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1. Introduction

Solid oxide cells (SOCs) are flexible and efficient energy conver-
sion devices. In solid oxide fuel cell (SOFC) mode, they can effi-
ciently convert chemical into electrical energy. Due to the high
operating temperature and the stable catalysts, the cells can cope
with various fuels based on hydrogen and reformed

hydrocarbons. However, to play a signifi-
cant role in the future energy system,
SOFCs need to reach the megawatt and
multi-megawatt range. This can be
achieved partly by significantly increasing
the active cell area and the current density,
but at a certain point, this will be limited by
technological and manufacturing barriers.
Therefore, megawatt reactors are expected
to be designed as modular reactors with
multiple sub-reactors in the near future.[1,2]

Pressurization of SOFCs can provide
several benefits to further increase the
impact of this technology. First, it has a
positive impact on Nernst voltage and reac-
tion kinetics, leading to a higher reactor
efficiency.[3] Second, the overall system effi-
ciency can be increased in combination
with a gas turbine cycle.[4] Fuel gas recircu-
lation provides heat and hot steam for
reforming of hydrocarbons[5] and can
increase the system fuel conversion.

However, there are only few scientific
publications on operation of large reactors

with multiple stack towers. For example, Gandiglio et al.[6] exam-
ined large SOFC reactors in a biogas-fed plant, and Nether et al.[7]

investigated a large SOFC reactor for maritime application.
However, both do not examine the operating behavior of the indi-
vidual stacks. Srikanth et al.[8] published heat-up and pressure
loss experiments on a 4-stack SOFC reactor. Aicart. et al. did
a performance evaluation of a 4-stack solid oxide reactor though
mostly in electrolysis mode.[9] Operation under elevated pres-
sures has been investigated by several research groups
(e.g.,[10–14]) for single stacks but not for reactors with multiple
stack towers. Experiments with recirculation blowers were inves-
tigated with cooled recirculation gases[15] and for systems with
only a single stack.[16] Research focusing on the behavior of
SOFC reactors with multiple stacks in process systems with
BoP components is needed to support scaling of SOFC reactors
into the megawatt and multi-megawatt range.

Therefore, a large SOFC reactor with multiple stack towers
was examined under pressurized conditions within a 30 kW
SOFC system (Figure 1), which was built at the German
Aerospace Center (DLR) in Stuttgart, Germany. In addition to
pressurized operation, this system was equipped with a high-
temperature blower for direct fuel gas recirculation at SOFC reac-
tion temperature as well as an array of integrated sensors, such as
thermocouples and voltage measurements, to monitor values
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Large-scale modular solid oxide fuel cell (SOFC) reactors composed of multiple
stacks are regarded as an efficient form of power generation and important for the
global energy transition. However, such an arrangement leads to several oper-
ational challenges, and methods are required for handling such challenges and
understanding their sources. Hence, a test rig for the examination of a 30 kW
SOFC reactor with multiple stacks, for operation near real system conditions, is
built. The test rig, which allows operation at elevated pressure, is equipped with a
high-temperature blower that recirculates the fuel gas at SOFC reactor tem-
perature. In a measurement campaign, fuel gas, reactant conversion, and
pressure are varied in stationary and transient experiments. The experimental
results showed that the operating conditions of the individual stacks of large
SOFC reactors vary largely due to flow distribution and heat losses. Methods for
the investigation of these critical characteristic parameters are derived from the
experimental results. Furthermore, the impact of pressurization and fuel gas
recirculation on the SOFC reactor is analyzed. This publication shows the need to
understand the behavior of large SOFC reactors with multiple stacks to increase
the performance and robustness of complete process systems.
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throughout the test rig and the reactors. These features make the
system one of its kind and a highly sophisticated setup for the
scientific investigation of SOFC reactors.

In this work, the behavior of an SOFC reactor with many
stacks in a system context was studied. This was done in two
steps. First, the reactor was examined, which consists of several
sub-reactors and thus allows investigating the challenges of
future modular megawatt reactors. The main factors, including
heat losses and unequal flow distribution, which result in differ-
ent temperature and reactant conversion rates within the multi-
tude of stacks, were analyzed in detail. In the second step, the
impact of the surrounding system components on the individual
cells and stacks was investigated. The results showed that this
impact cannot be neglected and it is rather important for the
design and operation of systems using SOFC reactors.

The experimental setup is described in Section 2. Section 3
focuses mostly on the operational behavior of the SOFC reactor

and its multiple stacks. Subsequently, effects resulting from the
particular structure of the investigated system are analyzed
(Section 3.3). In Section 4, the findings are summarized and
future research steps are described.

2. Experimental Setup

In this work, the behavior of an SOFC reactor with multiple
stacks, which was operated in a system, was investigated. For this
purpose, a unique test rig was designed and built by the DLR
containing an SOFC reactor with 48 stacks. All subcomponents
were purchased from suppliers or developed together with them.
In most cases, these were tailor-made products for the test bench
or products in the commercialization phase that have a high
degree of novelty. The Supporting Information contains addi-
tional material about the setup.

Figure 1. Solid oxide fuel cell (SOFC) system with a 30 kW reactor built and operated at German Aerospace Center (DLR) in Stuttgart. The image was
adapted with permission from the German Aerospace Center (DLR).

Figure 2. Simplified piping and instrumentation diagram of the pressurized SOFC test rig. The colored areas show the locations described by the indices
“ves,” “R,” and “rec,” which indicate vessel inlet and outlet, reactor inlet and outlet, as well as the recirculation flow. The natural gas (NG) is desulfurized.
Inlet values are marked with a single apostrophe ( 0) and outlet values with a doublet ( 00).
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Figure 2 shows a simplified piping and instrumentation dia-
gram of the test rig. For the sake of simplicity, it contains only the
sensors, actors, and pipes relevant for this publication. The fuel
gas, which can consist of hydrogen, carbon dioxide, nitrogen, and
natural gas (NG), entered the vessel and was mixed with the recir-
culation flow. After leaving the steam reformer, it flowed through
the SOFC reactor. Before leaving the vessel, the product gas was
partly recirculated. The reactor air flow was preheated before
entering the SOFC reactor, and the vessel air flow was used
to purge and pressurized the vessel. All flows were mixed and
the pressure was controlled using the system pressure control
valve.

2.1. SOFC Reactor with Multiple Stacks

The reactor consisted of 1440 commercially available electrolyte-
supported cells, grouped in 48 stacks. The 30 cells per stack had
an active area of 127.8 cm2 each and were designed for co-flow
operation. The 55mm thick oxygen electrodes consisted of lan-
thanum strontium cobalt ferrite oxide (LSCF) and the 30mm
thick fuel electrode of nickel gadolinia–doped ceria (Ni-GDC).
The electrolyte was approximately 90mm thick and consisted
of 3 mol% yttria-stabilized zirconia (3 YSZ). In addition, there
was a GDC layer between the electrolyte and the fuel electrode
as well as between the electrolyte and the air electrode. More
detailed information about the cells and their composition could
be obtained from Riedel et al.[14] Figure 3 shows the internal
architecture of the SOFC reactor in the xz and the xy plane. It
consists of six sub-reactors (SR A-F). Each sub-reactor was
formed by two towers (front tower F and back tower B) with four
stacks each (stack level 1–4). The stacks in one sub-reactor shared
a common air compartment.

The six sub-reactors were connected to one air and one fuel
flow distribution pipe in parallel forming the SOFC reactor.
Apart from the sensors shown in Figure 2, the overall voltage
of the stack was measured via voltage taps on the endplates.
Thus, not individual cell voltages but average cell voltages were
measured. Additionally, thermocouples measured the air tem-
perature at the outlet of the center cell of each stack T

00
stack.

The stacks were named after their location (e.g., the stack on
the second level in the front tower of sub-reactor D is called
D2F). The right part of Figure 3 shows the fuel distribution
inside the sub-reactors. The flow entered the sub-reactors
through the bottom of the sub-reactors and was distributed to

the cells by the internal manifold of each stack tower. The
sub-reactors were insulated with respect to each other and the
environment by high-temperature insulation materials. The sen-
sors and power cables were led through at the bottom of the sub-
reactors into a combined sensor compartment. The target sensor
compartment's temperature must remain below 80 �C and was
controlled by an additional cooling air flow.

2.2. Balance of Plant Components

The outlet fuel gas of the SOFC reactor was directly recirculated
at reaction temperate with a blower delivering heat and product
gases to the steam reformer in front of the SOFC reactor. The
reformer outlet temperature was approximately equal to the
SOFC reactor inlet temperature. The air was preheated before
entering the SOFC reactor by a gas burner via a heat exchanger.
Both the air and the fuel gas flow were mixed before passing
through a valve that controls the system pressure. The system
pressure psys could be adjusted between 1 and 4.5 bar. The elec-
trical currents of the six sub-reactors could be controlled sepa-
rately. A second air flow, whose temperature is controlled by
an electric preheater, pressurized the vessel. This allowed the
temperature around the reactor to be changed. The fuel could
be a mixture of hydrogen, desulfurized NG, carbon dioxide,
and nitrogen. Each gas flow was controlled by an individual mass
flow controller. The test rig was built with respect to the later
investigation of the coupling of an SOFC with a micro gas tur-
bine into a Hybrid Power Plant (HyPP).[17] Therefore, certain
boundary conditions were limited as some components were
built to emulate the behavior of a gas turbine. For example,
the preheating of the air flow was limited to the maximum tem-
perature that can be achieved by recuperating the heat from the
exhaust gases of the emulated gas turbine. The recirculation
blower SSR-70 was developed for gas at reactor temperature
of SOFC systems by the company CAP Co., Ltd.[18] and its rota-
tional speed ωrec was controlled by a variable-frequency drive
(VFD), which has a maximum speed of 44 400 rpm. However,
the maximum speed was limited to 42 000 rpm to avoid damage
of the bearings in long-term operation. Additional information
on the blower is available in the Supporting Information section,
by the manufacturer[19] and in a project report.[20] The power elec-
tronics had six channels, each connected to a sub-reactor. The
electrical current could be inverted and fed into the grid or, in
case of grid instabilities, dissipated via resistor banks. The test

Figure 3. Simplified flow diagram of the internal flows in the SOFC reactor (xz-plane). Sub-reactor C shows the internal air flow to the front tower (FT) and
back tower (BT) through one common air chamber. All sub-reactors have the same internal design. Simplified flow diagram of the internal fuel flows in
each sub-reactor containing two towers with four stacks each (xy-plane).
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rig was controlled by a control system, which is described in
Sections 3.1 and S.4 (Supporting Information).

3. Results

The results section is divided into three parts. First, the devel-
oped control system is presented, which was the basis for all
experiments. Second, the behavior of the SOFC reactor with
multiple stacks and, third, the behavior of the whole system
was investigated.

3.1. System Control

To perform the necessary experiments on the 30 kW SOFC sys-
tem, a control scheme was developed and implemented. It was
derived from the control scheme of the HyPP presented by
Henke et al.[21] and later described by Marcellan et al.[22] This
was done by using additional controllers due to the additional
degrees of freedom. For example, in case of direct coupling of
SOFC and gas turbine (SOFC partially replaces the combustion
chamber), the pressure of the SOFC reactor is determined by the
cooling air mass flow and thus the pressure ratio of the compres-
sor. Since there is no compressor, the pressure must be adjusted
by an additional controller. Further information is available in
the Supporting Information. During the experiments, the system
was controlled by a programmable logic controller (PLC) mostly
using PI controllers. The most important controllers are
described as follows: 1) Power controller: This closed-loop con-
troller modulates the nominal current Inom until the set value of
the electrical DC power Pel,DC,set is reached. A protection mecha-
nism is implemented to avoid too high cell temperatures and too
low cell voltages; 2) Load controller: This loop controller assigns
currents to the individual sub-reactors ISR i depending on a given
distribution key. It must apply Inom¼ 1/nSR Σi¼A ISR i with nSR
as the number of sub-reactors; 3) Fuel mass flow controller:
Open-loop controller that calculates the mass flows of the indi-
vidual fuel components (hydrogen, NG, nitrogen, carbon diox-
ide) depending on the set values for system reactant
conversion and fuel composition; 4) Reactor temperature control-
ler: Closed-loop controller that controls the maximum reactor
temperature max(T

00
stack) by varying the air mass flow ṁ

0
air,R; 5)

Fuel gas inlet temperature controller: Closed-loop controller that
controls the fuel gas inlet temperature Tfuel,R into the SOFC reactor
with the recirculation blower speed ωrec as manipulated variable. It
must be ensured that there is always enough product flow for
steam reforming; and 6) System pressure controller: Closed-loop
controller that controls the system pressure psys using the pressure
control valve.

The controllers were parameterized using the step response
method and tuning rules based on Ziegler and Nichols[23] dur-
ing commissioning. Additional information on these tuning
rules were presented by Åström and Murray.[24] More sophisti-
cated techniques such as gain scheduling and feed forward
approaches were used if needed. Unless noted otherwise, this
controller configuration was used in all the experiments shown
hereafter.

3.2. Analysis of SOFC Reactor Operation with Multiple Stacks

The performance of SOFC cells and stacks is usually character-
ized by current, voltage, temperature, input gas composition, and
reactant conversion. In this work, it was investigated whether the
characterization using these parameters of operating points is
also adequate for SOFC reactors with multiple stacks. In the first
step, stationary operating points were compared and critical
parameters were identified. In the second step, the performance
of the individual stacks was closely examined.

3.2.1. Comparison and Analysis of Stationary Operating Points

During the experiments, several stationary operating points were
obtained. In this section, five representative operating points
were investigated extensively, which are detailed in Table 1. It
is explained which parameters prevent a further increase in
power or efficiency, and which parameters reach their limits.
In general, the reasons are different temperatures and voltages
of the individual stacks, which, in combination with the electrical
connections, lead to a limitation of the overall performance.

Apart from the measured parameters, the following calculated
parameters were used: the system reactant conversion Xsys was
calculated using fuel flow and electrical current. The recircula-
tion rate is defined as the ratio of recirculated mass flow and
SOFC reactor gas outlet mass flow ṁrec=ṁ

00
fuel,R. The SOFC reactor

reactant conversion XR (single pass) can be calculated as a function
of recirculation rate and system reactant conversion Xsys.

XR =
Xsys 1� ṁrec

ṁ
00
fuel;R

� �
1� Xsys

ṁrec

ṁ
00
fuel;R

(1)

In this work, the fuel is defined as the ratio of the chemical
power of the NG flow Pch,NG and the total (NG and H2) flow
Pch,tot. The calculation is based on the lower heating values (LHVs).

Pch,NG

Pch,tot
¼ ṁ0

NG,ves LHVNG

ṁ0
fuel,ves LHVfuel

(2)

These operating points were chosen because they represent
characteristic reactor behavior, namely load variation, NG varia-
tion, and oxygen utilization, and each can be used to analyze a
specific effect. Furthermore, the test rig was operated in these
points for at least 10 h to rule out transient effects.

Operating point 1 was obtained during the first manual heat-
up, which was interrupted during the night. It was chosen as it is
a stationary out-of-spec operating point depicting the perfor-
mance at low temperatures. However, the system reactant con-
version was already near 90% resulting in system gross efficiency
of ηgross,LHV¼ Pel,DC/Pch,tot¼ 53.8%. Due to the low average stack
voltage, the current was not increased to prevent cell damage
(rf. Section 3.3.1). Operating point 2 had the highest NG share
in the fuel gas of the stationary operating points. This resulted
in a high recirculation rate and a low air mass flow. Therefore,
the minimum cell voltage was close to its limit. This relationship
is discussed in more detail in Sections 3.3.3 and 3.3.4. Operation
points 3–5 achieved a high system gross efficiency of nearly 60%.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2022, 10, 2101075 2101075 (4 of 12) © 2022 The Authors. Energy Technology published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.entechnol.de


The three operation points had a high reactant conversion, elevated
pressure, and an NG share of at least 50%. The operation points 3
and 4 differ only in pressure. These were chosen to investigate the
pressure impact including a transient ramp in Section 3.3.2. The
highest electrical power of the stationary operating points was
achieved with a system reactant conversion of 70% (OP5) and pure
hydrogen as fuel. Further power increase is limited by the voltage
limit. According to the reactor's specification, the temperature dif-
ference between fuel inlet temperature and stack temperaturemust
not exceed 200 �C. To minimize the load of the recirculation
blower, the fuel inlet temperature T 0

fuel,R was set to 650 �C, which
is the lower limit at T 00

stack ¼ 850 �C.
All operating points in Table 1 showed low average stack outlet

temperatures T
00
stack and high average cell voltages. In contrast,

the maximum individual stack outlet temperatures and the min-
imum cell voltages were near their set points (e.g., OP5:
TMax¼ 850 �C and UMin¼ 0.7 V). The average cell voltages of
the weakest stacks were 30 to 50mV lower than the average cell
voltage of all stacks. As the stacks per sub-reactor are electrically
connected in series, this spread of the observed parameters leads
to low average current densities. The current density cannot be
increased without exceeding the set values for the maximum
temperature or the minimum voltage.

This shows that the usage of the average values does not give
any indication on the spread of the parameters and the operabil-
ity of the reactor. Therefore, it is necessary to observe not only the
average values of the SOFC reactor but also the operational
parameters of all its stacks as each stack operates under different
operating conditions. This is mostly due to an uneven distribu-
tion of temperature and flows in the SOFC reactor because of the
geometrical arrangement of the stacks, which causes different
heat losses and different flows in the individual stacks as shown
in Sections 3.2.2 and 3.3. To increase power and performance,
the applied operation strategy must consider these effects.
Therefore, Figure 4 is used to examine the locations and operat-
ing conditions of the critical stacks.

The figure depicts each stack by a box. The colors of the indi-
vidual stacks represent the stack temperatures and the average
cell voltages (in volt) are written inside the boxes. The stacks
on the bottom level have a much lower temperature than the
stacks on the top level. In the sub-reactors B to F, the stacks
x4B have the highest temperature (as far as measured). In
sub-reactor A, it is stack A3B. The back towers tend to have
higher temperatures than the front towers. This may be due
to air preheating and uneven distribution in the inlet air chamber
or higher heat losses as the pipes interrupt the heat insulation at

Table 1. Average measured values of the solid oxide fuel cell (SOFC) reactor for five stationary operating points.

Operating point OP 1 2 3 4 5

Electric power Pel,DC kW 9.30 19.5 19.0 19.0 25.0

Current density j A cm�2 0.07 0.14 0.14 0.14 0.18

Average cell voltage Ucell V 0.759 0.737 0.74 0.743 0.738

Minimum cell voltage Umin V 0.74 0.682 0.692 0.695 0.685

Average stack outlet temperature T
00
stack

�C 788.4 830.2 828.8 828 834.9

Maximum stack outlet temperature T
00
stack,max

�C 831.3 850.3 850 850 855.7

System pressure psys bar 1 2 2 2.4 3

System reactant conversion X % 88 89 89 89 70

Natural gas (NG) lower heating value share Pch,NG=Pch,tot % 0 72 50 50 0

Oxygen utilization OU % 16.1 32.1 27.6 30.4 25.7

Air reactor inlet temperature T 0
air;R

�C 713.4 707.3 701.9 700.6 633.8

Fuel reactor inlet temperature T 0
fuel;R

�C 659.3 650 650 650 650

Recirculation rate ṁrec=ṁ
00
fuel;R

% 71 84 81 81 74

System gross efficiency ηgross,LHV % 53.8 60.0 57.8 58.0 41.0

Figure 4. Temperatures (color mapped) and average cell voltages (written inside boxes in volt) of the individual stacks in the SOFC reactor for operating
point 6. Gray boxes indicate broken thermocouples. The thermocouples measure the air outlet temperature of the center cell of each stack.
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the front towers. Furthermore, the electrical currents of the sub-
reactors were modified in such a way that temperatures of the
sub-reactors were homogenized. Without this adaption of the
electrical currents, the temperature of the first stack would be
much too low while the temperature of the last one would be
too high. This is due to the increasing pressure loss along the
x-axis of the SOFC reactor, which leads to higher air flows
through the first sub-reactors. The average cell voltages seem
to be influenced by the temperatures (higher voltages at the
top cells) and the current (lower voltages at the first sub-reactors).
This correlation is further examined in Section 3.2.2. The elec-
trical DC power at this operating point is Pel,DC¼ 25.0 kW while
Pel,AC¼ 23.6 kW were fed into the grid with a power electronics
efficiency of 94.4%. Assuming that all stacks would behave as the
best and the worst stack, respectively, the electrical power would
be Pel,DC¼ 28.6 kW and Pel,DC¼ 22.0 kW.

The difference in power between best and worst performing
stack was 26.4% of the average stack power. This section showed
that it is difficult to compare operating points because the inter-
relationships are difficult to determine. Different heat and pres-
sure losses lead to an uneven distribution of the gas flows and
different temperatures of the individual stacks. An analysis of the
average values of the SOFC reactor's operating parameters is
thus not sufficient. Therefore, in Section 3.2.2, the performance
of the individual stacks is examined in detail.

3.2.2. Performance

As proposed in Section 3.2.1, the performance of the individual
stacks is evaluated in this section. Assuming a uniform flow dis-
tribution, the area-specific resistance (ASR) was used to evaluate
the performance of the individual stacks, considering the local
temperatures and flows. Subsequently, this and other assump-
tions are examined for their applicability. The ASR is defined
as the difference in measured voltage Umeasured and conversion
rate–dependent ideal voltage Uid divided by the current density j.

ASR ¼ U id �Umeasured

j
(3)

The ideal voltageUid was calculated using the Nernst equation
assuming ideal gases (ai¼ pi/p0). Moreover, by assuming the

stacks to be zero dimensional, these can be treated as a continu-
ous stirred-tank reactor. Therefore, the average composition
x
�
i ¼ 0.5ðx0i þ x00i Þ between inlet (0) and outlet ( 00) was used.[14,25]

Uid ¼ U0 þ
RT
z F

ln
x
�
H2
x
�0.5
O2

x
�
H2O

p
p0

� �
0.5

 !
(4)

Figure 5 shows the ASR of the individual stacks for the sta-
tionary operating points 1–6. Two assumptions had to be made.
First, the fuel and air flows were assumed to be equal for each
stack.

ṁ0
stack,i ¼

1
nstacks

ṁ0
r (5)

Second, each stack outlet temperature T 00
stack was assumed to

be the characteristic temperature of its corresponding stack.

ASRstack,i ¼ ASRðT 00
stack,iÞ (6)

The black line shows the ohmic part of the ASR according to
Riedel et al.[14] The red fitting function takes all ASR values into
account using the same model function. The values of the sub-
reactors A and B seem to be smaller than those of the fitting func-
tion while the values of the sub-reactors E and F are larger.
Furthermore, if a quadratic fitting function is chosen instead,
it will have a minimum around 850 �C. This is due to the
high-calculated ASR of the stacks that are mainly located in tower
levels 3 and 4.

To investigate these behaviors, the values were plotted against
their stacks’ locations in Figure 6. With an increasing distance
from the SOFC reactor inlet (SR A!F), the measured ASR
was increasing. In combination with the shown current distribu-
tion (Figure 4), this led to the conclusion that the calculated ideal
voltage had to be wrong as the flow distribution was not equal. It
is likely that the sub-reactors further away from the air and fuel
gas inlets had higher local reactant conversions and thus higher
electrochemical losses. For further investigation, stepwise correc-
tions were made to explain the experimental results. By subtract-
ing the local values of the fit function (in Figure 5), the ASR
values became temperature corrected ([I], red). The values were
still increasing with the distance from the SOFC reactor inlet.

Figure 5. Area-specific resistance (ASR) of the individual stacks plotted against the stack temperature. An even flow distribution is assumed.
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Two further corrections were applied. First, an unequal flow dis-
tribution was assumed ([II], yellow). Second, the measured stack
exit temperatures were assumed to be the characteristic stack
temperature. The differences between characteristic and mea-
sured temperature were varied as the heat losses in the inlet
pipes cause different stack inlet temperatures ([III], purple).
With these assumptions, the final curve was nearly horizontal,
which means that all sub-reactors had a similar performance.
Within the small variation, sub-reactor B had the lowest ASR
while sub-reactor D had the highest.

The reverse trend can be observed over the height of the tow-
ers. The higher the stack's position in the tower (levels 1!4), the
lower its calculated ASR. It is obvious that this was due to the
vertical temperature spread (I). However, small deviations from
zero are still present in the red plot. These can be explained by
the temperature increase in the fuel manifold of each stack tower
(rf. Figure 3). With increasing height in a stack tower, the inlet
temperature was increasing. Therefore, the axial temperature
difference between cell inlet and outlet decreased as does the dif-
ference between the characteristic and the measured tempera-
ture (IV). It has to be considered that several other parameters
probably had an influence. These are for example heat losses
of the sub-reactors into the vessel volume or the sensor compart-
ment. Probably, the outer sub-reactors (A and F) had higher heat
losses, which will change the temperature profile. Furthermore,
the outer stacks per tower (1 and 4) may also have had higher heat
losses. The diagrams show indications of these effects. This sec-
tion showed that the temperature, the temperature profile, and
the local reactant conversion of the individual stacks varied

strongly. Therefore, a performance characterization of an
SOFC reactor with multiple stacks that is only using average
or maximal values can never be exact and extensive. Instead,
the steps ([I]–[IV]) shown in this manuscript can be used to inter-
pret the measured values.

The authors propose as a result of this part of the investiga-
tion, a variation of several parameters, such as fuel and oxygen
conversion, and subsequent analysis with the diagrams shown to
investigate the impact of these parameters. For further analysis
and the determination of characteristic values, simulation mod-
els for SOFC reactors with multiple stacks including pressure
losses, heat losses. etc., should be developed. In contrast to
the works of Li et al.,[26] Navasa et al.,[27] and Kim et al.,[28]

not only the processes within a single stack but also the interac-
tion between different stacks should be analyzed and explained
by these numeric models.

3.3. Analysis of System Operation

While the Section 3.2.2 referred mostly to the SOFC reactor, this
section examines matters that arise from the characteristics of
this particular system setup.

3.3.1. Start-up of the System

SOFC reactors must be heated up by an external source until
ionic conductivity allows for additional heating using the polari-
zation resistances. For the startup of the system described here,
an air preheater consisting of a gas burner and a heat exchanger
are used as an external source (Figure 2). In combination with
the bypass valve, the air inlet temperature T 0

air;R can be controlled.
To reduce the risk of cell damage, three conditions must be
considered during heat-up. 1) The maximum temperature differ-
ence between air inlet temperature and reactor temperature
(250 K); 2) The maximum temperature difference between
fuel gas inlet temperature and reactor temperature (200 K);
and 3) The maximum temperature difference between fuel
gas inlet temperature and air inlet temperature (150 K).

This is ensured by controlling the inlet temperatures via the
blower speed and the preheater power respectively the bypass
valve position. During startup, the limiting factor was the differ-
ence between the inlet temperatures. As there is no fuel
preheater in this setup, the fuel gas inlet temperature can only
increase along with the temperature of the SOFC reactor and its
outlet flow temperature. The heat-up was automated respecting
these temperature limits.

Having reached average reactor temperatures above 650 �C,
the ionic conductivity of the deployed cell type allows for addi-
tional heating using the polarization resistances. Additionally,
the upper limit of external heating is reached at T 0

air,R of around
720 �C for this particular system setup.

As the reactor temperature is far below nominal, even low
current densities lead to high overpotentials resulting in the
desired heat-up. Figure 7 depicts the beginning of power gen-
eration. The process can be divided into different phases (1–6)
that are shown in Figure 7. 1) Enthalpy flow difference
between the inlets and outlets of the SOFC reactor were equal
to the SOFC reactor's heat losses; 2) Cells were far below

1.5

Figure 6. ASR plotted against their stacks’ locations. It was assumed that
the volume flow distribution through the sub-reactors is linear. In the cal-
culation, sub-reactor A received 25% more flow than the average and sub-
reactor F 25% less (II). Furthermore, it was assumed that difference
between the characteristic and the average cell temperature of the stacks
in sub-reactor F is 10 K smaller than in sub-reactor A, due to heat losses in
the pipe feeding the sub-reactors (III). The vertical fuel and temperature
distribution were considered to behave similarly. In the calculation, the
lower stacks received 10% more fuel gas and the top stacks received
10% less (II) while the lower stacks’ characteristic temperature was pre-
sumed to be 5 K colder than the measured one (IV). The position of the
towers (front or back) does not have a significant influence and is therefore
omitted in this analysis.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2022, 10, 2101075 2101075 (7 of 12) © 2022 The Authors. Energy Technology published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.entechnol.de


operation temperature. Sub-reactors E and F could not gener-
ate much heat. Therefore, the currents of the sub-reactors E
and F were reduced and the others were set to a higher value
(see ISR i/Inom plot). Minimum cell voltage was set to 0.8 V to
reduce the risk of damaging the top or bottom cells of the cold
stacks, which were likely to have an even lower temperature;
3) At t¼ 7 h, the load of the sub-reactors E and F was slowly
increased to bring them to the same temperature level as the
other stacks. The currents of the sub-reactors A and B were
reduced, as their temperatures were already quite high;
4) No set point changes during night; 5) At t¼ 26 h, the power
was increased to 15 kW, and the temperature controller was
activated subsequently. The higher air mass flow cools the
sub-reactors A and B more than the sub-reactors E and F
due to the flow distribution. Therefore, currents of sub-reac-
tors A and B were increased and the currents of sub-reactors
E and F were decreased. This switch is also visible in the tem-
perature plot. During the switch, the temperature spread
between the stack with the highest and the one with the lowest
temperature became much smaller; and 6) Subsequently, all
controllers were activated and the system was operational.

The described heating strategy is system specific and was auto-
mated using the aforementioned steps.

3.3.2. Effects of Pressurization

Pressurization of SOCs is often aimed at in literature to improve
kinetics and thus cell performance.[3,12,29] Additionally, the SOFC
operationmode is also thermodynamically favored because of the
increase in voltage. This section shows that for the investigated
system, the effects on heat transfer counterbalance this partly.
Figure 8 shows experimental data of a step change in system
pressure.

At t¼ 0 h, the set value of the system pressure was increased
from 2.0 to 2.4 bar within 1 h. As operating temperature drops
immediately, the reactor temperature controller reduces the air
mass flow. When the system returns to steady-state 20 h after
the pressure ramp, the air mass flow was around 10% lower,
which cannot be explained exclusively by a higher efficiency
but by a significant increase in heat losses. It was found that
the heat transfer of the insulation materials is pressure depen-
dent, namely increasing proportionally. In addition, the recir-
culation mass flow was increased because the heat losses of
the recirculation pipe, the blower, and the reformer increased.

The minimum and the average voltage increased by 2.2 mV.
To investigate this further, the impact of the observed parameters
on the ideal voltage was investigated. The influence of pressure
on polarization losses can be neglected for this cell type as Riedel
et al.[30] showed. Considering only pressure increase with the
Nernst equation, the ideal voltage increases by 4.3 mV.
Additionally, considering the aforementioned changes in air
mass flow and recirculation, the ideal voltage increases by only
3mV. This leads to the conclusion that the anticipated positive
impact of pressure on the electrochemical performance is
impeded by the reduction of the average temperature, lower
Nernst potential due to a higher recirculation mass flow, and
higher oxygen utilization.

To verify the impact of pressure on the heat losses, these were
plotted as a function of the system pressure in Figure 9 for a wide
range of operating parameters. The heat losses were calculated as
follows, using the enthalpy flows Ḣ around the vessel.

Figure 7. Start-up of the system using different currents for the sub-
reactors. In interest of clarity, the sub-reactors are grouped. The tempera-
ture plot depicts the minimum, average, and maximum temperature of all
stacks inside the SOFC reactor.

Figure 8. Impact of increasing pressure on the system's operation
parameters.
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Q̇ loss ¼ Ḣ0
air,ves � Ḣ00

air,ves þ Ḣ0
fuel,ves � Ḣ00

fuel,ves þ P0
ch,totX sys � Pel

(7)

An approximately linear correlation can be seen from the fit. A
similar behavior was also reported by Brabandt and Posdziech.[31]

It can be explained by thermal conduction in the fluid phase of
the used microporous insulation. The thermal conduction of the
fluid phase is a function of pressure,[32,33] as it depends on the
mean free path l.[3,33,34] It can be concluded that pressurization
not only enhances cell performance but also increases heat losses
of the system. In addition, for this system, the average tempera-
ture decreases, the Nernst potential decreases, and the oxygen
utilization increases. A next-generation test rig should invest
in more or better suited insulation. It must be determined for
each system whether the efficiency gain is high enough to justify
the investment costs for a pressurized system. The use of
electrode-supported cells can increase mot only the efficiency
gain but also increase the operational risk due to the lower
mechanical stability.[30] Alternatively, other insulation concepts
or materials can be developed.

3.3.3. Cooling of the SOFC Reactor

The temperature of the SOFC stacks is only measured at the air
outlet (see Section 2.1). The air mass flow controls the maximum
stack temperature (see Section 3.1). However, due to the recircu-
lation, the fuel gas flow and its cooling effect are considerably
larger compared to systems without recirculation. The impact
of this high flow and thus the high cooling effect on the fuel side
are analyzed.

Figure 10 shows the dependency of several operating param-
eters on the NG share in the fuel gas for stationary operating
points with a system reactant conversion of over 80%. For each
parameter, a linear fit is plotted into the figure. The cooling
potential ΔḢi, cooling potential is defined as the difference in the
enthalpy flow between inlet and outlet assuming mass flow
and composition are constant over the reactor with i representing
fuel gas or air.

ΔḢi, cooling potential ¼ ṁ0
ihiðT 00

i , x
0
iÞ � ṁ0

ihiðT 0
i, x

0
iÞ (8)

The enthalpy h is calculated as a function of the local temper-
ature T and gas composition x without considering the standard
enthalpies of formation. The fuel flow cooling potential share
correlates approximately linearly with the NG share (based on
the LHV) in the fuel gas as the steam reforming reaction needs
more heat resulting in a higher recirculation mass flow.
Extrapolation of the corresponding linear fit to 100% NG leads
to a fuel side cooling share of 80%. This reduces the air flow even
further and increases the oxygen utilization, which exceeds its
limit of 25% already at around 30% NG. Furthermore, the higher
recirculation mass flow requires a higher recirculation blower
speed or a higher pressure. Therefore, the recirculation blower
speed ωrec is always near its limit. Another effect of this is the
increasing average vertical temperature spread (Tx4z� Tx1z).

In summary, for this particular system setup, the following
consequences were identified. First, the air mass flow becomes
ever smaller, which means that oxygen utilization exceeds its
limit resulting in a lower Nernst potential, higher diffusion over-
potentials, and thus lower operating voltages. The diffusion
impact was probably small due to the thin electrodes[35,36] but
will increase in case of electrode-supported cells. Second, the ver-
tical temperature gradients increased further due to the greater
cooling at the fuel gas electrode and the uneven preheating
over the height of the stack towers. All in all, the operating
range was decreasing with a higher NG share. Section 3.3.4
identifies the individual steps that provide remedy in certain
situations.

3.3.4. Impact on Operability

This section describes the limitations in operability arising from
the combination of fuel gas recirculation at reaction temperature,
steam reforming, and pressurization described in the preceding
section. This is done using the scheme in Figure 11, which also
identifies the steps that can be taken to stabilize an operating
point. When the share of NG in the fuel xfuel,NG is increased,

Figure 9. Impact of system pressure on the heat losses from the SOFC
reactor and the recirculation line to the vessel air flow and the ambient.
The heat losses are related to the chemical input power of operating point
6. The linear fit is calculated by weighting the operating points by
stationarity.

Figure 10. Impact of NG in the fuel on the cooling ratio between fuel and
air, the oxygen utilization, and the recirculation blower speed, as well as
the average vertical temperature spread (Tx4z� Tx1z).
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the fuel inlet temperature T
00
fuel,R reduces due to endothermic

steam reforming. To compensate for this, the rotational speed
of the recirculation blower ωrec can be increased. This allows
the fuel inlet temperature to be stabilized and the system to
be transferred to a steady-state operating point. In case the
blower speed reaches the maximum value before stabilizing
T

00
fuel,R, the recirculation mass flow ṁrec can be further increased

by increasing the system pressure psys. However, this leads to an
increase in heat losses Q̇ loss and thus to a lower required air
mass flow ṁair. After heat losses and air mass flow stabilize,
the system becomes stationary. However, if the air mass flow
reaches its minimum value (preheater limitation or oxygen utili-
zation) without stabilizing the temperature, the reactor tempera-
ture drops TSOFC. This can be compensated by an increase in
electrical power Pel, which in turn requires a higher recirculation
mass flow. At one point, an additional power increase will not be
possible as the minimum voltageUcell,min will be reached and the
operation is not possible and the methane share in the fuel needs
to be reduced. This cycle can be broken by a wider range of oper-
ating parameters of the individual components or the usage of
insulation materials that are not pressure dependent.

This shows that the combination of several potentially efficient
features such as fuel gas recirculation and pressurization will not
necessarily increase the system performance. Both pressuriza-
tion and fuel gas recirculation have advantages and disadvan-
tages. Pressurization increases the Nernst potential, decreases
the polarization losses, and has advantages when integrating
SOFC reactors into process systems. However, it increases the
investment cost and may need sophisticated controls.
Additionally, this work also shows that the heat losses increase.
Fuel gas recirculation can increase the system efficiency as fuel
preheating and water evaporation are not necessary. However, it
decreases the Nernst potential, and as the experiments show, it
can also increase the vertical temperature spread in an SOFC
reactor. This leads to a lower average stack operating temperature
with higher ohmic and polarization losses. SOFC reactors that
are used in systems with recirculation should be designed for
the high flows by using a different gas distribution approach
in the sub-reactors. In case the recirculation only provides the
water for the steam reforming and not the thermal energy,

the effect will be less strong. This could be achieved by an addi-
tional heat exchanger on the fuel side or by changing the reform-
ing method to slightly autothermal.

4. Conclusions and Future Research

In this work, a commercially available 30 kW SOFC reactor with
multiple stacks was operated. This was done within a pressurized
system test rig equipped with a fuel gas recirculation device that
operates at SOFC reaction temperature. Such a setup was inves-
tigated for the first time in the scientific community. The main
objectives of the study were the analysis of the SOFC reactor
operation behavior with respect to the individual stacks and
the influence of the system components on the SOFC reactor.

4.1. Conclusions on Characteristics of SOFC Reactors with
Multiple Stacks

This work showed the differences between the operation of cells
and single stacks compared to reactors with multiple stacks. For
the operation of SOFC reactors with multiple stacks, the follow-
ing key points were highlighted: 1) An SOFC reactor with multi-
ple stacks cannot be treated as a collection of equally behaving
cells or stacks. The individual stacks operate under different
operating conditions due to temperature, flow distribution,
and heat losses. Therefore, such reactors have to be treated as
a complex system of several sub-reactors, which are influenced
by each other and their surroundings. For example, the average
temperature difference between the stack with the highest and
the stack with the lowest temperature was 50 K; 2) The maximum
electrical power of an SOFC reactor with multiple stacks will be
lower than the design power of its stacks. This will result in
higher investment costs. However, this increase can be mitigated
if the SOFC reactor's behavior is already considered during the
system design; and 3) As the individual stacks will degrade at
different rates due to the different operating conditions, SOFC
reactors should be designed in such a way that an exchange
of stacks is possible. Moreover, the operating strategies should
try to minimize uneven degradation and should be able to oper-
ate unevenly degraded SOFC reactors efficiently.

The modular arrangement is responsible for the unequal flow
distribution and thus the performance of the stacks. Newer
SOFC reactors may show better flow and temperature distribu-
tion and have larger active cell areas. However, at least
intermediate-future reactors will also consist of multiple individ-
ual stacks, which face the same challenges on a larger power scale
to address the multi-megawatt range.

4.2. Conclusions on Integrated SOFC Systems

Furthermore, the impact of the system and its balance of plant
components on the SOFC reactor was described. For the opera-
tion and design of SOFC systems, several key points were
highlighted. 1) It was shown that combining several potentially
efficient features such as fuel gas recirculation and pressuriza-
tion does not generally increase system performance and robust-
ness. For example, pressurization decreases the electrochemical
losses but increases the system heat losses by more than

Figure 11. Impact of system pressure and NG on operability. The process
starts with an increase of the NG share in the fuel xfuel,NG.
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1 kW bar�1. Furthermore, the usage of a recirculation device to
provide heat and water for steam reforming allows high reactant
conversion but increases the cooling ratio of fuel and air to more
than 1; 2) The difference in operation of cells, single stacks, and
reactors with multiple stacks has to be considered during system
design to evaluate the requirements of the system components;
and 3) Complex control schemes that should increase system
performance should not be designed based on models that rep-
resent only one cell or stack. Furthermore, controls that balance
the sub-reactors in a large SOFC reactor should be developed.

4.3. Future Research

In the next measurement campaign, a detailed heat loss investi-
gation will be conducted by varying pressure and vessel temper-
ature to analyze the influence on the temperature distribution. By
adding carbon dioxide to the fuel, operation with biogas will be
analyzed. Finally, the preheater and the system pressure valve
can be used to emulate the coupling with a gas turbine. For
the detailed understanding of SOFC reactors with multiple stacks
and their operation in process systems, a fast but detailed model
of SOFC reactors with multiple stacks, based on the cell model
presented by Srikanth et al.,[37] will be developed.[38] Both experi-
ments on SOFC reactors and the proposed simulation model will
be used to develop control and operation strategies for SOFC sys-
tems to increase their efficiency and robustness. Furthermore, it
will be investigated to what extent the results can be transferred
to electrolysis systems with SOCs.
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