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Abstract 
 
The deployment of renewable energy systems has been increasing steadily in recent years. 
The intermittency associated with the renewable electricity supply can be addressed through 
the usage of energy storage and release systems. In this framework, reversible solid oxide 
cells (rSOC) integrated in power-to-gas-to-power systems can convert excess electricity into 
multiple useful fuels (solid oxide electrolysis (SOE) mode) and restitute it when its renewable 
production is too low (solid oxide fuel cell (SOFC) mode). To make rSOC competitive and 
durable, low degradation for the targeted lifetime must be achieved.  
 
In BALANCE project (H2020 GA no:731224), with the purpose of assessing the degradation 
of rSOC in both modes, a cyclic durability test as shown in the graphical abstract was 
conducted on a 5-cell short stack (100 cm2 active area each) designed by CEA, using H2-
electrode supported Ni-YSZ cells manufactured by DTU. The composition of the inlet gases 
was H2/N2:50/50 in SOFC mode and H2/H2O:20/80 in SOE mode. Steady-state initial 
performance revealed an improvement for all the repeatable units (RUs) in SOFC mode. In 
SOE mode, only RU 4 and 5 showed enhanced performance while RU1-3 degraded. 
Afterwards, J-V characteristic curves showed loss of performances in both modes all along 
the experiment. A distribution of relaxation time analysis performed on the electrochemical 
impedance spectra measured regularly throughout the test revealed that the oxide ion 
transport through the H2-electrode and the O2-electrode is responsible for the observed 
degradation, over the 1400 h test duration.  
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1 Introduction 
 
As we progress through the 21st century, climate change has led to extreme weather, with 
heat and cold waves setting record temperatures in different parts of the world [1–4]. A major 
step towards limiting the global temperature rise to 1.5 °C is the Paris Climate Agreement 
[5]. The deal has called for countries to declare Nationally Determined Contributions (NDC) 
towards emission cuts [6]. In this frame, the implementation of renewable energy systems 
could be promoted in the national energy mix of technologies.  
 
Due to intermittency of electricity production associated with the renewable sources, there 
is a strong requirement for the implementation of energy storage solutions. Energy storage 
systems have the potential to solve the demand and supply mismatch by transforming the 
excess of electricity during peak production and by discharging the stored energy during 
peak demand. A solution to the distribution of electricity, coupled with decarbonization, is 
the implementation of power-to-hydrogen-to-power systems [7]. The production of hydrogen 
is already mature and competitive with fossil fuels (mainly natural gas) at small and medium 
scales. The costs are set to drop further as the renewable electricity and electrolysis get 
cheaper [7,8]. 
 
The development of high efficiency reversible Solid Oxide Cells (rSOC) can offer a possible 
solution against curtailment of renewable electricity production. The excess electricity can 
be used to synthesize hydrogen. Various tests on rSOC stacks have been conducted to 
analyze efficiencies. For example, R. Peters et.al [9] performed long term tests on a 40-cell 
rSOC stack (4 x 10-cell stack) reaching a maximum fuel utilization of 97.3% in SOFC mode 
and steam conversion of 85% in SOE mode. 77 rapid switching cycles were performed 
revealing issues with the steam generation unit. The stack efficiencies improved with 
increasing fuel recirculation. Van Nhu Nguyen et. al [10] performed long-term steady-state 
degradation tests on a two-cell planar rSOC short stack with a lower fuel utilization of 45% 
in SOFC mode (4000 h, 750°C, 0.5 A cm-2, H2:H2O= 80:20) and 15% in SOE mode (2000h,  
800°C, - 0.875 A cm-2, H2:H2O = 1:1). The degradation was found to be 0.6 %kh-1 and ≈0 
%kh-1 in the SOFC and SOE modes, respectively. A review article on rSOC by M.B. 
Mogensen et.al [11] revealed that the challenges faced by the rSOC systems were 
degradation due to mechanical failures, nickel agglomeration/migration on the H2-electrode, 
segregation in the O2-electrode, loss of contact and electrode poisoning. 
 
Electrochemical impedance spectroscopy (EIS) is a non-destructive technique that is useful 
to study degradation in rSOC. EIS coupled with distribution of relaxation time (DRT) analysis 
helps to identify loss mechanisms and isolating the cause of degradation. There are no 
detailed degradation studies on rSOC for which DRT has been used. Since DRT is a 
comparative study, generally a sensitivity analysis is needed. However, as the composition 
of the cells used in this work were the same as reported in single cell tests done by Xiufu 
et.al [12,13], it is safe to carry out the analysis of DRT with the same assumptions on the 
peak attribution.  
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2 Experimental setup and methodology 
 
In this study we investigated a H2-electrode supported (Ni-YSZ) 5-cell rSOC short stack, for 
an experimental duration of 1400 hours. The rSOC short stack was designed and produced 
by CEA with cells manufactured by DTU. The integrated cells were planar having 10x10 cm2 

active surface area each. 
 

 
The H2-electrode reactant composition was 50:50 N2:H2 in SOFC mode and 20:80 H2:H2O 
in SOE mode. The total reactant flow rate was 10 l min-1 in both modes. At the O2-electrode 
a compressed air flow of 40 l min-1 was fed to the rSOC stack. The rSOC short stack was 
placed in an oven that is maintained at 700°C as shown in Figure 1. Mass flow controllers 
were used to set the gas composition in both modes and a water pump to control the amount 
of water fed to the evaporator (EBZ Gmbh). Air and reactant flows were preheated to 700°C, 
which were verified by thermocouples at the inlets.  The stack J-V characteristic and the EIS 
of each repeatable unit (RU) were measured every 7 to 8 cycles throughout the test. The 
EIS measurements were done at ±1A DC bias with 200 mA/1000 mA perturbation in 
SOFC/SOE modes.  
 
 

3 Results and Discussion 
 

 

The voltage of each RU is reported for the whole test duration in Figure 2. After the initial 
heat treatment of the rSOC short stack, initial J-V and EIS measurements were recorded, 
indicated as Step1 in Figure 2. The SOFC and SOE steady-state operations were performed 
with a bias of ±0.5 A/cm2. The duration of the steady state operations was 80 hours in SOFC 
mode and 120 hours in SOEC mode. Those initial steps were followed by 24-hour cycling 
of the rSOC short stack with 19 hours 20 min in SOFC mode and 3 hours in SOE mode. 
The remaining time was the transient between the two modes. Due to data acquisition 
issues, some of the cycles appear to be missing as indicated. Overall, we performed 34 or 
35 cycles during the test duration of almost 1400 hours.  

Figure 1: Schematic of the experimental setup used for rSOC test at EPFL.  

T – Thermocouple 
MFC – Mass flow controller 

RU 
RU 
RU 
RU 
RU 

https://epflch-my.sharepoint.com/personal/mathieu-n_istas_epfl_ch/Documents/NFS%20Presentation.pptx?web=1
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3.1. Steady-state degradation 

 

The steady-state voltage degradation rates were calculated between 10-85 hours in the 
SOFC mode and 189-308 hours in the SOE mode. The rates revealed improvement of 
performance in the SOFC mode for all the RU as shown in Figure 3a. In the SOE mode, 
the rSOC showed degradation for RU1-3 while RU4-5 improved in performance as shown 
in  
b. The voltage improvement in SOFC mode ranges from 40 mV kh-1 (8 % kh-1) for RU4 
up to 90 mVkh-1 (12.5 % kh-1) for RU3. In SOE mode, RU1 has the highest degradation 
rate at 35 mV kh-1 (2.5 % kh-1) while RU5 improves the most at -40 mV kh-1 (-3.4 % kh-1). 
Negative degradation rates in SOE mode and positive in SOFC mode signify improvement 
in performance. As RU3 is the geometric center of the rSOC short-stack and had good 
performance in both modes, it will be investigated further. 

Figure 2: Voltage versus time characteristics of all the RU during the whole experiment 

 Step1: iV and EIS 
measurements 

 Step5b: iV and EIS 
measurements 

  Intermediate steps 

SOFC 
Steady  
State 
 

SOE 
Steady  
State 
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Figure 4b: Steady-state degradation rates in SOE mode. 

 

 

3.2. SOFC/SOE J-V characteristics and EIS measurements 
 

Figure 3a: Steady-state degradation rates in SOFC mode. 
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Degradation in a cell causes an increase in overpotentials at a fixed current density. The    
J-V characteristic curve for a fuel cell quantifies this rise in overpotential in terms of change 
in the area-specific resistance (ASR). The evolution of ASR and the open-circuit voltage 
(OCV) values determine the durability of a cell. 

 
The OCV in both modes for the rSOC short stack was nearly constant during the experiment 

as shown in Figure 4, indicating stable stack tightness and gas supply. Intermediate 
measurements were done to validate changes in the J-V characteristics and EIS 

measurement of the rSOC. The ASR  was calculated using the slope of the    J-

V curve at 0.4 A cm-2 as shown in equation  
(1). 
 
 

 

 
(1) 

   

where  is the slope of the J-V curve in the vicinity of 0.4 A cm-2 and  [V] is the 

average voltage level corresponding to average current density values  [A cm-2 ].   The 

increase of ASR can be clearly seen in Figure 6 between step1 and step 5b in both modes, 
indicating degradation of RU3. Using equation Error! Reference source not found. and 
Error! Reference source not found., the ASR and voltage degradation rates were 
calculated.  
 
 

 

 
(2) 

   
 

 

 
(3) 

   
where  is the change in ASR at 0.4 A cm-2 as a funtion of time – i.e. between step1 

and steb5b;  is the initial ASR value at 0.4 A cm-2 in step1;  is the voltage change 

Figure 5: Current vs Voltage Characteristics of RU3 (representative of all the RU) at the 
beginning (Step 1) and end of the experiment (Step 5b) 
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value between step1 and step 5b;  is the voltage at 0.4 A cm-2 at step1 and  is 

the time duration between the step1 and step5b in h.  
 
At the current density of 0.4 A cm-2, the ASR degradation rate for SOFC and SOE modes 
were found to be 3.80 % kh-1 and 15.97 % kh-1 respectively. The corresponding voltage 
degradation rates for the SOFC and SOE modes were 1.07 % kh-1 and 3.60 % kh-1 

respectively. The change in OCV for both modes was negligible.  
 

 
Figure 6: ASR (calculated at 0.4 A cm-2) and OCV evolution of RU3 during the whole 

experiment. 
EIS measurements help to quantify the change in ASR value. The EIS spectra are 
represented as a Nyquist plot in Figure 6 and Figure 8 from which the ohmic resistance Rohm 
and total resistance Rtotal (ASR) were determined. The difference between Rohm and Rtot 
gives the total polarization resistance Rpol. The ASR values between Figure 6 and the 
Nyquist plots are different as the EIS measurements were performed close to OCV ( 0.01 A 
cm-2) and not at 0.4 A cm-2.   
 
As the EIS measurements were close to OCV, it can be seen from Figure 6 that for SOFC 
mode, between step1 and step5b, there’s a small rise in Rohm while a large change can be 
seen in Rtot, signifying an increase of the polarization resistance. This trend was also 
observed in SOE mode as shown in Figure 8. The quality of the EIS spectra were verified 
by performing Kramers Krönig tests. The EIS spectra for both modes were affected by noise 
due to steam generation at low frequencies and high frequency inductive effects. The 
spectra were trimmed, smoothed, corrected for inductive effects and extrapolated at higher 
frequencies to determine Rohm [14].  
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Figure 8: Nyquist plot corresponding to the EIS measurements for RU3 in SOE mode at 
700°C, -1A bias and 1000mA perturbation. 

 
 

3.3. Distribution of Relaxation Time (DRT) analysis in SOFC/SOE mode. 
 

Table 1: DRT peak description and their respective range of frequencies, adapted from 
[12–14]. 

 

Peak no. Peak range 
(Hz) 

Peak Description 

P1 10-1 - 101 Gas diffusion resistance peak. 
P2 101 -102 Oxygen-surface exchange and oxide ion transport resistance in 

the O2-electrode (LSC-CGO). 
P3 102 - 103 Charge transfer resistance peak attributed to H2- electrode (Ni-

YSZ). 
P4 > 103 Oxide Ion transfer resistance peak attributed to H2- electrode 

(Ni-YSZ). 

Figure 7: Nyquist plot corresponding to the EIS measurements for RU3 in SOFC mode at 
700°C, +1A bias and 200mA perturbation. 

 

Rohm 

Rtot 
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Figure 10: DRT plotted using Tikhonov regularization of RU3 EIS spectra in SOE mode 
 

An EIS spectrum is a convolution of all the intrinsic mechanisms occurring in a rSOC. Here 
an attempt was made to deconvolute the EIS spectra using Tikhonov regularization. Further 
information on the methodology can be found in Caliandro P. et. al [14]. The resulting 
distribution of relaxation time (DRT) spectra are shown in Figure 8 and Error! Reference 
source not found. for the SOFC/SOE modes respectively. The peaks of the DRT 
corresponding to various processes adapted from [12–14] are shown in Table 1.  
 
In both modes, the presence of four prominent peaks P1 to P4 were observed and the 
intermediate frequency regime to degrade. A shift of the gas diffusion peak ‘P1’ is also 
observed. These shifts are associated with the EIS data quality and is an effect of trimming 
of the low and high frequencies during the correction process.   
 
In the SOFC mode, the gas diffusion peak is larger compared to the SOE mode.  It is also 
observed that peaks ‘P2’ and ‘P3’ degrade the most for RU3, while peaks ‘P1’ and ‘P4’ 
nearly remain constant. In the SOE mode, the DRT results from Step1 (0 hours) show 

P1 

P2 

P3 
P4 

Figure 9: DRT plotted using Tikhonov regularization of RU3 EIS spectra in SOFC 
mode 

P1 

P2 
P3 P4 
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convolution of peaks ‘P3’ and ‘P4’. This observation is consistent to the result obtained in 
Xiufu Sun et. al. [12]. It is also observed that peak ‘P3’ degraded the most. The oxide ion 
transfer resistance peak ‘P4’, associated with the H2-electrode is seen at the end of the 
experiment. The increase in resistances of peaks P3 and P4 indicate degradation of the Ni-
YSZ triple phase boundary, suggesting nickel agglomeration, oxidation or contamination. 
 

Summary 
 
Reversible solid oxide fuel cells are still in the development stage. Long-term stability and 
cyclic degradation tests are essential for better understanding of degradation mechanisms 
involved and to propose solutions for improving the lifetime and minimizing the risk of 
failures. Steady state degradation test for SOFC/SOE modes were performed on a short-
stack rSOC for duration of 80/120 hours respectively at 700°C and ±0.5 A cm-2. This was 
followed by 34/35 cyclic degradation tests with intermediate J-V and EIS measurements at 
±1A DC bias with 200 mA/1000 mA perturbation in SOFC/SOE modes respectively. The 
total experimental duration was 1400 h. The degradation rates revealed that SOE mode 
degraded more than the SOFC mode. In both modes, the oxide ion transport through the 
H2-electrode and the O2-electrode degraded. Degradation was also found to be associated 
with the charge transfer process of the Ni-YSZ H2-electrode along with increase in ohmic 
resistance of the rSOC short stack. 
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