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The  hybrid  power  plant  project  at DLR aims  at  investigating  the  fundamentals  and  requirements  of  a
combined  fuel  cell and  gas  turbine  power  plant.  A  specific  aim  is  to demonstrate  stable  operation  of a
plant  in  the  50 kW  class.  Prerequisite  for the  power  plant  realization  is the  detailed  characterization  of
each subsystem  and  their interactions.  The  pressurized  solid  oxide  fuel  cell  (SOFC)  is  an  essential  part
of  one  main  subsystem.  A combined  theoretical  and  experimental  approach  allows  a  thorough  insight
into  nonlinear  behavior.  This  paper  focuses  on  the  influence  of pressurization  on  SOFC  performance  in
the range  from  1.4 to 3 bar.  Conclusions  are  based  on experimental  V(i)-characteristics  as  well as  on
olid oxide fuel cell
ressurization
OFC
ybrid power plant
xperiment
odeling

overpotentials  derived  from  elementary  kinetic  models.  Experiments  are  performed  on  planar,  anode-
supported  5-cell  short  stacks.  The  performance  increases  from  284  mW  cm−2 at  1.4  bar  to  307  mW  cm−2

at  2 bar  and  323  mW  cm−2 at 3 bar  (at  0.9  V; anode:  H2/N2 1/1; cathode:  air;  temperature:  800 ◦C).  The
benefit  of  a  temperature  rise  increases  at elevated  pressures.  Moreover,  the  effect  of  gas  variation  is
enhanced  at  higher  pressures.  The  main  conclusion  is  that  pressurization  improves  the  performance.
Due  to  different  effects  interfering,  operation  of  pressurized  SOFC  requires  further  detailed  analysis.
. Introduction

The international energy agency predicts an increase in the
emand of electrical energy by 76% worldwide in the next two
ecades [1].  Hence, power plants with high electrical efficiency and

ow emissions are required. One way to reach this goal is the hybrid
ower plant, consisting of a pressurized solid oxide fuel cell (SOFC)
ystem coupled with a gas turbine. In addition to high electrical
fficiency (>60%), hybrid power plants have a wide range of appli-
ations (some 10 kW up to multi MW).  As a first step to realize
ull-scale power plants the German Aerospace Center (DLR) has
tarted a project which aims to demonstrate a hybrid power plant
ith stable operation in the 50 kW class. To achieve this goal, the
LR Institutes of Technical Thermodynamics and Combustion Tech-
ology cooperate, joining their expertise in fuel cell and gas turbine
echnology.

To design the hybrid system and its control, the knowledge of the
haracteristics of each component and their interactions is needed.

ne essential part is the pressurized SOFC. In the context of the
ybrid power plant the fuel cells will be operated in a pressure
ange from 1 to 8 bar. The behavior of SOFC at elevated pressures
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needs to be regarded under two aspects. On the one hand the effect
of elevated pressure on the electrochemical behavior has to be
understood. On the other hand, on account of our system focus,
the steady-state and transient operational behavior is an important
research area. A combined theoretical and experimental approach
is very valuable to gain a thorough understanding of pressurized
SOFC.

The present work focuses on the characterization of SOFC short
stacks at elevated operating pressure. Due to complex and inter-
dependent mechanisms inside a SOFC the behavior at elevated
pressures cannot be derived from measurements at ambient con-
ditions. In addition, there is no sufficient literature data. Hence,
a test rig for characterizing SOFC short stacks at pressures up to
8 bar was set up. This paper presents first results from these exper-
iments. In order to support interpretation of the observed behavior,
elementary kinetic models are used.

2. Background

The timeliness and relevance of the hybrid power plant is evi-
dent from the number of groups working in the field. The most
advanced research in developing system models regarding archi-

tecture and dynamic behavior is performed at University of Genoa,
National Fuel Cell Research Center, Lund University, Norwegian
University of Science and Technology and German Aerospace Cen-
ter (DLR). University of Genoa works on the development of control
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http://www.sciencedirect.com/science/journal/03787753
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trategies and cycle layout [2].  National Fuel Cell Research Center
ested the pressurized hybrid of Siemens and uses this knowl-
dge to evaluate operating strategies for the combined cycle [3,4].
und University is concerned with the development of models for
he hybrid system with a focus on turbo machinery [5].  Norwe-
ian University of Science and Technology created a hybrid system
odel toolbox [6,7]. Recent work of the German Aerospace Center

nvolves gas turbine and SOFC models including the most impor-
ant balance of plant components to design the hybrid system
nd its control [8,9]. To date, very few SOFC/GT hybrid systems
ave been built. Siemens has demonstrated the feasibility with

ts pressurized 200 kW SOFC/GT hybrid system (PH220) [10]. Mit-
ubishi Heavy Industries has reported that their 200 kW class
OFC/GT hybrid system has 3000 cumulative hours of operation
11,12]. Korea Institute of Energy Research did short tests with a
0 kW hybrid system: 5 kW SOFC combined with 25 kW gas turbine
13].

Very few experimental studies on pressurized SOFC have been
ublished so far. Recent data is by Zhou et al. (Chinese Academy
f Sciences) who report about tests on anode-supported, tubular
ells with an active cell area of 100 cm2. They performed tests in
he temperature range between 650 and 800 ◦C at 1, 2, 4 and 6 atm
ith hydrogen at fuel utilizations of 10–90% on the anode and air

n the cathode. The maximum power density with hydrogen at a
uel utilization of 70% on the anode and air on the cathode increases
t 650 ◦C from 135 mW cm−2 at 1 atm to 159 mW cm−2 at 6 atm. At
00 ◦C the power density increases from 266.7 mW cm−2 at 1 atm to
06 mW cm−2 at 6 atm [14]. First tests on pressurized cells and bun-
les were performed by Westinghouse (which later became part of

iemens Energy). In 1992 a test rig was built to characterize one
o four cells of up to 200 cm length at up to 15 atm. The cathode-
upported, tubular cells have been tested at 1–5 atm with hydrogen
nd natural gas on the anode and air on the cathode. The perfor-

ig. 1. Schematic of pressurized SOFC test rig. Left: Gases used for SOFC operation. Midd
ressure control. Top left: Control unit with human machine interface (HMI), programma

n  detail), e.g. risk assessment, sensors, magnetic valves and off-gas burner.
urces 196 (2011) 7195– 7202

mance gain is approximately 10% [15]. Singhal adds that the cell
output power at 1000 ◦C increases by 9% from 1 to 5 atm and by 6%
from 5 to 15 atm [16]. Pressurized testing for a limited time was
reported by Lim et al. (Korea Institute of Energy Research) with a
5 kW class anode-supported planar SOFC stack. The stack consists
of 40 cells with an active area of 361 cm2. The power with hydrogen
(humidity 10%) on the anode and air on the cathode at 0.44 A cm−2

increases from 4.8 kW at ambient pressure to 5 kW at 2 bar. They
saw a smaller increase in power gain when increasing the pres-
sure to 3.5 atm [13]. Other experiments of cells/stacks at elevated
pressures were performed by Rolls Royce, Mitsubishi and General
Electric. As this is private funded industrial research no data has
been published as far as we  are aware of.

3. Methods and set-up

3.1. Experimental details

The pressurized SOFC test rig enables DLR to characterize SOFC
short stacks at pressures up to 8 bar, see Figs. 1 and 2. Owing
to a complex and precise pressure control the pressure differ-
ences between anode/cathode/surroundings can be controlled on
demand to be as low as 10 mbar or up to 500 mbar. It is important to
keep the pressure differences low for two  reasons. First, pressure
differences may lead to the destruction of the cell. Second, pres-
sure differences may  cause enhanced or declined electrochemical
activity of the cell. To enable the precise pressure control the vol-
ume  of the stack (∼100 ml)  is balanced by equalizing tanks (400 l
each) at the anode and cathode outlet to match the oven volume

(∼400 l). The parameters (gas composition, temperature and load)
are chosen to enable testing of different SOFC designs at all rele-
vant operating conditions. A wide range of gases such as hydrogen,
nitrogen, argon, methane, carbon monoxide and carbon dioxide

le: SOFC stack with temperature and pressure sensors. Right: Equalizing tanks and
ble logic control (PLC) and electrical load. Top right: Safety measures (not described
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3.2. Modeling

The theoretical research performed to support hybrid power
plant development at DLR includes modeling and simulation on
Fig. 2. Pressurized SOFC test rig: p

ith adjustable water vapor content up to 100% are available on
he anode side and can be mixed to simulate reformate. Air, oxy-
en, nitrogen and helium or mixtures of these gases can be utilized
n the cathode. The temperature of the cells can be adjusted up to
50 ◦C, the maximum temperature in the gas preheater is 800 ◦C.
he cells/stack can be analyzed by V(i)-characteristics, impedance
pectroscopy and gas analysis. The gas composition can be mea-
ured directly at anode and cathode in- and outlet. Special attention
s paid to safety measures.

The examined SOFC are anode-supported 5-cell short stacks
ith an active area of 84 cm2 cell−1 provided by ElringKlinger AG.

o build short stacks, sintered anode-supported cells (ASC) are
ntegrated into cassettes consisting of two metal bipolar plates
CroFer22) which are laser welded. To form a stack the cassettes
re welded between the gas module and the cathode contact sheet
hich is connected with to stack top plate. The anode consists of

wo layers made of Ni + YSZ: a 240 �m thick substrate and a 10 �m
eactive layer. The next layer is a 10 �m YSZ electrolyte. The cath-
de again consists of two layers, a 10 �m reactive layer made of
SM + YSZ and a 60 �m current collector made of LSM, see Fig. 3.

In the experiments the pressure was adjusted at the anode
ell outlet. The pressure differences between anode/cathode,
node/surroundings and cathode/surroundings were beneath
0 mbar at all times. Due to the nature of the test rig the minimum
perating pressure is 1.4 bar. At each pressure the temperature was
aried from 700 to 800 ◦C. The anode gas was changed in com-
osition: pure hydrogen (H2), hydrogen/nitrogen 1/1 (H2/N2 1/1)
nd hydrogen/nitrogen 3/1 (H2/N2 3/1). The total flow was set to
0 slpm for the whole 5-cell short stack. H2/N2 1/1 is used as an
pproximation of reformate gas. The cathode gas was air with a
otal flow of 15 slpm. For analysis V(i)-characteristics were used.

To begin with the correct operation of the test rig is verified by
omparing measurements at ambient pressure with experimen-
al in-house data [17]. Fig. 4 demonstrates the functionality of the
est rig through the close similarity (deviation <2%) between mea-
urements at ambient conditions with anode gas 5 slpm H2 + 5 slpm

2 + 4% H2O (humidified hydrogen/nitrogen 1/1) at 750 ◦C on our

est rig to in-house data with anode gas 5 slpm H2 + 5 slpm N2 + 3%
2O at 750 ◦C and 21 slpm air on the cathode with the same stacks
n another stack test rig.
raphs of the most important parts.
Fig. 3. (a) Stack components [17] and (b) cross section of an anode-supported cell
imaged by SEM.
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a voltage of 0.84 V to 30 mW cm−2 at 2 bar and 38 mW cm−2 at 3 bar.
As high fuel utilizations are generally aimed for in SOFC systems,
pressurization is bound to have a major effect on system level.
ig. 4. Verification of test rig functionality: comparison of measured cell perfor-
ance with previous experimental in-house data on the same stacks [17] (ambient

ressure; an: 10 slpm H2/N2 1/1 +4% H2O; ca: 21 slpm air; T: 750 ◦C).

ell and system level. This allows investigations that are difficult,
xpensive or time-consuming if conducted experimentally and
rovides insight into voltage loss contributions and optimization
otentials.

For a detailed examination on the cell level an in-house soft-
are code is used [18]. The model is based on physical equations

nd is applicable to elevated pressures [19]. The results presented
ere are based on a model of anode-supported cells that was
reviously validated at ambient pressure [20]. Anode electrochem-

stry is described using elementary kinetics for surface reactions
nd charge transfer. Cathode electrochemistry is described via a
utler–Volmer equation. Even though the model does not exactly
epresent the experimentally examined cells, the current model
rovides sufficient accuracy as both cells are comparable (both
node supported and consisting of similar anode materials). It can
e assumed that the pressure-dependent mechanisms are similar.

 new cell model representing the experimentally examined cells
ill be developed and validated in the future.

Results shown in this work are from 2D simulations (dimensions
re along the gas channels and through the thickness of the cell). All
imulations are isothermal. The operation parameters of the sim-
lations (pressure, temperature, gas composition) have been set
ccording to the experiments. Fuel consists of hydrogen/nitrogen
/1 or pure hydrogen respectively, with a humidity of 0.5%. Oxi-
ant consists of 21% O2 and 79% N2. In analogy to the flows of the
xperimentally investigated cells (10 slpm stack−1 on the anode,
5 slpm stack−1 on the cathode), a fuel inlet flow of 0.024 slpm cm−2

nd an oxidant inlet flow of 0.036 slpm cm−2 are chosen. On system
evel, the current work focuses on the dynamic behavior of a fuel
ell system which is analyzed by step-response simulations as well
s full load cycles. A control system of the power plant is imple-
ented which can be optimized for different aspects, for example,

eat conservation during low-load operation [8].

. Results

In this paper the pressure-dependence of performance is inves-
igated. To illustrate the effect of pressurization, temperature and
as composition on the anode are varied. The interdependencies
f the mechanisms inside the SOFC are emphasized by combin-

ng two parameter changes. The focus is on the pressure range
rom 1.4 to 3 bar. Interpretation is derived from experiments
V(i)-characteristics) as well as from modeling/simulation results
overpotentials). For illustration purposes, all diagrams are based
Fig. 5. Comparison of measured single-cell behavior in 5-cell short stack through
V(i)-characteristics (p: 1.4 bar; an: H2/N2 1/1; ca: air; T: 800 ◦C).

on cell 4 out of the 5-cell short stack. Cells 2, 3 and 4 show similar
and consistent behavior. Owing to boundary effects, cells 1 and 5
differ in the absolute values but show qualitatively similar behavior
(see Fig. 5).

4.1. Influence of elevated pressure on power density

To begin with, SOFC behavior at 1.4, 2 and 3 bar is illustrated
in Fig. 6 through V(i)-characteristics and power density over cur-
rent density plots at 800 ◦C with H2/N2 1/1 on the anode and air
on the cathode. It can be seen that the open circuit voltage (OCV)
increases with pressure rise according to Nernst potential. Namely,
1.136 V at 1.4 bar, 1.154 V at 2 bar and 1.189 V at 3 bar are mea-
sured. In addition, the power density increases at pressurization.
At reference voltage of 0.9 V the power density is 284 mW cm−2 at
1.4 bar, 307 mW cm−2 at 2 bar and 323 mW cm−2 at 3 bar. This is an
increase in performance of 8.3% from 1.4 to 2 bar and 13.8% from 1.4
to 3 bar. As expected from literature [14,15] the performance gain
is comparatively higher from 1.4 to 2 bar than from 1.4 to 3 bar even
though Zhou et al. compared 4 not 3 bar.

Further, it can be observed that performance gain (see Fig. 7)
increases with voltage decrease or fuel utilization rise. For exam-
ple, at a voltage of 1.0 V the performance gain is 18 mW cm−2 at
2 bar and 36 mW cm−2 at 3 bar. The performance gain increases at
Fig. 6. Experimental V(i)-characteristics and power density over current density at
1.4,  2 and 3 bar (p: 1.4, 2 and 3 bar; an: H2/N2 1/1, ca: air, T: 800 ◦C).
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ig. 7. Experimentally observed performance gain of 2 and 3 bar compared to 1.4 bar
an: H2/N2 1/1; ca: air, T: 800 ◦C).

.2. Simulations and model-based analysis

Modeling and simulation are used to interpret experimental
esults. The simulated V(i)-characteristics of 1.4, 2 and 3 bar at
00 ◦C with hydrogen/nitrogen 1/1 on the anode and air on the
athode (displayed in Fig. 8) resemble the experimental data qual-
tatively. The performance of the simulated V(i)-characteristics is
igher compared to the experimental observations which can be
xplained by model validation on different cells. However, the gen-
ral behavior regarding pressure and temperature dependence is
onsistent. On this basis the model can be used for analysis of
xperimental results.

To determine the pressure-dependence of SOFC performance,
he various losses in the cell can be expressed by overpotentials.
rom the physical model, three different types of overpotentials
re derived: concentration, activation and ohmic losses (see Fig. 9).
he activation overpotential includes adsorption/desorption, sur-
ace reactions and charge transfer based on the elementary kinetic
escription [18,20,21].  The concentration overpotential describes
he resistance of molecules towards gas-phase transport. This
ncludes diffusion through the electrodes as well as convective
ransport along the gas channels. Therefore, the concentration

verpotential is strongly influenced by changes in species concen-
ration (e.g. hydrogen concentration of the fuel gas) and electrode
esign (e.g. porosity). Furthermore activation and concentration
verpotentials are influenced by operating conditions like tem-

ig. 8. Simulated V(i)-characteristics at 1.4, 2 and 3 bar (an: H2/N2 1/1; ca: air; T:
00 ◦C).
Fig. 9. Simulated overpotentials as a function of current density (p: 1.4 bar; an:
H2/N2 1/1; ca: air; T: 800 ◦C).

perature and pressure. The ohmic or electrolyte overpotential is
a result of the limited ionic conductivity of the electrolyte. Other
parts such as resistance of wires are not included at the present
stage.

In Fig. 9 the characteristics of the overpotentials of an anode-
supported cell at 1.4 bar and 800 ◦C are shown. The anodic
overpotentials are dominant due to the thickness of the anode
being ten times greater than the cathode thickness. All overpo-
tentials but the electrolyte overpotential increase non-linearly as
current density increases. Ohmic (electrolyte) losses increase lin-
early with increasing current density, as the ohmic overpotential is
only dependent on current and temperature.

The pressure-dependence of the overpotentials simulated at
1 A cm−2 with hydrogen/nitrogen 1/1 on the anode and air on
the cathode at 800 ◦C is shown in Fig. 10.  When the pressure is
increased from 1.4 to 3 bar concentration and activation overpoten-
tials at both electrodes decrease. The concentration overpotential
decreases because the concentration of hydrogen in the fuel and
oxygen in the oxidant increases with increasing pressure because
volume and temperature are constant. The concentration increase
has a positive effect on diffusion through the electrodes. This

leads to higher surface coverage of adsorbed intermediates [19].
The decrease of concentration overpotential at the cathode is low
compared to the anode due to its lower thickness. The activation

Fig. 10. Simulated overpotentials over pressure of 1.4–3 bar (1 A cm−2; an: H2/N2

1/1; ca: air; T: 800 ◦C).
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ig. 11. Experimental V(i)-characteristics 1.4 and 3 bar at temperature variation
rom 750 to 800 ◦C (an: H2/N2 1/1; ca: air).

verpotentials decrease because the electron transfer steps, espe-
ially the hydrogen spillover at the anode surfaces, are favored at
levated pressures due to higher surface coverage with reacting
pecies. As expected the electrolyte overpotential is not influenced
y pressure.

.3. Temperature variation at ambient pressure

To investigate the pressure-dependence of the different pro-
esses more closely the stack temperature and the gas composition
n the anode were varied. Firstly, the effect of temperature varia-
ion was examined at ambient pressure. The experiments (Fig. 11)
how that the temperature increase has a positive effect on the per-
ormance. The performance increase due to temperature rise from
50 to 800 ◦C at 1.4 bar is 30.9%.

Secondly, the simulated distribution of the overpotentials upon
emperature rise (Fig. 12 at 1.4 bar) shows two interesting effects.
n the one hand the temperature increase results in a decrease
f activation overpotentials at the electrodes due to higher reac-
ion rates. On the other hand, the concentration overpotentials
ncrease slightly at temperature increase. This reflects the tempera-
ure dependence of the Nernst equation and has been shown before

oth theoretically [22] and experimentally [23]. Electrolyte over-
otential decreases owing to enhanced ionic conductivity of the
lectrolyte.

ig. 12. Simulated overpotentials over pressure at 1.4–3 bar at temperature varia-
ion  from 750 to 800 ◦C (at 1 A cm−2; an: H2/N2 1/1; ca: air).
urces 196 (2011) 7195– 7202

4.4. Influence of elevated pressure on temperature variation

Analyzing experimental results of a temperature variation from
750 to 800 ◦C at 1.4 and 3 bar with H2/N2 1/1 on the anode and air on
the cathode (illustrated in Fig. 11), it can be seen that temperature
variation has a greater effect than pressure increase. For example
the performance increase from 1.4 to 3 bar at 750 ◦C and 0.9 V is
2.3% contrasting to the performance increase due to temperature
rise from 750 to 800 ◦C at 1.4 bar of 30.9%.

Moreover, modeling shows the same behavior. Fig. 12 illus-
trates the change in overpotentials over pressure at 750 and 800 ◦C
according to modeling. The slopes of the activation overpotential
at the anode and the cathode are lower. The concentration over-
potential at the anode decreases with the same tendency at both
temperatures. Pressure increase does not seem to have a major
influence on temperature variation.

However, the benefit of the temperature rise can be increased by
pressurization. For example the performance gain when changing
temperature from 750 to 800 ◦C at 0.9 V increases from 45.6% at
3 bar to 30.9% at 1.4 bar with H2/N2 1/1 on the anode.

From this one could expect that by increasing both parame-
ters (pressure and temperature) at the same time, the performance
increase would be the sum of both effects. Experimentally the per-
formance gain is even higher. The power density at 0.4 A cm−2 is
323 mW cm−2 at 1.4 bar and 750 ◦C. The benefit of the variation
to 3 bar and 800 ◦C is +30 mW cm−2 (353 mW cm−2). The sum of
both effects would be +24 mW cm−2 (347 mW cm−2). Interestingly,
changing the conditions to pure hydrogen on the anode, similar
trends are seen. The performance gain from 750 ◦C and 1.4 bar
to 800 ◦C and 3 bar is also 30 mW cm−2 (341–372 mW cm−2). This
suggests that the gas change has no major influence on perfor-
mance gains. This interpretation is supported by the same power
density rise at different gas compositions on the anode and pres-
surization, in particular changing the operating conditions from
750 ◦C and 1.4 bar to 800 ◦C and 2 bar (H2/N2 1/1: +28 mW cm−2,
H2: +27 mW cm−2) as well as from 700 ◦C and 1.4 bar to 800 ◦C and
2 bar (H2/N2 1/1: +62 mW cm−2, H2: +63 mW cm−2).

4.5. Gas variation at ambient pressure

The next variation is anode gas composition from H2/N2 1/1 to
H2/N2 3/1 to pure H2. At ambient conditions (as seen in Fig. 13,

continuous lines) the measured power density at 0.9 V and 750 C
increases from 217 mW cm−2 with H2/N2 1/1 to 276 mW cm−2 with
pure H2 on the anode which is a gain of 27.5%.

Fig. 13. Experimental V(i)-characteristics at 1.4 and 3 bar at gas variation from
H2/N2 1/1 to H2 (ca: air; T: 750 ◦C).
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ig. 14. Simulated overpotentials over pressure at 1.4–3 bar at gas variation from
2/N2 1/1 to H2 (at 1 A cm−2; ca: air; T: 750 ◦C).

Simulated changes in the overpotentials upon gas variation
re shown in Fig. 14 (at 1.4 bar). The main effect is the decrease
f concentration overpotential at the anode which is due to
igher hydrogen concentration in the fuel and therefore results

n improved availability of fuel gas in the porous electrodes. The
ctivation overpotential at the anode increases slightly. This is due
o the increasing H2/H2O ratio (note the constant humidification
f 0.5% assumed in the model) which leads to decreased electrode
inetics [21,24]. Because the gas change is on the anode, the cath-
de overpotentials do not vary. The electrolyte overpotential is
ndependent of gas composition at the electrodes.

.6. Influence of elevated pressure on gas variation

Studying the gas variation from H2/N2 1/1 to pure H2 at 1.4 and
 bar at 750 ◦C (illustrated in Fig. 13), it can be seen that the perfor-
ance gain of the gas change is greater than that of the pressure

ncrease. For example the performance gain of gas change at 0.9 V
rom H2/N2 1/1 to pure H2 at 750 ◦C is 27.5% at 1.4 bar contrasting
o the 2.3% performance gain of pressure change from 1.4 to 3 bar
t 750 ◦C with H2/N2 1/1 on the anode.

Yet, the performance gain of gas change increases at pressur-
zation. The performance gain at 0.9 V from H2/N2 1/1 to pure H2
t 750 ◦C at 3 bar is 40.3% (+89 mW cm−2) contrasting to 27.5%
+60 mW cm−2) at 1.4 bar. Fig. 14 shows the overpotentials over
ressure at gas composition variation on the anode. It can be
bserved that the tendencies of the overpotentials do not change
ignificantly with gas change.

Hence, it can be expected that by combining the increases in
oth hydrogen concentration and pressure, the benefits would
dd up. Interestingly, the benefit is even higher. For example the
ower density (at 0.4 A cm−2, 750 ◦C) at 1.4 bar and H2/N2 1/1 is
23 mW cm−2 and increases to 349 mW cm−2 at 3 bar and H2 which

s a benefit of 26 mW cm−2 (sum of the effects: +20 mW cm−2).
oreover, at 800 ◦C the variation of pressure and gas composition

as the exact same absolute benefit (+26 mW cm−2). At a change
n pressure and gas composition the temperature does not seem to
ave a major influence.

. Summary and conclusions

This paper presented a combined experimental and modeling

tudy on the influence of pressurization on SOFC performance in
he pressure range from 1.4 to 3 bar. Interpretations were based
n experimental V(i)-characteristics as well as on overpotentials
etermined from modeling. The experiments were performed on

[

[
[
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planar, anode-supported 5-cell short stacks provided by ElringK-
linger AG. Gas composition on the anode has been varied from
H2/N2 1/1 over H2/N2 3/1 to pure H2. Stack temperature was
changed from 700 to 800 ◦C.

At the reference voltage of 0.9 V the performance was
284 mW cm−2 at 1.4 bar, 307 mW cm−2 at 2 bar and 323 mW cm−2

at 3 bar with H2/N2 1/1 on the anode and air on the cathode at
800 ◦C. As observed before [13,15], the performance gain from 1.4 to
2 bar was comparatively higher than from 1.4 to 3 bar. In the present
study, 8.3% performance increase from 1.4 to 2 bar and 13.8% from
1.4 to 3 bar were obtained. In addition, the performance gain due
to pressurization increased with decreasing voltage or increasing
fuel utilization. As a high fuel utilization is generally aimed for in
SOFC systems, pressurization is bound to have a major effect on the
system level.

It was further observed that an increase in temperature has
a larger benefit at higher pressure. Moreover, the effect of gas
variation increased at pressurization. If one parameter (either
temperature or gas composition on the anode) and the pressure
were changed, the third parameter did not seem to have a major
influence. For example, pressure increase from 1.4 to 3 bar and tem-
perature rise from 750 to 800 ◦C had the same absolute benefit of
30 mW cm−2 both with H2/N2 1/1 or H2 on the anode.

Overall, the study has shown that pressurization has several pos-
itive effects on performance. Those effects partially interfere with
each other. This shows the need for further detailed analysis of
pressurized SOFC operation.

In future experiments the electrochemical behavior will be fur-
ther examined by means of gas analysis at anode and cathode inlet
and outlet and impedance spectroscopy. The next step in studying
the operational behavior will be identifying the operational limits.
Modeling on cell level will focus on the development of a model of
the examined cells.
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lossary

p: Pressure difference
ct: Activation
n: Anode
SC: Anode-supported cell
a: Cathode
H4: Methane
O: Carbon monoxide

O2: Carbon dioxide
onc: Concentration
l: Electrolyte
T: Gas turbine
2: Hydrogen
urces 196 (2011) 7195– 7202

H2O(YSZ): Water adsorbed on YSZ
H(Ni): Hydrogen adsorbed on nickel
HMI: Human machine interface
HT: High temperature
i: Current density (mA  cm−2)
LSM: Lanthanum strontium manganite
N2: Nitrogen
N2/5%H2: Safety gas
Ni: Nickel
NiO: Nickeloxide
O2: Oxygen
O(Ni): Oxygen adsorbed on nickel
O2−(YSZ): Oxygen ion adsorbed on YSZ
OCV: Open circuit voltage
OH−(YSZ): Hydroxide adsorbed on YSZ
p: Pressure (bar)
P: Power density (mW  cm−2)
PLC: Programmable logic control
PNG: Purified natural gas
PSOFC: Pressurized solid oxide fuel cell
slpm: standard liter per minute

SOFC: Solid oxide fuel cell
T: Temperature (◦C)
YSZ: Yttrium stabilized zirconium oxide
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