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H I G H L I G H T S  

• Highlights (include 3 to 5 bullet points (maximum 85 characters, including spaces, per bullet point)): 
• Pressurized operation of SOCs without pressure vessel. 
• Glass ceramic sealed SOC gastight up to 11 bara. 
• Open circuit voltages of up to 1.42 V achieved at 850 ◦C. 
• SOC performance increase of 20 % achieved at 11 bara.  
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A B S T R A C T   

Pressurized operation of Solid Oxide Cells (SOCs) enhances the performance in the fuel cell mode and is 
mandatory for coupling with gas turbines. For electrolysis, energy demand and balance of plant to pressurize 
hydrogen or syngas can be reduced. Today’s facilities for pressurization of SOCs rely on voluminous pressure 
vessels that enclose the cells/stacks. Inside such vessel, fuel- and oxidant pressures have to match the vessel 
pressure to avoid a deterioration of the cells/stacks. Here, a single cell is operated without a pressure vessel in a 
metallic cell housing sealed towards the cell by a glass-ceramic sealant. Any differential pressure is avoided by a 
downstream combustor, an approach that is limited to test benches. In our experiments we found that this sealing 
concept can withstand pressure drops of up to 10 bar towards ambient pressure even after a full thermal cycle. As 
to be expected from numerous previous studies, open-circuit voltage as well as performance increased signifi
cantly with increasing pressure. The power density increased by 20 % in air/dry H2 at 850 ◦C and 11 bara.   

1. Introduction 

Solid oxide cells (SOCs) are mostly operated close to atmospheric 
pressure as the ceramic cells and available high temperature sealants are 
sensitive towards pressure gradients, which leads to problems regarding 
gas tightness and pressure regulation [1]. However, it has been known 
for a long time that pressurized operation of a solid oxide fuel cell 
(SOFC) enables a higher power density and efficiency. This could be 
shown in simulative works [2–5] as well as experimentally for single 
cells [6–9] and stacks [10–13]. The coupling of a SOFC with a gas tur
bine can further increase the system performance [14–17]. In the case of 

electrolysis, the produced hydrogen has to be compressed to a level 
meaningful for the specific application. Mechanical hydrogen com
pressors are a well-developed technology [18]. However, they still have 
considerable limitations as they are quite bulky and require a high en
ergy input. Especially the first compression step from ambient pressure 
to several bara (bara is used for absolute pressure) is critical. Thus, 
through bypassing the first compression step for the downstream pro
cesses the overall process efficiency can be increased. The coupling of a 
pressurized SOEC followed by chemical reactor in a power-to-X process 
has been discussed as a concept and modeling basis in literature 
[19–21]. However, an experimental coupling of a pressurized SOEC and 
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methanation was so far only shown in the work by Gruber et al. [22]. 
A detailed theoretical study about the influence of the pressure to

wards SOC performance and loss mechanisms is provided in literature 
[23]. Yet experiments under elevated pressure were performed in fuel 
cell and electrolysis mode. On cell [6–8,24–32] and stack level [11,12, 
33–36], the operating pressures were mainly set in a range of ~ 1 − 10 
bara. Limited studies [1] were performed above 10 bara. Although, we 
did find one case with Jensen et al. [13], which operated a stack at 

pressures as high as 25 bara. Generally, the increase of the open-circuit 
voltage UOCV with increasing pressure is beneficial for fuel cell mode as 
shown in the work by Henke et al. [37]. The authors stated with the 
shown improvement of power density, that pressurized operation can 
decrease costs, weight and volume of SOFC systems as the number of 
cells can be minimized. Further, Cadigan et al. [11] reported the most 
significant results in electrochemical performance when operating a 
SOFC stack with metal-supported cells up to 4 bara. 

Fig. 1. (a) Flowchart schematic with one pressure regulator only. (b) CAD-model front view as well as (c) side view and (d) view into furnace of pressurized test 
bench. (e) Schematic compression with inflatable boot and ceramic rods. (f) Scheme of pressurized lines without a pressure vessel. 

C. Grosselindemann et al.                                                                                                                                                                                                                     



Journal of Power Sources 614 (2024) 234963

3

For electrolysis, an increase in UOCV at higher pressures results in a 
slightly higher power input. Bernadet et al. [25] and Sun et al. [6] 
showed with tests of fuel electrode supported cells that this can be 
leveled out at elevated pressures of up to 10 bara and at higher current 
densities. In the work by Riedel et al. [34] fuel-electrode supported cells 
were compared in electrolysis mode with electrolyte-supported cells 
(ESC) on stack level with pressures up to 8 bara. It was found, that the 
stack with ESCs only showed a minor influence towards pressurization. 
In comparison, for the stack with fuel electrode-supported cells, a per
formance gain of 3% at 8 bara could be achieved. Nevertheless, the 
authors emphasized that other properties of the cell such as mechanical 
or redox stability need to be considered for the system design [34]. 

So far, all known SOC systems and testing devices for cells and stacks 
were realized with a pressure vessel [1,6,9,13,26,31,32,34–36,38,39], 
resulting in voluminous, costly and heavy systems. As cells and sealants 
used in stacks are considered to be limited to pressure gradients in the 
range of a few hundred mbara, a complex pressure control strategy is 
required to align vessel-, fuel- and oxidant pressures. In this work, a SOC 
is operated at pressures of up to 11 bara in a glass-ceramic sealed cell 
housing without a pressure vessel. A newly developed test bench and 
metallic cell housing for single cell testing of SOCs with a unique pres
sure regulation and without external pressure balancing is introduced. 

2. Materials and methods 

The new test bench is based on existing SOC testing technology [40] 
that was redesigned to enable pressurized operation without a pressure 
vessel or complex pressure control strategies. Test bench design, cell 
dimensions, pressure regulation and electrochemical characterization 
are described in the following sections. 

2.1. Gas supply and pressure regulation 

The gas supply is realized via a gas mixing unit as described in 
Ref. [40]. An upstream combustion chamber is located inside the fuel 
gas line as can be seen in Fig. 1 (a) (H2-burner). Here, steam is produced 
by mixing oxygen to the fuel. This enables up to 100% steam in the fuel 
gas. A total flow rate of 250 sccm per electrode is set. For reasons of 
simplicity, atmospheric pressure is assumed to be 1 bara in this work. In 
this test bench a new pressure control concept is applied that is based on 
a single pressure controller, removing the need to control the differential 
pressure between fuel and air side as shown in the flowchart schematic 
in Fig. 1 (a). No further pressure tank is needed in order to balance the 
pressure. Additionally, in comparison to Ref. [40] here the off-gas from 
the fuel and air side is united in a downstream combustor as shown in 
Fig. 1 (a). Thus, only one gas phase is remaining after the off-gas burner. 
For a reliable, oscillation free operation of the downstream pressure 
regulator the steam needs to be removed, which is realized by a water 
separator. 

2.2. Pressurized test bench 

The pressurized test bench is shown with a CAD-model (designed in 
Autodesk Inventor Professional 2023) in Fig. 1 (b) with a front view and 
(c) side view. Further a view inside the furnace is presented in Fig. 1 (d). 
In comparison to Ref. [40], a metallic cell housing sealed by 
glass-ceramic sealants is designed. The commonly used fully ceramic 
set-ups with gold or ceramic sealants are critical regarding gas tightness 
at elevated pressures. The metallic cell housing is made of APMT 
(Kanthal® [41]) as this material combines high stability and creep 
strength under oxidizing and reducing atmospheres with low 
Cr-evaporation due to the Al2O3 oxide scale. The fuel (bottom) and the 
air side plate (top) of the housing were machined from 30 mm APMT 
sheets. The APMT gas lines for fuel and air supply inside the furnace are 
welded to the fuel and air side housing. Fuel and air supply in the plates 
is realized via milled gas lines schematically shown in Fig. 1(e–f). The 

metallic housing blocks are compressed between two Al2O3-plates by 
two Al2O3 rods (Fig. 1 (e)). The ceramic rods (35 mm in diameter) are 
fixed at the test rig outside of the furnace. From the top an inflatable 
boot provides the force for compression in order to withstand the driving 
force from the gas phase at the electrodes as shown in Fig. 1 (e). 
Depending on open (unsealed) cell area and operating pressure level this 
force has to be adjusted. In this study a pressure of 7 bara was applied to 
the inflatable boot corresponding to a force of approx. 8 kN. 

2.3. Experimental cells and contacting 

Planar electrolyte-supported cells with an active electrode area of 1 x 
1 cm2 were investigated (see Fig. 2 (a)). Even though the APMT is an 
Al2O3-former and thus electrically insulating at the surface, the area of 
the electrolyte sheet of 10 x 10 cm2 is equal to the metallic cell housing 
(see Fig. 2 (g)). This further ensures electrical insulation between the 
two metallic housing parts. The cells exhibited a Nickel/Gadolinium- 
Doped Ceria (Ni/GDC) fuel electrode, 3 mol.% yttria-stabilized zirco
nia (3YSZ) electrolyte substrate and an LSCF air electrode. Additional 
GDC layers were placed in between electrodes and electrolyte. The 
microstructure can be observed in a comparable scanning electron mi
croscope (SEM) image as provided in Ref. [42]. Further, a detailed 
investigation of the electrochemical behavior under atmospheric pres
sure of this cell type is provided in Ref. [43]. 

With respect to a contacting, similar to a stack, metallic flow fields 
were applied and schematically shown in Fig. 2 (b) and (e). A protective 
coating on the air side is crucial in order to decrease contact losses and 
achieve an effective blocking of Cr-evaporation [44]. Here, a CeCo 
coating applied by physical-vapor-deposition was performed by Alleima 
AB on all sides and edges of the metallic flow field [45–47]. Such a 
coating can be applied on any ferritic stainless steel grade and is 
commercialized by Alleima AB (Sanergy™ HT) [48]. The protective 
layer consists of a top layer of metallic Co with a thickness of approx. 
600 nm and a Ce layer in the range of 10 − 20 nm [49]. A detailed 
description of the contacting set-up and investigation under atmospheric 
pressures is given in Ref. [50]. The authors showed that this contact 
set-up minimizes contact losses and blocks Cr-evaporation at the air side 
effectively. 

In Fig. 2 (d) a cross section of the metallic housing is shown with the 
CAD model. As the Al2O3 oxide scale on the APMT-housing is insulating, 
the metallic flow fields are contacted in a four-point measurement setup 
via Pt-wires and electrical feedthroughs to ensure a reliable electrical 
connection. The feedthroughs are realized by platinum wires insulated 
by Al2O3 capillaries towards the metallic housing plates (Fig. 2 (c)). A 
gas- and pressure tight sealing is realized by silver soldering the capillary 
and likewise Pt wire into the metallic housing block. An additional 
ceramic tube is placed inside the APMT fuel gas line, which does not 
fulfill criteria in terms of sealing but serves as a thermal protective layer 
with respect to the upstream H2-burner. The metallic flow fields are 
placed on exchangeable positioning blocks enabling a high flexibility 
regarding single cell contacting as shown in Fig. 2 (d) and (e). 

Prior to cell mounting, a LSCF contact paste is screen printed onto the 
air electrode as described in Ref. [50] and shown in Fig. 2 (b). The 
metallic flow field at the fuel side is in contact with a finely meshed 
Ni-grid (Fig. 2 (b)). Contact layers at fuel and air side have to provide a 
sufficient flexibility during mounting. The gas- and pressure tight seal
ing of the cell is realized by a glass ceramic sealing paste based on the 
glass powder G018-281 (SCHOTT AG, [51]) that is applied outside the 
active cell area onto the metallic housing (Fig. 2 (f)) prior to cell 
mounting. The cell is then placed on the housing in Fig. 2 (g). Afterwards 
another layer of glass ceramic sealing is applied onto the cell in Fig. 2 (h) 
to ensure gas tightness between the air side and the metallic cell hous
ing. Thus, the pressurized area in Fig. 2 (i) inside the housing is mini
mized down to an area of 4.48 cm2. The resulting sealing width in this 
setup is 34 to 43 mm, which is significantly larger than a typical sealing 
width in stacks. A pre-defined thermal protocol for binder burnout and 
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sealing is performed prior to cell testing. 
In the following testing phase, OCV, impedance spectra and IV- 

characteristics were measured at varied pressures. The spectra were 
acquired by a Zahner Zennium E frequency response analyzer [40]. The 
frequency was varied between 30 mHz and 105 Hz with 12 points per 
decade. All spectra were measured under open circuit conditions (OCV). 

The validity of the spectra was verified by a Kramers Kronig Test [52]. 
After cell testing and cooling down to ambient temperature, the two 
metallic housing plates and the cell were still connected by the glass 
ceramic sealing, which requires further efforts for de-mounting and 
cleaning of the metallic cell housing. In comparison to the reference test 
benches exhibiting full ceramic housings and contacting by gold and 

Fig. 2. (a) Single cell dimensions and (b) schematic contacting with metallic flow fields. (c) CAD-model cross section with Pt contact wires in ceramic capillary and 
(d) CAD model cross-section of metallic cell housing. (e) Stack-like contacting with metallic flow fields, positioning blocks and Pt contact wires. (f) Glass ceramic 
sealing at the fuel side before mounting the cell in (g). Glass ceramic sealing at the air side in (h) after cell mounting with pressurized cell area in (i). 
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Ni-meshes respectively [40], the metallic housing and flow fields and 
the application of the glass ceramic sealant might affect the cell per
formance by Cr- or Si-species poisoning the electrode. Effects from the 
stack-like contacting set-up were discussed in Ref. [50]. Poisoning ef
fects from Si-components from the glass ceramic sealing need to be 
considered [53] and investigated. 

3. Results and discussion 

In the following first results of the newly developed pressurized test 
bench are shown. The effect of pressure towards SOCs is well-known in 
literature [23] and was demonstrated experimentally in previous works 
as well [6]. In this work, literature-based knowledge is applied in order 
to verify the new testing setup. 

3.1. N2 pressure test 

Gas tightness of the glass ceramic sealing within the frame of the new 
pressurized test bench was confirmed with a nitrogen (N2) pressure test. 
Here, at 850 ◦C with 250 sccm N2 per electrode the pressure was 
increased stepwise up to 11 bara absolute pressure as shown in Fig. 3. 
After a holding time of 30 min., the gas flow was switched off resulting 
in a pressure drop of approx. 6 bara h− 1. Once the gas flow is switched 
back on again, the 11 bara are reached again after approx. 6 min. This 
shows sufficient compression and sealing of the cell which was achieved 
via the inflatable boot and the glass ceramic sealing. Thermal cycling 
experiments revealed that even after a full thermal cycle the pressure of 
11 bara could be achieved again. Within the testing phase, the pressure 
should be changed with a rate of 3 – 5 mbara s− 1 to avoid pressure 
gradients between anode and cathode resulting from different gas vol
umes and flow rates to both compartments. 

3.2. Open-circuit voltage 

Fig. 4 (a) shows the dependency of the open-circuit voltage as a 
function of the absolute pressure p at 850 ◦C with 100% H2 at the fuel 
side and synthetic air at the air side. An open-circuit voltage of 1.352 V 
was reached at atmospheric pressure which corresponds to a leakage of 
< 0.015% H2O for measurement #1. The pressure was then increased 
up to 9 bara absolute pressure resulting in an UOCV = 1.42 V. By calcu
lation of the Nernst-equation, the measured increase of UOCV can be 
described in good agreement with a steam content of 0.0125% H2O and 
a relative error of < 1%. Considering these comparably low steam 
contents, the Nernst-equation behaves sensitive to small changes. For 
measurement #2, the pressure was raised to 11 bara with a slightly 
higher but still tolerable leakage resulting in 0.135% H2O in the fuel. 
Here, at pressures above 5 bara the deviation from the Nernst-equation 
increases with a relative error of < 2%. Likewise, this is shown in Fig. 4 
(b) for a set fuel gas mixture of 50% H2 (balance H2O) and synthetic air 
at the air side with up to 4 bara absolute pressure. The measured voltages 
correspond to a steam content of 52.5%. This deviation in the steam 
content most probably originates from an off-set of the flow controllers. 
The observed impact of pressure on the open-circuit voltage is in good 
agreement with the Nernst equation and findings in previous studies [6, 
23]. 

3.3. IV-characteristics 

First results of IV-characteristics and power density Pcell in SOFC 
mode at 850 ◦C with 100% H2 at the fuel side and synthetic air at the air 
side are shown in Fig. 5 (a). As expected from previous works [6,13], the 
increase in open-circuit voltage with pressurization is beneficial for 
SOFC mode as a higher performance is observed with increasing 
pressure. 

The power density Pcell at 0.7 V (850 ◦C with 100% H2 and synthetic 
air) is shown in Fig. 5 (b) as a function of the absolute pressure p be
tween 1 − 11 bara. In comparison to atmospheric pressure an increase of 
approx. 20% can be achieved at 11 bara regarding a cell voltage of 0.7 V. 
The major increase of power density was observed between atmospheric 
conditions and 5 bara. The positive impact of pressure on the power 
density was proved in a number of previous experimental works [10, 
37]. In the work by Henke et al. [37] it was also shown, that with an 
increase of pressure the highest influence can be seen at low pressures. 
In Fig. 5 (b) the power density with increasing pressure was interpolated 
according to equation (1) similar to Ref. [37] with the variables A and B. 
The authors stated a logarithmic behavior of power density with 
increasing pressure, which was confirmed in this paper in Fig. 5 (b) 
(goodness of fit: R2 = 0.902). 

y(x)=A ln(x) + B (1) 

Fig. 5 (c) shows the IV-characteristics at 850 ◦C with 50% H2 (bal
ance H2O) and synthetic air at the air side between 1 − 4 bara. As ex
pected from the theoretical study [23], the increase of UOCV appears 
positive for the fuel cell and disadvantageous for electrolysis mode. A 
higher performance at 4 bara can be observed in comparison to atmo
spheric pressure in fuel cell mode, which is also consistent with previous 
studies [25,37]. With respect to an electrolyte-supported cell design, the 
effect of pressure in electrolysis mode is comparably small and similar to 
findings by Riedel et al. [34]. 

3.4. Impedance analysis 

To evaluate the impact of the stack like contacting, reference mea
surements at atmospheric pressure were conducted with identical cells 
and air electrode contacting. Fig. 6 displays impedance spectra and 
corresponding DRTs for 21% O2 (balance N2) and 5% O2 (balance N2) at 

Fig. 3. Pressure test at 850 ◦C with 100% N2 and increase of absolute pressure 
up to 11 bara with glass ceramic sealing G018-281. 
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the air side and 50% H2 (balance H2O) at the fuel side at 850 ◦C in (a) 
and (c). 

In previous studies [42,43,54] analyzing ideally contacted cells, the 
different peaks in the DRT were attributed to physicochemical processes. 
In summary, it was found that PLF1 contains overlapping contributions of 
fuel and air electrode. This includes the surface reaction coupled with 
ionic transport in superposition with the gas diffusion process at the fuel 
electrode as well as surface exchange and ionic transport in the air 
electrode [50,55]. PLF2 and PHF were identified as processes related to 
charge transport in the GDC-phase and at the GDC/YSZ interfaces. 

In case of the stack like air electrode contacting, an additional peak 
PLF0 becomes visible (Fig. 6 (a,c)). PLF0 and the air electrode contribu
tion to PLF1 are both affected by the oxygen partial pressure. An inert gas 
variation [43,54,56] of the oxidant (Fig. 6 (b,d)) reveals that only PLF0 is 
affected. Thus, PLF0 can be attributed to gas diffusion polarization at the 
air side. In the work by Geisler et al. [57] it was found that in-plane gas 
diffusion in the contact and cathode layers underneath the ribs of the 
flow field has a significant impact on cell performance. In order to 
quantify the impact of gas diffusion in this study, a method from 
Ref. [54] is adapted. The difference of the polarization resistance ΔRpol 
(see equation (2)) between the gas mixture with nitrogen Rpol,N2 and 
helium Rpol,He is assumed to be equal to the difference of the gas diffu
sion resistance ΔRdiff between the two gas mixtures as shown in 
Ref. [54]. 

Rpol,N2 − Rpol,He ≡Rdiff,N2 − Rdiff,He = ΔRdiff (2) 

Here, the concept of an effective gas diffusion parameter Geff is 
adapted to the air electrode (equation (3)). ΨAE denotes the micro
structure parameter and LAE an averaged gas diffusion length. 

Geff,AE =
ΨAE

LAE
(3) 

The gas diffusion resistance at the air side Rdiff,AE can be calculated 
according to equation (4) with R̃ denoting the universal gas constant, T 
the temperature, F the faraday constant, DO2 the binary gas diffusion 
coefficient, yO2 ,AE the molar fraction of oxygen and Pcorr an conversion 
factor 105 Pa bara

− 1. Based on Ref. [58], molecular combined with 
Knudsen gas diffusion is considered. Thus, DO2 is based on the 
Bosanquet-approach and the molecular gas diffusion coefficient Dmol,O2 

is calculated by Chapman-Enskog [59]. 

Rdiff,AE =

(
R̃T
4F

)2

•
1

Geff,AE
•

1
DO2 • p

(
1

yO2 ,AE
− 1

)

•
1

Pcorr
(4) 

On the basis of equations (2)–(4) the effective gas diffusion param
eter can be determined with equation (5) resulting in Geff,AE = 188.74 
m− 1 with a ΔRpol = 21.8 mΩ cm2 in Fig. 6 (b). 

Geff,AE =

(
R̃T
4F

)2

•
1

ΔRdiff
•

1
p

(
1

yO2 ,AE
− 1

)(
1

DO2 ,N2

−
1

DO2 ,He

)

•
1

Pcorr
(5) 

The first impedance measurements of pressurized testing with the 
new test bench are presented in Fig. 7 (a) with the distribution of 
relaxation times in Fig. 7 (b). The spectra were measured at 850 ◦C with 
50% H2 (balance H2O) and synthetic air at the air side at pressures of 1 
and 4 bara. 

The increase in pressure results in a decrease of the ohmic resistance 
by about 5 mΩ cm2. Here, a number of effects discussed in literature 
might have contributed to this behavior. In the work by Momma et al. 
[8], a decrease of the ohmic resistance with increasing pressure was 
reported and attributed to the conductivity of the air electrode material 
[60] and a lower contact resistance between air electrode and current 
collector. Previous investigations [50] of the stack like contacting 
revealed a contact resistance of 13 mΩ cm2, which might decrease at 
higher pressures. Further, the conductivity in the GDC bulk in the fuel 

Fig. 4. (a) Measured and simulated OCV as a function of the absolute pressure p with 100% H2 at the fuel side (simulation with 0.0125% H2O leakage for mea
surement #1 and 0.135% H2O leakage for measurement #2) and synthetic air at the air side at 850 ◦C. (b) OCV as a function of the absolute pressure with 50% H2 
(balance H2O, simulation with 52.5% H2O) and synthetic air at the air side. 
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Fig. 5. (a) IV-characteristics and power density Pcell in SOFC-mode at 850 ◦C with 100% H2 and synthetic air at the air side between 1 − 11 bara. (b) Power density 
Pcell as a function of the absolute pressure p at 850 ◦C with 100% H2/synthetic air at 0.7 V with logarithmic fit. (c) IV-characteristics at 850 ◦C with 50% H2 (balance 
H2O) and synthetic air at the air side between 1 − 4 bara. 
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Fig. 6. Impedance spectra of a stack like contacted cell at atmospheric pressure in (a) for 21% O2 (balance N2) and 5% O2 (balance N2) at the air side and with 50% 
H2 (balance H2O) at the fuel side at 850 ◦C with corresponding DRT in (c). Impedance spectra at atmospheric pressure in (b) with 5% O2 (balance N2 or He) at the air 
side and with 50% H2 (balance H2O) at the fuel side at 850 ◦C with corresponding DRT in (d). 
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electrode and within the GDC interlayer at the air side may be 

influenced. The conductivity of GDC is depending on the oxygen partial 
pressure. Based on Wang et al. [61] the impact at the air side is assumed 
to be neglectable since at comparably higher oxygen partial pressures no 
significant change in conductivity can be observed. Regarding the fuel 
electrode, the oxygen partial pressure calculated with Cantera [62] at 
850 ◦C and 50% H2 (balanced with H2O) is independent of pressure and 
thus no impact from here is expected. Additionally, the conductivity of 
the oxide scale of the metallic flow field exhibiting a Co–Mn spinel layer 
[50,63] may play a comparably larger role here. This needs to be 
investigated in more detail in future work. 

The polarization resistance is decreasing by approx. 8 mΩ cm2, 
which can be related to reduced activation and/or gas diffusion polar
ization resistances [6]. At first, the impact of pressure on the gas diffu
sion process at the air side PLF0 is discussed. The gas diffusion resistances 
at atmospheric pressure (Rdiff,AE,atm = 9.4 mΩ cm2) and 4 bara 
(Rdiff,AE,4bara = 6.9 mΩ cm2) are calculated with the help of equation (4), 
revealing a difference of 2.5 mΩ cm2 that is contributing to the decrease 
in the overall polarization resistance. 

The peak PLF1 in Fig. 7 (b) at approx. 10 Hz is mostly affected by the 
change in pressure. In Refs. [2,23] it was shown that the gas diffusion 
regime determines the impact of pressure regarding the electrochemical 
behavior. In comparison to the air side, here a finely meshed Ni-grid is 
applied for contacting. Thus, based on a previous work [54] gas diffu
sion in the porous fuel electrode structure with molecular and Knudsen 
gas diffusion was neglected due to the small electrode thickness. Instead 
a gas diffusion layer above the electrode with pure molecular gas 
diffusion inside the contact mesh and gas channel can be assumed at the 
fuel side. In this case the molecular gas diffusion coefficient is inversely 
proportional to the absolute pressure (Dmol,i ∼ p− 1). In equation (6) the 
gas diffusion resistance [64] at the fuel electrode (FE) is shown with the 
molar fractions of hydrogen yH2 ,FE and steam yH2O,FE. By inserting the 
molecular gas diffusion coefficient in equation (6), the impact of pres
sure is leveled out and the resulting gas diffusion resistance Rdiff,FE at the 
fuel side is independent of pressure. 

Fig. 7. (a) Impedance spectra and (b) DRT at 850 ◦C with 50% H2 (balance 
H2O) and synthetic air at the air side between 1 bara and 4 bara. 

Table 1 
Model parameters of a solid oxide cell with Ni/GDC fuel electrode, 3YSZ electrolyte and LSCF air electrode extracted from Ref. [54].  

Parameter Unit Value 

Eact,FE kJ mol− 1 90.54 
a(T = 850◦C) – 0.161 
b(T = 850 ◦C) – 0.359 
γFE(T) A m− 2 

1.46 • 105 ( A m− 2K− 1) •
[
0.8a • 0.2b]− 1

• T 
Eact,AE kJ mol− 1 144.54 
m – 0.42 
γAE(T) A m− 2 5.47 • 109 ( A m− 2K− 1) • T  

Table 2 
List of physical processes at fuel and air electrode with corresponding frequency range and indication of pressure dependency.  

Peak Frequency 
range 

Physical process Pressure 
dependency 

– [Hz] Fuel electrode Air electrode – 

PLF0 0.5 − 3 – Gas diffusion Yes 
PLF1 3 − 30 Surface reaction coupled with ionic transport in the GDC 

phase, overlap with gas diffusion [43] 
Oxygen surface exchange coupled with O2− diffusion in the bulk of 
the air electrode [55] 

Yes 

PLF2 30 − 2000 Ionic transport in the GDC phase coupled with surface 
reactions + interfacial processes [43] 

Dominated by O2− diffusion in the bulk of the air electrode coupled 
with oxygen surface exchange [55] 

Yes 

PHF > 2000 Interfacial and bulk processes [43] Non-surface related processes, possibly resistive interfacial 
processes [54] 

No  
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Rdiff,FE =

(
R̃T
2F

)2

•
LFE

ΨFE
•

1
p
•

(
1

Dmol,H2 • yH2 ,FE
+

1
Dmol,H2O • yH2O,FE

)
1

Pcorr

(6) 

Subsequently, the impact of pressure on PLF1 should solely result 
from a decrease of the activation polarization at the fuel and/or air 
electrode. The activation resistance Ract,el for the electrodes (el) is pro
vided in equation (7). Here, j0,el denotes the exchange current density of 
the electrodes. It’s dependency on the pressures is shown in equations 
(8) and (9) for fuel and air electrode respectively. 

Ract,el =
1

j0,el
•

R̃T
2F

(7)  

j0,FE = γFE

(
yH2 ,FE • p

pref

)a(
yH2O,FE • p

pref

)b

exp
(

−
Eact,FE

R̃T

)

(8)  

j0,AE = γAE

(
yO2 ,AE • p

pref

)m

exp
(

−
Eact,AE

R̃T

)

(9) 

The dependency of the exchange current density becomes obvious 
and can be calculated. The required parameters γel, a, b, m and Eact,el were 
determined in a previous study [54] under atmospheric pressure and are 
summarized in Table 1. 

Based on this, the activation resistance at the fuel side is calculated 
for atmospheric pressure (Ract,FE,atm = 37.5 mΩ cm2) as well as at 4 bara 
(Ract,FE,4 baraa = 18.2 mΩ cm2). This results in a difference of 19.2 mΩ 
cm2. As shown in Ref. [54], the activation resistance at the air side is 
neglectable under atmospheric pressure at 850 ◦C and air at the air side. 
The calculated impact of pressure towards the activation resistance is 
larger than the measured value of 8 mΩ cm2 minus the gas diffusion at 
the air electrode of 2.5 mΩ cm2. However, the model parameters were 
determined at atmospheric pressure and might not be valid for higher 
pressures. Processes underneath PLF2 seem to be affected with pressure 
as well, which may result from the coupling of PLF1 and PLF2 in a 
transmission line model. Processes above 103 Hz (PHF) do not seem to be 
impacted by increasing pressure as they are related to bulk processes. 

Based on this analysis the physicochemical backgrounds of the DRT- 
peaks and their pressure dependencies are summarized in Table 2. 

4. Conclusions 

In this paper, we present first results obtained with a newly devel
oped testing concept enabling pressurized operation of solid oxide cells 
without a pressure vessel. The cells were sealed in a metal housing by a 
glass ceramic sealant that enabled pressurization of fuel and air com
partments up to 11 bara. Differential pressures between the fuel and air 
sides are ruled out by a new pressure regulation concept. A downstream 
off-gas burner unites fuel and oxidant flow, which enables a simplified 
pressure control in contrast to overly complex differential pressure 
control strategies. The glass-ceramic sealed metal housing enabled 
pressure variations between atmospheric and 11 bara as well as thermal 
cycling without mechanical failure. The single cell tests revealed an 
excellent sealing of the cell enabling OCV values of up to 1.42 V. The 
pressure dependency of the OCV was in excellent agreement with the 
Nernst-equation. The expected impact of pressure on the cell perfor
mance was confirmed, IV-characteristics in the SOFC-mode showed an 
increase in power density of up to 20%. In the SOEC-mode the expected 
increase in voltage, resulting in higher electrical power demands, were 
confirmed as well. Impedance spectra showed the expected decrease of 
the different polarization processes at elevated pressure. Finally, the 
ohmic resistance showed a decrease that requires further analysis. 

Nomenclature  

latin letters 
a Exponent describing hydrogen partial pressure dependency of the fuel 

electrode’s exchange current density (− ) 
b Exponent describing steam partial pressure dependency of the fuel 

electrode’s exchange current density (− ) 
Di Gas diffusion coefficient of the component i (m2 s− 1) 
Dmol,i Molecular gas diffusion coefficient of the component i (m2 s− 1) 
Eact Activation energy (J mol− 1) 
F Faraday constant (As mol− 1) 
Geff Effective gas diffusion parameter (m− 1) 
j0,El Exchange current density (A m− 2) 
m Exponent describing oxygen partial pressure dependency of the air 

electrode’s exchange current density (− ) 
p Absolute pressure (bara) 
pref Reference pressure = 1.013 bara 
Pcell Power density (W m− 2) 
Pcorr Conversion factor 105 (Pa bara

− 1) 
R̃ Universal gas constant 8.314 (J mol− 1 K− 1) 
Rdiff Gas diffusion resistance (Ω m2) 
Rpol Polarization resistance (Ω m2) 
Ract Activation resistance (Ω m2) 
ΔRdiff Difference of the gas diffusion resistance (Ω m2) 
ΔRpol Difference of the polarization resistance (Ω m2) 
T Temperature (K) 
t Time (s) 
UOCV Open circuit voltage (V) 
Ucell Cell voltage (V) 
y Molar fraction (− ) 
greek letters 
γ Exponential pre-factor (A m− 2) 
δ Concentration of oxygen lattice vacancy (− ) 
Ψ Microstructure parameter (− ) 
subscripts 
cell Cell 
corr Correction 
diff Gas diffusion 
eff Effective 
EL Electrode 
H2 Hydrogen 
H2O Steam 
He Helium 
N2 Nitrogen 
OCV Open-circuit voltage 
pol Polarization 
abbreviations 
Al2O3 Aluminum oxide 
GDC Gadolinium-Doped Ceria 
DRT Distribution of relaxation times 
H2 Hydrogen 
H2O Steam 
LSCF LawSrxCoyFezO3− δ 

MFC Mass Flow Controller 
N2 Nitrogen 
O2 Oxygen 
OCV Open-circuit-voltage 
SOC Solid oxide cell 
SOEC Solid oxide electrolyzer cell 
SOFC Solid oxide fuel cell 
3YSZ 3 mol.% yttria-stabilized zirconia  
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