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ABSTRACT 
Solid oxide electrolysis is a promising technology for 

green hydrogen production. However, its wide thermal 
operating range, spanning endothermic, thermoneutral, 
and exothermic regimes, poses significant challenges for 
thermal management, particularly during load-following 
operations. Insufficient control of temperature and 
thermal gradients can result in substantial thermal 
stresses, leading to reduced durability and, in severe 
cases, cracking or failure of cells and stacks. 

This work investigates the thermal performance of 
counter-flow and co-flow solid oxide electrolysis cells. A 
dynamic multi-physics model is developed to simulate 
coupled electrochemical, thermal, and fluid-flow 
behaviors. A model predictive control strategy, 
regulating both cathode and anode flows, is 
implemented for active thermal control of solid oxide 
electrolysis cells. The performance of the model 
predictive control strategy is compared to that of a 
traditional proportional–integral controller. The results 
demonstrate that the proposed control strategy 
outperforms the traditional proportional–integral  
controller. It effectively maintains the cell temperature 
at the target value of 800 °C while keeping the maximum 
thermal gradient across the cell at a moderate level, 
limited to 6 °C/cm for both co-flow and counter-flow 
configurations. 
 
Keywords: hydrogen, solid oxide electrolysis, thermal 
management, load following, model predictive control. 

NONMENCLATURE 

Abbreviations  
 SOEC Solid Oxide Electrolysis Cells 
 MPC Model Predictive Control 
 PI Proportional-integral 
 PRBS Pseudo-Random Binary Sequence 
 1D One Dimensional  
 SRU Single Repeating Unit 

 
# This is a paper for the 17th International Conference on Applied Energy (ICAE2025), December 8-12, 2025, Bangkok, Thailand. 

 SLPM Standard Liter Per Minute 

Symbols  
 A Heat transfer area (m²) 
 C Gas concentration (mol·m⁻³) 
 D Diffusion coefficient (m²·s⁻¹) 
 h Convective heat transfer coefficient 

(W·m⁻²·K⁻¹) 
 q Heat generation rate (W·m⁻³) 
 r Reaction rate (mol·m⁻³·s⁻¹) 
 T Temperature (K) 
 t Time (s) 
 U Flow velocity (m·s⁻¹) 
 V Cell (node) volume (m³) 
 η Electrochemical overpotential (V) 
 λ Thermal conductivity (W·m⁻¹·K⁻¹) 

Subscripts  
 an Anode 
 cat Cathode 
 con Concentration 
 i Current density 
 ohm Ohmic 
 PEN Positive electrode–electrolyte–negative 

electrode (cell assembly) 
 s Solid phase 
 x Spatial coordinate 
 an Anode 

1. INTRODUCTION 
Solid oxide electrolysis cell (SOEC), operating at high 

temperatures from 500 – 900 °C, offers higher electricity-
to-hydrogen conversion efficiencies compared to other 
electrolysis technologies [1][2] Because of their high 
operating temperatures, SOECs can function in three 
distinct thermal regimes: endothermic, thermoneutral, 
and exothermic, creating opportunities for thermal 
integration, particularly when waste heat is accessible 
[3][4]. However, the operating range spanning three 
different thermal conditions presents a challenge for the 
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thermal management, particularly during load-following 
operation [5].  

Air flow control is a widely used approach for SOEC 
thermal management, which is practical and cost-
effective [5]. However, thermal management of SOECs 
with air flow control comes with certain limitations. The 
low heat capacity of air may necessitate a large flow rate 
to regulate cell temperatures; however, this is 
constrained by the mechanical limits of the cell structure 
[6] and can lead to increased compressor power 
consumption [7][8],  as well as a significantly longer 
thermal relaxation time [9]. 

Thermal management of SOECs often aims to 
maintain a constant operating temperature; however, 
the thermal gradient across the cell is also a critical 
parameter for ensuring safe operation [10]. Considering 
the aforementioned limitations of using solely air flow 
control and the need to manage both cell temperature 
and thermal gradients for safe operation, a novel model 
predictive control (MPC) strategy, regulating both 
cathode and anode flow, is proposed in this study for 
efficient thermal management of SOECs. The control 
strategy is also examined for both co-flow and counter-
flow SOEC configurations.  

2. SOEC MODEL 
A 1D dynamic model was developed in this study to 

investigate transient thermal performance of SOECs. The 
model was developed based on an anode-supported 
planar SOEC single repeating unit (SRU). The SRU is 
assumed to be located at the center of a large stack, 
thereby allowing the neglect of edge or boundary effects 
[11]. The modeling approach follows the methodology 
proposed by Zhang et al. [13], which was adapted and 
implemented in this work. Fig. 1 presents a schematic 
representation of the co-flow/counter-flow planar SOEC 
SRU. The geometric parameters used in the model are 
consistent with those reported by Zhang et al. [13]. 

 

Fig. 1. Schematic diagram of an SOEC SRU 

2.1 Electrochemical model 

Steam electrolysis is the primary reaction inside 
SOECs. The Nernst potential is the theoretical minimum 
voltage required by an SOEC to drive the steam 
electrolysis reaction. However, a higher voltage is 

required to overcome electrochemical losses in practical 
applications. The actual cell voltage can be calculated by 
the equation below: 

𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑁𝑒𝑟𝑛𝑠𝑡 + 𝜂𝑜ℎ𝑚 + 𝜂𝑐𝑜𝑛 + 𝜂𝑎𝑐𝑡    

Where 𝐸𝑁𝑒𝑟𝑛𝑠𝑡  is Nernst potential, which can be 
calculated by the equations below[14][15]: 

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 𝐸0,𝑐𝑒𝑙𝑙 +
 𝑅𝑇𝑃𝐸𝑁

2𝐹
ln(
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0.5

𝑥𝐻2𝑂
𝑐ℎ )    

𝐸0,𝑐𝑒𝑙𝑙 = 1.25 − 2.4516 ×  10−4  ×  𝑇𝑃𝐸𝑁 

𝜂𝑜ℎ𝑚 , 𝜂𝑎𝑐𝑡 , and 𝜂𝑐𝑜𝑛  are ohmic loss, activation 
loss, and concentration loss respectively, which are 
calculated by using the equation from Zhang et al. [13].  

2.2 Heat and mass transfer 

Heat transfer directly influences the temperature 
distribution inside SOECs, which in turn affects the 
reaction rates. Mass transfer in SOECs involved 
advection in the flow channels, and the diffusion across 
the electrolyte, electrode, and flow channels. Mass 
transfer also impacts the temperature distribution and 
the concentrations of reactants. To accurately simulate 
the transient performance of SOECs, heat and mass 
transfer are incorporated in the SOEC model by using the 
partial differential equations below. 

Mass and heat transfer in the anode channel: 

𝜕𝐶𝑖

𝜕𝑡
= 𝐷𝑖 ∙

𝜕2𝐶𝑖

𝜕𝑥2
− 𝑈𝑎𝑛 ∙

𝜕𝐶𝑖

𝜕𝑥
+ 𝑟𝑖 

𝐶𝑝,𝑎𝑛 ∙ 𝐶𝑎𝑛 ∙
𝜕𝑇𝑎𝑛

𝜕𝑡
= 𝜆𝑎𝑛 ∙

𝜕2𝑇𝑎𝑛

𝜕𝑥2
− 𝑈𝑎𝑛 ∙ 𝐶𝑝,𝑎𝑛 ∙ 𝐶𝑎𝑛 ∙

𝜕2𝑇𝑎𝑛

𝜕𝑥
 

+ ℎ𝑎𝑛 ∙ 𝐴𝑐𝑜𝑛𝑣,𝑎𝑛 ∙ (𝑇𝑠 − 𝑇𝑎𝑛) 

Mass and heat balance in the cathode channel: 

𝜕𝐶𝑖

𝜕𝑡
= 𝐷𝑖 ∙

𝜕2𝐶𝑖

𝜕𝑥2
− 𝑈𝑐𝑎𝑡 ∙

𝜕𝐶𝑖

𝜕𝑥
+ 𝑟𝑖  

𝐶𝑝,𝑐𝑎𝑡 ∙ 𝐶𝑐𝑎𝑡 ∙
𝜕𝑇𝑐𝑎𝑡

𝜕𝑡
= 𝜆𝑐𝑎𝑡 ∙

𝜕2𝑇𝑐𝑎𝑡

𝜕𝑥2
− 

𝑈𝑐𝑎𝑡 ∙ 𝐶𝑝,𝑐𝑎𝑡 ∙ 𝐶𝑐𝑎𝑡 ∙
𝜕2𝑇𝑐𝑎𝑡

𝜕𝑥
+ ℎ𝑐𝑎𝑡 ∙ 𝐴𝑐𝑜𝑛𝑣,𝑐𝑎𝑡 ∙ (𝑇𝑠 − 𝑇𝑐𝑎𝑡) 

Heat transfer in the solid region: 

𝜌𝑠 ∙ 𝐶𝑝,𝑠 ∙
𝜕𝑇𝑠

𝜕𝑡
= 𝜆𝑠 ∙

𝜕2𝑇𝑠

𝜕𝑥2
+

ℎ𝑐𝑎𝑡 ∙ 𝐴𝑐𝑜𝑛𝑣,𝑐𝑎𝑡 ∙ (𝑇𝑐𝑎𝑡 − 𝑇𝑠)

𝑉𝑠

 

+
ℎ𝑎𝑛 ∙ 𝐴𝑐𝑜𝑛𝑣,𝑎𝑛 ∙ (𝑇𝑎𝑛 − 𝑇𝑠)

𝑉𝑠

+  𝑞̇𝑔𝑒𝑛 + 𝑞̇ℎ𝑒𝑎𝑡𝑒𝑟  

2.3 Stack modeling 

To validate the model against the experimental data 
reported by Riedel et al.[14], a stack model comprising 
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10 SOEC cells was developed by thermally integrating 
single repeating units (SRUs) in MATLAB. A schematic 
illustration of the simulated stack is shown in Fig. 2. For 
computational efficiency, only the lower half of the stack 
(cells 1–5) was modeled, based on the assumption of 
symmetry in the temperature distribution along the 
vertical axis of the stack. A constant and uniformly 
distributed temperature of 800 °C was applied to the cell 
holder. 

 

Fig. 2. Schematic illustration of the simulated stack with 10 
SOEC SRUs. 

3. MODEL VALIDATION 

3.1 Steady state performance validation 

Model validation is performed by using 
experimental data from Riedel et al. [14]. Note that 
cathode gas composition was held constant at 90% H₂O 
and 10% H₂, while a steam utilization rate of 60% was 
kept by varying the steam flow rate. Air flow rate at the 
anode side is fixed at 1 standard liters per minute (SLPM) 
during the experiment. Fig. 3 presents the comparison 
between the simulation and experimental data under 
steady-state operating conditions.  

 

 
Fig. 3. Model predictions of cell voltage (a) and cell 

temperature (b) against experimental data under steady state 
operation. 

The maximum relative errors between the model 
predictions and experimental results are 3.5% for voltage 
and 0.3% for temperature, indicating a good agreement 
across the range of current densities. 

3.2 Dynamic performance validation 

The model was also validated under dynamic 
conditions using experimental data from Riedel et al. 
[14], obtained during a rapid current density ramp of 
1.96 × 10⁻³ A·cm⁻²·s⁻¹. During the dynamic loading 
experiment, the cathode gas flow was maintained 
constant, which was defined to get steam conversion 
rate of 60% at a current density of 0.8 A·cm⁻². An air flow 
rate of 10 SLPM was supplied to the anode side of the 
stack. The same operating conditions were applied to the 
model, and a comparison between the simulation and 
experimental results is presented in Fig. 4.   
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Fig. 4. Model predictions of cell voltage (a) and cell 
temperature (b) against experimental data under dynamic 

operation. 

As shown in Fig. 4, the model’s predictions for both 
cell voltage and temperature align well with the 
experimental data, with maximum prediction errors of 
2.7% and 0.3% for cell voltage and temperature, 
respectively. 

4. RESULTS AND DISCUSSION 
Due to the endothermic nature of the water splitting 

reaction and the heat generation from irreversible 
electrochemical losses, solid oxide electrolysis cells 
(SOECs) have three distinct operational modes regarding 
thermal conditions: endothermic, exothermic, and 
thermal neutral. Thermal performance of SOECs under 
the three operating modes could be very different, 
especially when following the load changes. 

4.1 Step response in endothermic mode (hot stand-by 
to 0.16 A · cm-2 current density) 

In this study, a SRU is simulated to represent the 
thermal and electrochemical performance of the entire 
SOEC stack. The average temperature of the SRU is used 
as a representative measure of the stack temperature. 
The thermal performance responding to load changes 
are examined for both co-flow and counter-flow 
configurations of SOECs. As shown in Fig. 5(a), a step 
increase in current density from 0 to 0.16 A·cm⁻² at 300 
s is applied to investigate the performance of SOECs 
when operating in the endothermic mode.  

 

 

 

Fig. 5. Load change (a), average cell temperature (b), and 
maximum thermal gradient (c) of SOEC SRU under 

endothermic operation. 

The cell temperature without control in place is 
presented in Fig. 5(b), which shows a significant drop 
(from 800 °C to 767 °C) for both counter-flow and co-flow 
configuration. Maximum thermal gradient across the 
SOEC is reported in Fig. 5(c). As presented, the thermal 
gradient of counter-flow (3.4 °C · cm-1) configuration is 
smaller than that of co-flow configuration (4.6 °C ·cm⁻1) 
at the steady state after the load change. 

4.2 Step response in exothermic mode (hot stand-by to 
0.55 A·cm⁻² current density) 
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To examine the performance of the SOEC in the 
exothermic mode, a step increase in current density from 
0 to 0.55 A·cm⁻² at 300 s is applied to the SOEC, as shown 
in Fig. 6(a).  

 

 

 

Fig. 6. Load change (a), average cell temperature (b), 
and maximum thermal gradient (c) of SOEC SRU under 

exothermic operation. 

Fig. 6(b) represents the cell temperature evolution 
responding to the step change in current load for both 
co-flow and counter-flow configurations. As shown, cell 
temperatures undergo a significant increase from 800 °C 

to around 835 °C for both co-flow and counter-flow 
configurations. Fig. 6(c) shows the maximum thermal 
gradient across the SOEC for both co-flow and counter-

flow configurations. Like the case in the endothermic 
mode, the thermal gradient of co-flow configuration 
(5.3°C · cm⁻1) is higher than that of the counter-flow 
configuration (4.9 °C ·cm⁻1). 

4.3 Control strategy and performance comparison 

The results in Section 4.1 and 4.2 indicate that active 
thermal management is essential for safe operation of 
SOECs when adapting load changes. In this study, a 
traditional PI controller and a MPC controller are 
implemented to maintain a constant cell temperature at 
800 °C. The PI controller adjusts only the anode air flow 
rate for thermal control, while the MPC controller 
regulated both cathode and anode flow for active 
thermal control. The air flow rate is also constrained, 
with a minimum of 1 SLPM to ensure effective removal 
of the oxygen produced, and a maximum of 10 SLPM 
based on mechanical limitations [7]. For the PI controller, 
the proportional and integral gains are determined by 
manual tuning.  

For the MPC controller, A Pseudo-Random Binary 
Sequence (PRBS) was applied to excite the relevant 
dynamics of the SOEC over a broad frequency range of 
anode and cathode flow rates. State-space models were 
then developed by using the data from the PRBS test. 
And system identification was performed using the 
MATLAB System Identification Toolbox to set up the MPC 
controller. As an example, the validation of the state-
space model developed at a 0.55 A·cm⁻² current density 
for the co-flow configuration is shown in Fig. 7. The R² 
values for cell temperature and maximum thermal 
gradient predictions are 0.95 and 0.86, respectively, 
indicating that the state-space model effectively 
captures the system dynamics under transient 
conditions. 
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Fig. 7. State space model prediction against validation data at 
to 0.55 A·cm⁻² current density for co-flow SOEC SRU. 

The setups of the PI and MPC controllers are 
summarized in Table 1. 

Table 1: The setup parameters of the PI and MPC controllers 

PI controller 

Proportional gain 0.01 

Integral gain 1e-5 

Manipulated parameter Air flow rate  

Controlled parameter Average cell 
temperature  

MPC controller  

Control interval, s 2 

Control horizon 10 (20 s) 

Prediction horizon 20 (40 s) 

Anode flow range, mol · s-1 (7.34e-4, 7.34e-3) 

Cathode flow range, mol · s-1 (4.78e-4 , 15.0-4) 

Weight on anode flow rate 0.01 

Weight on cathode flow rate 0.1 

Rate limit on anode flow rate, mol · s-1 (-5.0e-4 , 5.0e-4) 

Rate limit on anode flow rate, mol · s-1 (-5.0e-5 , 5.0e-5) 

Weight on cell temperature 1 

Weight on thermal gradient 0 

Manipulated parameter Air flow rate, and 
cathode flow rate  

Controlled parameter Average cell 
temperature  

4.3.1 PI controller and its performance 

To evaluate the performance of the PI controller, a 
step change in current density from 0 to 0.55 A·cm⁻² is 
applied at 300 s, following the same procedure described 
in Section 4.2. To prevent thermal shock at the SOEC 
inlet, the air inlet temperature is set to 775 °C, limiting 
the temperature difference between the air flow and the 
cell temperature at around 25 °C.  

 Fig. 8(a) indicates that, at an air inlet temperature 
of 775 °C, the PI controller cannot adequately maintain 
the cell temperature at 800 °C. This is mainly due to the 
constrained air flow rate below 10 SLPM (7.34e-3 mol · s-
1), as shown in Table 1. In addition, it was found that the 
maximum thermal gradient in the counter-flow 
configuration is higher than that in the co-flow 
configuration. Similar trends have been reported in Chen 
et al. [16] as well. 

 

 

Fig. 8. Average cell temperature (a) and maximum 
thermal gradient (b) of SOEC SRU with the PI controller. 

4.3.2 MPC controller and its performance 

The performance of the MPC controller is evaluated 
under the same step change in current density as that 
used for the PI controller. It should be noted that the 
inlet temperatures of both the anode and cathode 
streams are maintained at 775 °C in the MPC controller 
case. As presented in Fig. 9(a), the MPC controller, by 
regulating both cathode and anode flow rate, can 
effectively maintain the cell temperature at 800 °C. Fig. 
9(b) also shows the evolution of maximum thermal 
gradient of the cell for both co-flow and counter-flow 
configurations. Similar to the case of the PI controller, 
the maximum thermal gradient in the counter-flow 
configuration is higher than that in the co-flow 
configuration. It is obvious that, by comparing Fig. 8 and 
Fig. 9, the MPC controller successfully maintain the cell 
temperature at 800 °C with 775 °C inlet cathode and 
anode flow temperature, while keeping the thermal 
gradient at a moderate level (with a maximum of 6°C 
·cm⁻1). 
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Fig. 9. Average cell temperature (a) and maximum 
thermal gradient (b) of SOEC SRU with the MPC 

controller. 

5. RESULTS AND DISCUSSION 
In this work, a multi-physics one-dimensional 

dynamic model was developed to investigate the 
thermal performance of SOEC stacks under both co-flow 
and counter-flow configurations. A control strategy, by 
simultaneously regulating cathode and anode flow rates, 
was proposed for active thermal management of SOECs 
during load transitions.  

The analysis revealed that the counter-flow 
configuration does not necessarily outperform the co-
flow configuration in terms of thermal management, 
particularly when large flow rates are required for 
heating or cooling the SOEC. Furthermore, the 
performance of the proposed MPC controller was 
compared with a conventional PI controller. The results 
showed that the PI controller failed to maintain the 
target temperature because the maximum allowable air 
flow rate was limited by the mechanical constraints of 
the cell structure. In contrast, the MPC controller 
effectively maintained the desired cell temperature and 
limited the thermal gradients across the SOEC to 

moderate levels, ensuring improved thermal stability 
and operational safety. 

Please also note that the SOEC model is validated by 
using the experimental data from a co-flow SOEC. The 
counter flow simulation may need to be further validated 
if experimental data is available in the future. 
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