavior

Figure 4(d) illustrates the voltage evolution as a function of time. The operating voltage increases
instantaneously (0.5 s) and significantly due to ohmic and activation overvoltages (Eq(1)) and particularly the
Nernst voltage which increases when the temperature decreases. Indeed, as shown in Figure 4(a), in about half
a second, the temperature decreases because of the endothermic reactions. Then, the operating voltage slightly
decreases before reaching steady state after 4.2 min.

4. Conclusions

In order to study the dynamic behavior of the RSOC in the 10 MW Power-to-Gas storage unit, a 1D static-
dynamic model was developed using Matlab. Firstly, the cell model was validated with available experimental
data in steady state. It was demonstrated that the model can predict the RSOC performance under different
operating conditions. Then, it was scaled up to a stack by considering a repetition of unit cell and adding the
ASR for precise operating voltage calculation. The studied system is fed by a composition of 68.7 % H:0, 6.3
% H2, 23 % CO2 and 2 % CO in order to produce a syngas with H2:CO ratio of 3 which is suitable for CO
methanation reaction (De Saint Jean et al., 2015). The dynamic results showed that the cell has a low thermal
diffusivity which requires a significant gap between the endothermic reaction enthalpy and the applied power to
change the temperature. Because of its thermal inertia, the cell absorbs heat and leads to a temperature peak
in transient state. This information is crucial to prevent cell deterioration and a steady state model would not be
enough to demonstrate this behavior.
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The operating voltage and concentrations reach the steady state instantaneously (0.5 s) while the cell
temperature requires more time (around 5 min). In order to avoid the cell deterioration caused by the
temperature gradient across the cell length, the evolution of the temperature as function of the fractional cell
length has been studied. It was shown that the difference between inlet and outlet temperature should be below
393.15 K for the chosen length. In this work, the air sweep flow effect on the cell temperature analysis was also
presented to define the suitable sweep air flow for a thermoneutral operation. Indeed, due to the thermal
advection in the air channel, the cell temperature decreases by increasing the air sweep flow.
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