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Deliverable report

1 Executive Summary

1.1 Description of the deliverable content and purpose

This deliverable deals with detailed 3D and 1D/0D modelling of [ELCOGEN] cells and stacks.

1.2 Brief description of the state of the art and the innovation
breakthroughs

Numerical modeling of SOEC stacks is computationally expensive since it requires a multiphysics approach to
model interactions of various physics at different layers. Thus, a detailed 30-cell stack stationary run with a
conventional rectangular flow field design takes about 40 hours [1]. Considering coupling and interrelations of
transport equations of mass, momentum, species, charges, and heat at different layers of a single cell or repeating
unit makes their 3D simulations computationally expensive. Therefore, 3D models with simplifying assumptions
such as isothermal have been developed, or detailed multiphysics models have been applied to the 1D and 2D
models. The models at the cell and repeating unit scales are not good representatives of the stack performance as
the variations of the modeling variables along the height of the stack are missed in these models. In our recent
studies [2-4], we have been using a homogenization approach to make the stack-scale simulations of SOECs

feasible on typical computational workstations.

1.3 Corrective action (if relevant)

In the description of action, "0D and 3D stack modelling will be carried out to understand the SOE stack behaviour
under steady state operation as well as dynamic operation conditions with special focus on the heat management
and carbon formation prediction during co-electrolysis operation". However, based on the stack test results,
accelerated degradation on one of the repeating units was observed, it is speculated that the operation
condition/operation history may create mechanical stress on the stack, which eventually caused the loss of contact
area of the repeating unit. Therefore, instead of modelling of carbon deposition in co-electrolysis operation, large
efforts were made on mechanical modelling in order to understand the cause of the stress and provide input for
the stack design for final demonstration.

Moreover, although the initial plan of modelling of 15 cells stack (stacks tested at [DTU]), additional modelling
efforts have also been devoted to simulate the 39 cells large stack which will be used for final demonstration.

The obtention of all these modelling data has created a delay in the delivery of this report.

1.4 IPR issues (if relevant)

Not applicable.
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2 Introduction

Multiscale modelling of SOEC stacks provides insight in flow, species transport / conversion, current distribution,
heat distribution during SOEC steady-state and dynamic operation. In this task, 0D and 3D stack modelling will
be carried out to understand the SOE stack behaviour under steady state operation (at constant current) as well
as dynamic operation conditions (at different currents) with special focus on the heat management and stress

distribution.

3 3D stack multiphysics electrochemical modeling

A multiphysics model including transport equations of mass, momentum, species, charges, and heat is used. This
model has been developed and presented in [DTU]’s previous works [2-4]. In the model, a homogenization
approach is applied to the layered domains of the stack, which solves for the effective modeling variables over an
equivalent porous domain with effective modeling parameters and properties for each physics. The application
of this approach to the active area of the stack was introduced in [2]. The additions of the headers, sealing, and
manifolds to the model are presented in [3,4]. The 3D schematic of the modeling domain used for the {ELCOGEN]

stacks is shown in Figure 1.
End plate
Insulation
Current collector

Headers &
Manifolds

Active area

Figure 1: Schematic of the stack configuration. The modeling domain is the right half of the stack with symmetry boundary
condition on the middle surface in the x-direction
The homogenization approach that has been used in this stack-scale model is like the homogenization used for
the electrodes of a single cell, in which the transport equations are solved over an equivalent domain with
effective modeling variables instead of solving the equations on a detailed electrode geometry with all the phases
and pores. The homogenized stack model replaces the whole repeating unit with an equivalent domain. This
approach has been used by several research groups, e.g. in [5] for an SOFC stack and [6] for a polymer electrolyte
fuel cell stack, and European companies. In our recent work [3], we validated our stack-scale model against the

experimental data for the 18-cell FZ] Mark-F SOFC stack [7] under stationary operation.
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The transport governing equations that are solved at the stack scale to obtain the effective modeling variables are

given in Table 1, and the cell model equations used to evaluate the polarization characteristics of the cells are
listed in Table 2.

Table 1: Governing equations for the homogenized stack model

Description Transport equation Eq. #

Mass V- (pu) =Sy (1)

Darcy’s Law (homogenized domains): Vp = %uav
Momentum 2)
Navier-Stokes (manifolds): p(u. V)u = —Vp + uV?u

Species V- —pw; Z DyVw; |+ p(u-VIw; = §; (3)
J
Heat (pep) gt VT +V * (=kesiVT) = St (4)
Charge Ve(=aVWV+],) =S5 (5)
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Table 2: Cell model equations

Description Governing equation Eq. #
Cell VOltage [2] Veew = E — Nact,an — Nact,ca — Nconc,an ~ Nconc,ca — Nohm (6)
1/2
AG RT
oCvV [2] F==0 4 (ﬂoﬂz) )
PH,0Po

. . . 2F F

BV for the anode reaction rate [8] fan = {oandan,eff [exp (ﬁ nact’an> — exp (— RT nact‘an>] (8)
. 2F 2F

BV for the cathode reaction rate [9] ica = localca |€XP (ﬁ nact’ca> — exp (— T nact,ca)] )

. ] 003 04 18300
Anode exchange current density [10] ioan = 314 p % pii%o exp (— T) (10)

. ) 29200
Cathode exchange current density [11] igca = 2.14 x 105 p8‘2376 exp (— T ) (11)

1 +7RT£F" j
e
RT ZFDyzopHZO

Anode concentration overpotential [12]

= 12
nconc,an 2F n 1 _ RTLan ] ( )
\ 2FD; py, /
Cathod i ial [12 = RTl ! 13
athode concentration overpotential [12] Neone,ca = aF n ~ RTh, ] (13)
4F D¢ po,

on; = 3.27 X 10% — 1065.3T

) 4.2 x 107 1150
Ohmic overpotential [13] Nohm = j j;{ Ousm = €XP (_ ) (14)

¢ . 10300
Oysz = 6.25 X 10* exp (— T )

3.1 Fuel cell operation mode

This section presents the modeling results for the 15- and 39-cell stacks under the fuel cell operation mode. The

operating conditions are listed in Table 3.
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Table 3: Operating conditions for the 15- and 39-cell stacks under the SOFC operation mode

Parameter Value, 15-cell stack Value, 39-cell stack Description
Pop 1 atm 1 atm Operating pressure
T; 703.5 °C 613 °C Inflow temperature
Trurnace 703.5 °C 613 °C Furnace temperature
Qin fuet 15.5 nlpm 40 nlpm Fuel inlet flow rate
Qinair 33 nlpm 86 nlpm Air inlet flow rate
XH,,in 0.494 0.498 Hydrogen mole fraction at the fuel inlet
XN, ,in, fuel 0.5 0.5 Nitrogen mole fraction at the fuel inlet
X0,,in 0.21 0.21 Oxygen mole fraction at the air inlet

3.1.1 Model validation

Figure 2 shows the comparisons of the polarization curves and temperatures at the center of the stack from the
experimental data and simulations for the 15- and 39-cell stacks under fuel cell operation mode. A good match is
seen for the polarization curves (IVs), which is done through a correcting coefficient for the triple phase
boundaries (TPBs) of the anode and cathode electrodes. This modification is necessary to match the experimental
and simulated I'Vs since the cell parameters are from the literature(see references given in Table 2), which would
be different for the [ELCOGEN] cells used in these stacks.

Under the fuel cell operation mode, the overall reaction is exothermic, and so its heat source adds up with the
ohmic heat sources from the overpotentials. Therefore, a monotonous increase in temperature with the load
current is expected for the SOFC operation mode, as shown in Figure 2. The model predicts the temperature
evolution with the load current as well, but there are deviations between the experimental and simulation values.
The reason for such differences would be the simplifications used in the homogenized stack model. However,
there are other reasons such as: 1) the furnace temperature is fixed in the simulations since during the stack
testing phase the furnace setting point was fixed. and 2) a steady state is considered for each operating load
current in simulations while the experimental data do not show a stationary operation (especially at the beginning
for lower load currents) due to a high load current rate of 1 A/min used in the experiments, which could lead to
delay in temperature change due to the low heat transfer rate compared with the current ramp rate. As an
additional information, in real conditions we can lower the temperature of the furnace to maintain the same
temperature as the setting point, in the experiments under the SOFC operation mode, to counteract the

exothermicity of the reaction.
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Figure 2: Comparisons of the polarization curves and temperatures at the center of the stack from the experimental data and
simulations for (a) 15-cell stack and (b) 39-cell stack under fuel cell operation mode

3.1.2 Species distribution

Figure 3 shows the distributions of the hydrogen mole fraction for the 15- and 39-cell stacks at the load current
of 30 A. The hydrogen mole fraction drops from the inlet, at the front of the stack, to the outlet, at the back of
the stack, due to the hydrogen consumption over the active area under the SOFC operation mode. Since the
effective fuel flow rate per cell is almost the same for both stacks, as given in Table 3, their minimum hydrogen
mole fraction is very close. Moreover, it should be noted that thanks to the novel header design in these stacks,

the hydrogen mole fraction is almost uniform across the stack in the x-direction.
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Figure 3: Distributions of the hydrogen mole fraction for (a) 15-cell stack and (b) 39-cell stack at the load current of 30 A

Figure 4 shows the distributions of the oxygen mole fraction for the 15- and 39-cell stacks at the load current of

30 A. The oxygen mole fraction drops from the inlet, at the front of the stack, to the outlet, at the back of the

stack, due to the oxygen consumption over the active area under the SOFC operation mode. Since the effective

air flow rate per cell is almost the same for both stacks, as given in Table 3, their minimum oxygen mole fraction

is very close. Moreover, it should be noted that thanks to the novel header design in these stacks, the oxygen

mole fraction is almost uniform across the stack in the x-direction. Nonetheless, the side air channel between the

active area and the side part, which is used for better heat transfer inside the stack, leads to an air flow skipping

the active area and flowing directly from the inlet to the outlet.

(a) Neey =15 Xo

2

A021

0.2

0.19

Figure 4: Distributions of the oxygen mole fraction for (a) 15-cell stack and (b) 39-cell stack at the load current of 30 A

Version: VF

Dissemination level: Public

11



H2020 Grant Agreement N° 838014 — C2FUEL ()
Deliverable 2.7 Multiscale modelling results
& C2FUEL

3.1.3 Temperature distribution

Figure 5 shows the distributions of the temperature over the whole stack for the 15- and 39-cell stacks at the load
current of 30 A. As mentioned in Section 3.1.1, the heat sources from the overall reaction and overpotentials add
up under the SOFC operation mode, resulting in a temperature increase from the inlet to the outlet. It should be
mentioned that the thermal boundary conditions over the outer boundaries of the stacks are defined as radiation
with ambient at the furnace temperature and convection with air at the furnace temperature. This is why the
temperature is not uniform over the outer boundaries of the stacks and is a bit higher for the current collectors'
boundaries. A higher temperature increase is seen for the 39-cell stack than for the 15-cell stack, while the
effective fuel and air flow rates per cell are almost the same for both stacks. The reason is the lower temperature
level for the 39-cell stack, which leads to higher overpotentials and so enhances their corresponding heat sources.
@  New=15 T (°C) (0)  New=39 T (°C)
A 750 A 689
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Figure 5: Distributions of the temperature for (a) 15-cell stack and (b) 39-cell stack at the load current of 30 A

v x v 701

3.1.4 ASR distribution

Figure 6 shows the distributions of the area specific resistance (ASR) for the 15- and 39-cell stacks at the load
current of 30 A. The ASR is higher/lower at the inlet/outlet of the active area due to lower/higher temperatures
at the inlet and outlet, respectively, as shown in Figure 5. Moreover, a higher ASR level is seen for the 39-cell

stack compared to the 15-cell stack due to its lower temperature level.
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Figure 6: Distributions of the ASR for (a) 15-cell stack and (b) 39-cell stack at the load current of 30 A

3.1.5 Current density distribution

Figure 7 shows the distributions of the current density for the 15- and 39-cell stacks at the load current of 30 A.
For the 15-cell stack, the common trend of maximum/minimum current densities at the inlet/outlet of the active
area is seen. However, for the 39-cell stack, the maximum current density is shifted to the outlet of the active
area due to the dominant effect of the higher ASR for this stack. In addition, the higher ASR level for the 39-cell
stack makes its current density distribution more uniform compared to the 15-cell stack. Nonetheless, for higher
load currents with higher drops in the hydrogen concentration over the active area, the concentration effect gets
dominant over the ASR, and so the current density distribution changes to the expected trend with the maximum

at the inlet of the active area, as shown in Figure 8 for the load current of 131 A.
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Figure 7: Distributions of the current density for (a) 15-cell stack and (b) 39-cell stack at the load current of 30 A
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Figure 8: Distributions of the current density for (a) 15-cell stack and (b) 39-cell stack at the load current of 131 A

3.1.6 Pressure distribution

Figure 9 shows the distributions of the air and fuel pressures for the 15- and 39-cell stacks at the load current of
30 A. The flow boundary conditions are defined as the flow rate at the inlet, values given in Table 3, and the
outlet pressure is set to atmospheric pressure. It needs to be mentioned that the color bars show the gauge pressure.
Therefore, the maximum pressures at the inlets show the pressure drops along the stack for each flow field. Again,
thanks to the novel header design in these stacks, the pressures are almost uniform across the stacks in the x-

direction.
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Figure 9: Distributions of the air and fuel pressures for the 15-cell stack, (a) and (c), and 39-cell stack, (b) and (d), at the load
current of 30 A. The color bars show the gauge pressure values.

3.2 Electrolysis operation mode
This section presents the modeling results for the 15-cell stack under the electrolysis operation mode. The

operating conditions are listed in Table 4.
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Table 4: Operating conditions for the 15-cell stack under the SOEC operation mode

Parameter Value, 15-cell stack Description
Pop 1 atm Operating pressure
T; 699 °C Inflow temperature
Trurnace 699 °C Furnace temperature
Qin,fuet 11.72 nlpm Fuel inlet flow rate
Qinair 33 nlpm Air inlet flow rate
XH,in 0.115 Hydrogen mole fraction at the fuel inlet
Xo,in 0.21 Oxygen mole fraction at the air inlet

321 Model validation

Figure 10 shows the comparisons of the polarization curves and temperatures at the center of the stack from the
experimental data and simulations for the 15-cell stack under the electrolysis operation mode. The match
between the experimental and simulation IVs is not as good as the one for the SOFC operation mode, shown in
Figure 2, since the TPBs correcting factor optimized for the SOFC operation mode is used here as well. Still, a
decent match is seen between the IVs from the experiment and the simulation.

Under the electrolysis operation mode, the overall reaction is endothermic, and so its heat sink counteracts the
ohmic heat sources from the overpotentials. The heat sink from the overall reaction is dominant at lower load
currents, while the ohmic heat sources are dominant for higher load currents. Therefore, the temperature is
reduced with the load current for lower load currents, reaches a thermoneutral operating point at medium load
currents, and increases with the load current afterward. Again, like the SOFC operation mode, the model predicts
the temperature evolution with the load current well, but there are deviations between the experimental and
simulation values. However, there are other reasons such as: 1) the furnace temperature is fixed in the simulations
since during stack testing the furnace setting pointing was fixed. However, the real furnace temperature may be
lowered to maintain the same as setting point in the experiments under the SOFC operation mode due to the
exothermal reaction, and 2) a steady state is considered for each operating load current in simulations while the
experimental data do not show a stationary operation (especially at the beginning for lower load currents) due to
a high load current rate of 1 A/min used in the experiments, which could lead to delay in temperature change
due to the low heat transfer rate compared with the current rate .

Potential other reasons are the same as stated in.
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Figure 10: Comparisons of the polarization curves and temperatures at the center of the stack from the experimental data
and simulations for the 15-cell stack under the electrolysis operation mode

3.22 Species distribution

Figure 11 shows the distributions of the hydrogen and oxygen mole fractions for the 15-cell stack at the load
current density of -60.5 A. Hydrogen and oxygen mole fractions increase from the inlet, at the front of the stack,
to the outlet, at the back of the stack, due to their generation over the active area under the SOEC operation
mode. Again, it should be noted that thanks to the novel header design in this stack, the hydrogen and oxygen
mole fractions are almost uniform across the stack in the x-direction. However, the side air channel between the
active area and the side part, which is used for better heat transfer inside the stack, leads to an air flow skipping

the active area and flowing directly from the inlet to the outlet.
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Figure 11: Distributions of (a) hydrogen mole fraction and (b) oxygen mole fraction for the 15-cell stack at the load current
of -60.5 A

323 Temperature distribution

Figure 12 shows the temperature distribution over the whole stack for the 15-cell stack at the load current of -
60.5 A. As mentioned in Section 3.2.1, the heat sink from the overall reaction counteracts the heat sources from
the overpotentials under the SOEC operation mode. At low current densities, the heat sink from the overall
reaction is dominant over the heat sources from the overpotentials, so the temperature decreases from the inlet
to the outlet for current densities lower than the thermoneutral operating point. Figure 10 shows that the load
current of -60.5 A is lower than the thermoneutral operating point, so it has an overall endothermic trend, as
shown in Figure 12. It should be mentioned that the thermal boundary conditions over the outer boundaries of
the stack are defined as radiation with ambient at the furnace temperature and convection with air at the furnace
temperature. This is why the temperature is not uniform over the outer boundaries of the stacks and is a bit

higher for the current collectors' boundaries.
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Figure 12: Temperature distribution for the 15-cell stack at the load current of -60.5 A

324 ASR distribution

Figure 13 shows the ASR distribution for the 15-cell stack at the load current of -60.5 A. The ASR is lower/higher
at the inlet/outlet of the active area due to higher/lower temperatures at the inlet and outlet, respectively, as

shown in Figure 12.
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Figure 13: ASR distribution for the 15-cell stack at the load current of -60.5 A

3.25 Current density distribution

Figure 14 shows the current density distribution for the 15-cell stack at the load current of -60.5 A. The common

trend of maximum/minimum current densities magnitudes at the inlet/outlet of the active area is seen. The reason
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is the maximum amount of the fuel (/steam) and minimum ASR at the inlet of the active area. It should be noted
that for the operating conditions considered here, the ASR magnitude is not high enough to push the current
density away from the inlet like the case observed for the 39-cell under SOFC operation mode, shown in Figure

7.
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Figure 14: Current density distribution for the 15-cell stack at the load current of -60.5 A

3.2.6 Pressure distribution

Figure 15 shows the distributions of the air and fuel pressures for the 15-cell stack at the load current of -60.5 A.
The flow boundary conditions are defined as the flow rate at the inlet, values given in Table 4, and the outlet
pressure is set to atmospheric pressure. It needs to be mentioned that the colorbars show the gauge pressure.
Therefore, the maximum pressures at the inlets show the pressure drops along the stack for each flow field. Again,

thanks to the novel header design in this stack, the pressures are almost uniform across the stack in the x-direction.
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Figure 15: Distributions of (a) air pressure and (b) fuel pressure for the 15-cell stack at the load current of -60.5 A. The
colorbars show the gauge pressure values.

4 3D stack-scale Multiphysics mechanical modeling

In this section, a solid mechanics model is added to the multi-scale model presented in Section 3. A detailed
description of the solid mechanics' governing equations and their parameters calculations for the homogenized
stack model can be found in our previous works [2,4]. The solid mechanics model uses the temperature
distribution over the stack to evaluate the thermal stresses in addition to the stresses induced by an external load
over the stack. It should be noted that the stresses calculated by the model are the effective (/average) ones over
the whole homogenized domain. For detailed stress distributions over the cell layers, detailed sub-models with

external loading from the homogenized stresses are needed [4].

4.1 Fuel cell operation mode

This section presents the modeling results for the 15- and 39-cell stacks under the fuel cell operation mode. The

operating conditions are listed in Table 3.

4.1.1 15-cell stack

Figure 16 shows the distribution of the principal stresses over the whole stack and the active area for the 15-cell
stack at the load current density of 0.25 A/cm? Where Sigma 1 is the maximum principal stress, sigma 2 is the
intermediate principal stress, and sigma 3 is the least principal stress. For the whole stack, very high stresses
values are seen at the interfaces between different layers, which is due to numerical difficulties induced by the
properties changes between different layers. This is why the stress distributions for the active area, which is of
the most interest to us, are also shown. One can see that the higher temperature at the outlet of the active area
due to the SOFC operation mode, as discussed in Section 3.1.3, leads to compressive stresses over the stack

components.
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Figure 16: Distributions of the principal stresses over the whole stack (a, ¢, and e) and the active area (b, d, and f) for the 15-

cell stack at the load current density of 0.25 A/cm?
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Figure 17a-f shows the variations of the principal stresses maximums and minimums over the active area versus

the load current density for the 15-cell stack. The magnitudes of the maximum and minimum stresses increase
with the load current density, which is due to the higher temperature gradients over the active area for higher

load current densities, as shown in Figure 17g.
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Figure 17: Variations of the principal stresses maximum (a, ¢, and e) and minimum (b, d, and f) and the maximum and
minimum of the temperature (g) over the active area versus the load current density for the 15-cell stack
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4.1.2 39-cell stack

Figure 18 shows the distributions of the principal stresses over the whole stack and the active area for the 39-cell
stack at the load current density of 0.25 A/cm?. Again, very high stresses values are seen at the interfaces between
different layers for the whole stack, which is due to numerical difficulties induced by the properties changes
between different layers. This is why the stress distributions for the active area, which is of the most interest to
us, are also shown. One can see that the higher temperature at the outlet of the active area due to the SOFC

operation mode, as discussed in Section 3.1.3, leads to compressive stresses over the stack components.
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Figure 18: Distributions of the principal stresses over the whole stack (a, ¢, and e) and the active area (b, d, and f) for the 39-
cell stack at the load current density of 0.25 A/cm?

Figure 19a-f shows the variations of the principal stresses maximums and minimums over the active area versus

the load current density for the 39-cell stack. The magnitudes of the maximum and minimum stresses increase

with the load current density, which is due to the higher temperature gradients over the active area for higher

load current densities, as shown in Figure 19g. The unexpected drop in the third principal stress maximum at the

load current density of 0.5 A/cm?, shown in Figure 19e, could be due to the propagation of the singularity at the

interfaces to the active area, as shown in Figure 18f.
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Figure 19: Variations of the principal stresses maximum (a, ¢, and e) and minimum (b, d, and f) and the maximum and
minimum of the temperature (g) over the active area versus the load current density for the 39-cell stack
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4.2 Electrolysis operation mode

This section presents the modeling results for the 15- and 39-cell stacks under the electrolysis operation mode.

The operating conditions are listed in Table 5.
Table 5: Operating conditions for the 15- and 39-cell stacks under the SOEC operation mode

Parameter Value, 15-cell stack Value, 39-cell stack Description
Pop 1 atm 1 atm Operating pressure
T; 699 °C 699 °C Inflow temperature
Trurnace 699 °C 699 °C Furnace temperature
Qin fuel 11.72 nlpm 40 nlpm Fuel inlet flow rate
Qinair 33 nlpm 86 nlpm Air inlet flow rate
XH,,in 0.115 0.115 Hydrogen mole fraction at the fuel inlet
X0,in 0.21 0.21 Oxygen mole fraction at the air inlet

421 15-cell stack

Figure 20 shows the distributions of the principal stresses over the whole stack and the active area for the 15-cell
stack at the load current density of -0.25 A/cm?. For the whole stack, very high stresses values are seen at the
interfaces between different layers, which is due to numerical difficulties induced by the properties changes
between different layers. This is why the stress distributions for the active area, which is of the most interest to
us, are also shown. One can see that the lower temperature at the outlet of the active area due to the SOEC

operation mode, as discussed in Section 3.2.3, leads to tensile stresses over the stack components.
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Figure 20: Distributions of the principal stresses over the whole stack (a, ¢, and e) and the active area (b, d, and f) for the 15-
cell stack at the load current density of -0.25 A/cm?
Figure 21a-f shows the variations of the principal stresses maximums and minimums over the active area versus
the load current density for the 15-cell stack. The magnitudes of the maximum and minimum stresses increase
with the load current density magnitude from -0.25 to -0.5 A/cm?, which is due to the higher temperature
gradient over the active area as shown in Figure 21g, and they reduce afterward, which is due to the lower
temperature gradients over the active area for higher load current densities, as shown in Figure 21g. Moreover,
Figure 21g indicates that the stack gets into the exothermic regime for the load current density of -1 A/cm?. This
change in the thermal mode of the stack could be the reason for the trend change of the minimums of the first
and second principal stresses between the load current densities of -0.75 and -1 A/cm?, as shown in Figure 21b

and Figure 21d.
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Figure 21: Variations of the principal stresses maximum (a, ¢, and e) and minimum (b, d, and f) and the maximum and
minimum of the temperature (g) over the active area versus the load current density for the 15-cell stack
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Figure 22 shows the distribution of the principal stresses over the whole stack and the active area for the 39-cell

422 39-cell stack

stack at the load current density of -0.25 A/cm?. Again, very high stress values are seen at the interfaces between
different layers for the whole stack, which is due to numerical difficulties induced by the properties changes
between different layers. This is why the stress distributions for the active area, which is of the most interest to
us, are also shown. One can see that the lower temperature at the outlet of the active area due to the SOEC

operation mode, as discussed in Section 3.2.3, leads to tensile stresses over the stack components.
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Figure 22: Distributions of the principal stresses over the whole stack (a, ¢, and e) and the active area (b, d, and f) for the 39-
cell stack at the load current density of -0.25 A/cm?
Figure 23a-f shows the variations of the principal stresses maximums and minimums over the active area versus
the load current density for the 39-cell stack. The magnitudes of the maximum and minimum stresses increase
with the load current density magnitude from -0.25 to -0.5 A/cm? which is due to the higher temperature
gradient over the active area as shown in Figure 23g, and they reduce afterward, which is due to the lower
temperature gradients over the active area for higher load current densities, as shown in Figure 23g. Moreover,
Figure 23g indicates that the stack gets into the exothermic regime for the load current density of -1 A/cm? Here,
the temperature gradient under the exothermic regime is not as high as the one for the 15-cell stack, so changes
in all the maximums and minimums of the principal stresses with the load current density are monotonous for

this 39-cell stack.
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Figure 23: Variations of the principal stresses maximum (a, ¢, and e) and minimum (b, d, and f) and the maximum and
minimum of the temperature (g) over the active area versus the load current density for the 39-cell stack
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5 0D and %D cell models

Table 6 lists the governing equations used for the cell model. The cell voltage is defined as the reversible cell
voltage minus the sum of overpotentials, Eq. (15). Butler-Volmer (BV) equation, Eq. (18), is used to determine
the activation overpotentials. Exchange current densities are defined by Arrhenius-type equations multiplied by
the ratios of the species partial pressures and reference pressure, Eqgs. (19) and (20). The concentration
overpotentials are determined based on the mole fractions of the species at the electrodes/interconnect and
electrode/electrolyte interfaces, Egs. (21) and (22). The ohmic overpotential is assumed to follow an Arrhenius-
type equation, Eq. (23).

Table 6: Cell model equations

Description Governing equation Eq. #
Cell VOltage [2] Veeu = Eeq - (T’act an T Nact,ca + Nconc,an + Nconc,ca + nohm) (15)
AG RT
Open-circuit voltage (OCV) [2] Eoq=—+—=In(——= P, P3; (16)
nF  nF “pyo Pref
Gibbs free energy [14] AG = —0.0031T? — 49119T + 244778 17)
nFT] t.an/
= ]O,an/ca [exp( — Qan/ca a};Tan CU-) —exp(—(1
Butler-Volmer (BV) [12] (18)
nFnact,an/ca
- aan/ca) T)
po,\" _ —E
Anode exchange current density [12] Joan = Yan < O > exp(ﬂ) 19)
’ Dref RT
Cathode exchange current density Pu PH.o b —Eqctea
Joca =Vea < : > (— ) exp(— ) (20)
[12] pref pref RT
Anode concentration overpotential 05
Nconc,an = ln(( ) ) (21)
[15]
Cathode concentration overpotential X, xgz
Nconc,ca = l ( ) (22)
[15] tzo
. . _ T Eact,ohm
Ohmic overpotential [12] Nowm = ] =—— exp(—————) (23)
Bonm RT
Ny x,N; —x1N, 1 kp
Deff+ DT =—ﬁ(pl7x1+x1|7p+x1Vp)De—ffH (24)
Dusty-gas model (DGM) fluxes [16] 1K 12 1K
N,  x1N, —x,N; 1 V%, + 2,7 + 2,7p) kp (25)
= o PVXy T XoVD T XoVD) — 7
A RT Do u
) o o D — 0.00143 T*75 M= 2
Binary diffusion coefficient [17] ij = PMin's(Vil/3 n ‘61/3)2 s My = 7Mi_1 n Mj_1 (26)
d
Knudsen diffusion coefficient [14] Dy = =2 SRT (27)
3 T[Mi
. . . . . eff.an/ca _ ; an/ca nan/ca
Effective diffusion coefficient D; i =kp, r D;. (28)
Inlet molar flow rate Nin = Qin RiT (29)
Species molar flow rate at the inlet Tini/j = Xini/j Tin (30)
Species molar flow rate at the outlet Noutifj = Nini/j + Mreact,i/j (31)
Species mole fraction at the outlet Xout,ifj = outl] (32)

nout i + nout}
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In equations (21) and (22), superscripts I and 0 represent the locations of the species at the electrode/electrolyte

and the electrode/interconnect interface, respectively. Mole fractions of the species at the electrode/interconnect
interface are set to their values at the inlet and outlet. Still, species mole fractions at the electrode/electrolyte
interface need to be determined. The dusty-gas model (DGM) is used to model species transport between the
electrode surface and electrode/electrolyte interface. A modified version of the DGM with independent molar
fluxes for a binary gas is used, Eqs. (24) and (25). By equating these fluxes to the ones for the species
consumed/generated at the reaction sites, which is given by Faraday's Law of reactions as j/nF, mole fractions of
the species at the electrode-electrolyte interfaces are calculated. These values are substituted in equations (21)
and (22) to calculate the concentration overpotentials.

The common Bruggemen correction used to modify the diffusion coefficients in porous media, e.g. [14], is not
considered. Instead, a single coefficient is used to modify the diffusion coefficients in each side of the cell to
reduce the number of unknowns from 4 (porosities and tortuosities for both sides) to 2, Eq. (28).

For the 0D model, the species concentrations are fixed and set to their values at the inlets, as shown in Figure 24.
However, species distributions over the active area affect the OCV and activation and concentration
overpotentials. To add the effect of the species variations over the active area, the OCV and activation and
concentration overpotentials are calculated at the inlet and outlet, and their averages are used for the cell voltage
calculation, Eq. (15). The species composition is known at the inlet but not at the outlet, which can be determined
through species conservation based on their inlet conditions and reactions, as shown in Egs. (29)-(32). We call

this cell model a 2D model, shown in Figure 24, with the species concentrations known at the inlet and outlet.
0D model

Inlet

%D model

»

Tnlet Outlet

Jav

v

Figure 24: 0D and %2D cell models

The %D cell model is used to evaluate its polarization characteristic (IV). MATLAB is used to fit the model to the
measured polarization curves and identify a set of material parameters for the cell model. Load current densities
are considered as knowns/inputs to solve for their corresponding cell voltages. Calculating the ohmic and
concentration overpotentials is straightforward as they are explicit functions of the current density. Since the
activation overpotentials are implicit functions of the current density, Eq. (18), the "fsolve" function is used to

solve for them through solving a system of nonlinear equations with two equations and two unknowns.

5.1 Optimization

The governing equations presented in the previous section have 13 free parameters, given in Table 7, which can

be adjusted by fitting the model polarization curves to the experimental ones. The genetic algorithm with a
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population size of 10 is used to find the optimum values of the parameters that minimize the errors between the

cell voltages from the model and the experimental data:

Noc

2
for = Z Z(Vcell,sim - cell.exp) )

i=1 k=1

Here, f,}, is the objective function, n,. and n; are numbers of operating conditions and load current densities,
respectively, and abbreviations exp and sim denote the experimental and simulation data, respectively. Operating
conditions are given in Figure 25. 50 load current densities between the maximum and minimum current
densities given in Figure 25 are used. It should be noted that the experimental data are interpolated over these
current densities so that we have the same operating points as the ones used in the simulation for calculating the
error between the experimental and simulation data, Eq. (33).

Table 7: Optimum values of the fitting parameters from GA

Parameter Value Description
Yo.an 1948768.2217 A m2 K1 Constant of the prefactor used for the anode exchange current density
Yo.ca 783710175.4735 A m?2 K'! Constant of the prefactor used for the cathode exchange current density
Eqctan 106538.3827 ] mol! Activation energy used for the anode exchange current density
Eqctea 51226.2659 ] mol! Activation energy used for the cathode exchange current density
QAan 0.56011 Charge transfer coefficient of the anode reaction
Aeq 0.672 Charge transfer coefficient of the cathode reaction
Power of the oxygen partial pressure used for the anode exchange current
m 0.19623
density
Power of the hydrogen partial pressure used for the cathode exchange
a -0.088749 )
current density
b 0.38112 Power of the steam partial pressure used for the cathode exchange current
. density
an Correction factor for the diffusion coefficients of the species in the anode
kperr 0.020009 .
porous media
ca Correction factor for the diffusion coefficients of the species in the
kbers 0.020009

cathode porous media

7294098713342.129 SK m?
Bonm Material-specific constant used for the ohmic overpotential
58246647010731.87 SK m?

. 92381.6634 J mol-! o L or e oho .
ctivation ener use Or the ohmic overpotentia
act.onm 105788.1144 ] mol ! & P

Table 7 lists the optimum values of the fitting parameters evaluated by the genetic algorithm for the [ELCOGEN]
cells. Figure 25 compares the polarization curves from the experimental data and the %D cell model for the
optimum values of the fitting parameters given in Table 7. A good match is seen between the polarization curves

for all operating conditions.
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Figure 25: Comparisons of the polarization curves from the experimental data (exp.) and the %2D model (sim.) with the fitted
parameters given in Table 7

5.2 Activation overpotentials vs current

Figure 26 shows the activation overpotentials from the 2D cell model for the optimum values of the fitting
parameters given in Table 7. The common trends of higher activation overpotentials for higher load current

densities and lower temperatures are seen.
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Figure 26: Activation overpotentials from the %D model (sim.) with the fitted parameters given in Table 7

5.3 Ohmic overpotentials vs current

Figure 27 shows the ohmic overpotentials from the %D cell model for the optimum values of the fitting
parameters given in Table 7. The common trends of higher ohmic overpotentials for higher load current densities
and lower temperatures are seen. It is expected that the ohmic overpotential is not a function of the species
concentrations. However, Figure 27 shows two different slops for the ohmic overpotentials under each operating
temperature. It should be mentioned that these different slops were due to the various Ohmic fitting parameters
from different cell test results, where different Ohmic resistance were observed, and this is also the reason for

two different ohmic parameter sets given in Table 7.
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Figure 27: Ohmic overpotentials from the ¥2D model (sim.) with the fitted parameters given in Table 7

5.4 Concentration overpotentials vs current

Figure 28 shows the concentration overpotentials from the %2D cell model for the optimum values of the fitting

parameters given in Table 7. The common trends of higher concentration overpotentials for higher load current

densities and lower concentration overpotentials for the 50/50 concentrations of the hydrogen/steam are seen.

0.02 T T T T T T

0.0151

0.01r

0.005
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-0.005}

-0.01r
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sim. =T =700°C — air — xp,0 =0.5
sim. — T = 700°C — Og — Xm0 = 0.5
= = = = sim. — T = 750°C — air — xy,0 = 0.2
- === gim —T=T50°C — Oy —xg,0 =02
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Figure 28: Concentration overpotentials from the ¥2D model (sim.) with the fitted parameters given in Table 7
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6 1D cell model

The 1D cell model divides the cell along the flow to a certain number of elements, as shown in Figure 29. The

species conservation is applied to the inlet and outlet of each element, starting from the first element at the inlet
and proceeding to the last one at the outlet. Evaluating the species concentrations on the out node of each element
is similar to what is done in the ¥2D model for evaluating the outlet species concentrations based on their inlet

conditions and reactions, as given in Egs. (29)-(32).

L J1 Ja Jn .

Inlet Outlet
Figure 29: 1D cell model

Figure 30 shows the comparisons of the polarization curves from the experimental data and the 1D cell model for
the optimum values of the fitting parameters given in Table 7. A good match is seen between the simulation and
experimental polarization curves, which indicates that the parameters from the optimization with the 2D model
are reliable. Nonetheless, there are slight deviations between the polarization curves for higher current densities
under the SOEC operation mode. Therefore, the fitting parameters from the ¥2D model are not much accurate
for evaluating the cell characteristic under high current densities where the concentration overpotentials are

dominant.

1.3 T T T T T

Q exp.—T =T750°C — air — xy,0 = 0.5
12F — i, — T = 750°C — air — zp,0 = 0.5 |

111

I/:%:frf (V)
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0.7 1 1 1 1 1
-1.5 -1 -0.5 0 0.5 1 1.5
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Figure 30: Comparisons of the polarization curves from the experimental data (exp.) and the 1D model (sim.) with the fitted
parameters given in Table 7

6.1 Modelling variables distributions

Figure 31 shows the distributions of the current density, OCV, activation and concentration overpotentials, and
hydrogen and oxygen mole fractions along the cell (x-axis) from the inlet to the outlet for the operating conditions

given in Figure 30 and the fitting parameters given in Table 7. The distributions are given at the load current
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densities of 0.5, 1, and 1.5 A/cm? under both SOFC and SOEC operation modes. In addition to capturing the

common trends for the modeling variables distributions, the 1D cell model also predicts their nonlinearities under
high current densities.

As expected, the maximum/minimum current densities are located at the inlet/outlet of the cell, and their
gradients and nonlinearities get higher for higher load current densities, as shown in Figure 31a. The same trends
are seen for the activation overpotential since it is proportional to the current density as indicated by the BV
equation (18) and shown in Figure 31c. OCV increases/decreases along the cell under the SOEC/SOFC operation
modes, as illustrated in Figure 31b, due to the species conversions along the cell. The concentration overpotential
increases exponentially under the high load current density and at the end of the cell with the lowest species
concentration, as shown in Figure 31d. Hydrogen and oxygen mole fractions are increasing/decreasing along the

cell under the SOEC/SOFC operation modes, as indicated in Figure 31e and Figure 31f.
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Figure 31: 1D cell model results: distributions of the current density (a), OCV (b), activation overpotential (c), concentration
overpotential (d), hydrogen mole fraction (e), and oxygen mole fraction (f) along the flow direction (x-axis) from the inlet to
the outlet for the operating conditions given in Figure 30 and the fitted parameters given in Table 7
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7 Conclusion

In this work, electrochemical and mechanical model with specific parameter inputs from [ELCOGEN] were
developed and validated with both cell and stack test results by [DTU]. Electrochemical modelling results show
that [ELCOGEN] stack has very homogenized gas distribution and low pressure drop on both fuel and air side. In
SOFC mode, higher temperature can be seen at the outlet of the fuel gas direction resulted in a lower ASR values
at the outlet than inlet. However due to the higher H> concentration at the fuel inlet, higher current density is
expected at the inlet than outlet. While in SOEC mode, lower temperature is expected at the outlet of the fuel
stream when operating at below thermoneutral voltage, which resulted in a higher ASR at the outlet than inlet,
meanwhile the high steam concentration at the inlet caused higher current at the inlet than outlet. Mechanical
model reveals that in SOFC operation mode, compressive stress is expected due to the exothermal process caused
while in SOEC mode, tensile stress over the stack components is expected due to the endothermal process.
Dynamic current modelling shows that in SOEC mode, with the increase of current density, the tensile stress
firstly increases and decreases afterwards, highest tensile stress taking place at -0.5A/cm?. Reducing the external
compression force during stack testing may help to reduce the tensile stress on the stack component. Following
this helpful uptake, some modifications on the stack testing procedure have been discussed with [ELCOGEN],
such as increasing the current ramping steps. This will enable to minimize the temperature change and therefore
lowering the stress on the stack and will be implemented in the next stack test in the C2FUEL project. Results
will be reported in Deliverable D2.9. Furthermore 0D modelling reveals a large uneven distribution of current
density especially when operated at high current densities, which is in good agreement with experimental
microstructure analysis, showing more severe microstructure change at the steam inlet of the fuel electrode than
outlet [18]. Based on this work, the recommendation is to decrease the operating current density of the
electrolyser. However, in the frame of the demonstrator, it is already fixed to reach the objective of 1 Nm3/h of
H> production. This valuable information will therefore be exploited in the techno-economic analysis, where a

trade-off between efficiency and durability of the stack will be discussed.
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