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Abstract
Reversible solid oxide cell (rSOC) technology enables both electricity generation
for local demands and electricity conversion into hydrogen with high power-to-
gas (AC to H2) efficiency. This work describes modeling and implementation
of movable “10-feet container” size rSOC system in a pilot demonstration
scale (10 kW SOEC/2 kW SOFC). The selected two-stack two-module system
layout is the simplest option to investigate multi-module rSOC systems in
various operation modes and conditions. Special attention is also paid to heat
integration: heat losses are minimized with optimized BoP component design,
placement, and insulation. Reversibility, dynamic operation, and methods for
efficient transitions between SOFC and SOECmodes are investigated at a system
level. The developed system is highly instrumented enabling detailed system
analysis, for example, the calculation of enthalpy flows and efficiencies of all BoP
components. Analyses of key parameters on the performance and efficiency are
presented. To explore upscaling of rSOC systems, the effects of size and structure
of stack modules on the reliability and maintenance of the entire system are
investigated, and as a conclusion, the construction of multi-MW scale rSOC sys-
tems are recommended to be implementedwith approximately 100 kW size stack
modules.
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1 INTRODUCTION

Mitigation of climate change and finding ways for green-
house gas (especially CO2) emission reductions are among
the greatest challenges of our time. Hydrogen as a carbon-
free fuel and possessing the highest energy density per
mass (142 MJ/kg HHV) compared to any other fuel, will
very likely be part of future energy systems, which also
must meet the requirements of being both carbon-free and
renewable [1]. Further on hydrogen energy systems, where
hydrogen acts both as fuel and energy storage vector, are
playing a key role in ongoing energy transition and decar-
bonization [2,3].
Nowadays around 96% of hydrogen is produced with

fossil fuels, mainly with steam methane reforming (SMR)
and remaining 4% by water electrolysis [4,5]. Because of
environmental reasons, there is a growing motivation to
develop different water electrolysis technologies: alkaline
(AEL), proton exchange membrane (PEM), solid oxide
electrolysis (SOE) [6,7], and other methods for green
hydrogen production [8]. Many studies have recently been
done concerning sustainable large-scale clean hydrogen
production and storage, for example, see [5,9,10]. Also,
practical level scenarios with techno-economic assess-
ments and feasibility studies have been developed, for
example, combining wind power plants to hydrogen stor-
age [11] and study showing that in the long-term storage
(>100 h), the hydrogen systems are more efficient com-
pared to electric storage [12].
Power-to-gas concepts with hydrogen storage can con-

tribute to the intermittent nature of renewable energy
sources in many time scales by producing hydrogen dur-
ing excess electrical generation and generating electrical
power with high efficiency with fuel cells, when there
is not enough wind or solar energy available [11,13,14].
The fuel cell technology is highly efficient to transform
both fossil and clean fuels into the combined heat and
power (CHP) [15] and the potential for the highest system
efficiency among them has the reversible solid oxide cell
(rSOC) technology [16,17].
Altogether, the motivation for developing the rSOC sys-

tem described in this paper are rising from three con-
clusive advantages, which the rSOC technology is having
compared to the other technologies: (a) potential for very
highAC toH2 systemefficiency (80-90%)without polluting
emissions; (b) Reversibility, that is, the same system can
work both as a fuel cell and an electrolyzer depending on
the power generation and grid stabilization needs; (c) Fuel
flexibility and CHP in fuel cell mode and capability of co-
electrolysis of steam and CO2 in electrolysis mode, which
enables very efficient power-to-X, if integrating rSOC sys-
tems as a part of industrial processes.

Even though the rSOC technology [16,17] is a very
promising and potential technology, it still needs further
development (longer lifetime, lower price) to reach full
commercial phase such as PEM [18] and alkaline [19]
technologies. Some rSOC proof of concepts and opera-
tional system results have been reported during recent
years, for example, by Sunfire GmbH [20–23] and Sylfen
[24,25]. This paper is concentrated on system-level studies
as a continuum for our previous works of rSOC stack
characterization, performance, and durability analysis
[26,27].

2 EXPERIMENTAL SECTION

2.1 Design targets for reversible solid
oxide cell system

While the stack level research concentrates to optimize
the stack level efficiency in standardized conditions, the
system-level research objective is the system operation
as close as possible to the real end-user conditions. The
selected two-stack two-module system layout is the sim-
plest option to investigate multi-module rSOC systems
in various operation modes and conditions. That is the
optimal way to get design and operation experiences,
which can be applied for larger multi-module (>1-10 MW)
systems. The summarized design targets for VTT’s rSOC
system were:

(i) “10 feet container” size movable rSOC pilot system
(ii) Modular system layout, where the stack modules are

connected to the common BoP part
(iii) Optimized heat integration in means of insulation,

component placement, and waste heat recovery
(iv) AC electricity supply to the local (in-house) electricity

network andmeasurement signal digitalization using
Modbus RTU protocol

(v) Efficiency targets in system level: 50% in fuel cell
mode and 90% in electrolysis mode

(vi) Achieve the reversibility and dynamic operation at
the system level

2.2 The rSOC system level modeling and
efficiency

The rSOC system designwas donewith 3D FEMmodeling.
A stationary Matlab-Simulink system model was devel-
oped as well as the physical models for the BoP compo-
nents. The fuel cell operationwas designed for 100%hydro-
gen as a fuel and the electrolysis operation for the steam
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electrolysis. The system design was made according to the
operating temperature range of 700–800◦C.
The most interesting SOEC mode variable at the system

level is the AC to H2 efficiency. The efficiency is naturally
dependent on the operating point used and is therefore not
constant. It is often given only one value for the system effi-
ciency, which usually represents the maximum efficiency
value under conditions where the long-term operation of
the system is still possible. In practice, this means that the
reported system-level efficiency is related to the operating
point at which the highest utilization rate of steam is used.
In addition to this, the typical operating point usually has
the current density at which the average cell voltage of the
stack is slightly above the so-called thermoneutral voltage,
which in this case is about 1.285 V.
The AC toH2 system-level efficiency of the SOEC is usu-

ally given according to the HHV of hydrogen, which can
be justified because the commercial value of the produced
hydrogen is usually determined by its HHV value. Since
the fuel cell mode efficiencies are often reported based on
the LHV value of the fuel, it is also useful to report the AC
to H2 efficiency calculated using the LHV value, which is
also needed when calculating the power-to-power round
trip efficiency of the rSOC system, which is in reality only
around 30-40%.
If the rSOC system will be used for the electrolysis,

where the steam is freely available, for example, as a by-
product of industrial processes, for these applications the
measured AC to H2 efficiency can be reported in such a
form that does not take into account the power consumed
for the steam production. Usually, this result is calculated
by assuming a temperature of freely available steam of
150◦C. In this case of freely available steam, the most eco-
nomically optimal operating point can also be found at
some lower steam utilization rate. Thus, the system level
AC to H2 efficiency is defined according to Equation (1):

𝜂𝐴𝐶 𝑡𝑜𝐻2
(𝐻𝐻𝑉 𝑜𝑟 𝐿𝐻𝑉) =

𝐻𝐻𝑉 𝑜𝑟 𝐿𝐻𝑉 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑𝐻2

𝑇𝑜𝑡𝑎𝑙 𝐴𝐶 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛𝑝𝑢𝑡
(1)

where the Total AC power input is a sum of three sepa-
rate terms: AC power input for electrolysis + AC power
input for heaters + AC power input for evaporator. The
AC power input for electrolysis includes all AC power con-
sumed by the power supply. This term also includes the
voltage losses outside the stack, the power consumption of
the power source, and the AC/DC conversion efficiency.
The total AC power input does not contain a separate term
for the power consumption of the other BoP components,
since this rSOC system has no pumps or blowers. Airflow
is based on compressed air and the other gas flows are
based on above ambient inlet pressure. In this analysis, the
amount of hydrogen produced is calculated from the cur-

F IGURE 1 SOFC H2-to-AC efficiency is 50% (LHV)

F IGURE 2 SOEC AC-to-H2 efficiency is 67% (LHV), if steam
production included

rent by assuming a 100% Faradic efficiency. Since the rSOC
system does not have a hydrogen storage unit, the system
level AC to H2 efficiency is calculated by assuming that the
produced hydrogen is stored at atmospheric pressure.
The selected SOFC and SOEC nominal operation points

are described below. The hydrogen toDCelectricity (H2-to-
DC) conversion efficiency in the stack level is 57% (LHV).
With all DC-to-AC conversion-related effects added, the
overall H2-to AC conversion efficiency is estimated to be
50% (LHV; Figure 1). The AC-to-H2 efficiency is 67% when
calculated with lower heating value (LHV) and 79% when
calculated with a higher heating value (HHV) (Figure 2).
If there is freely available steam for the rSOC system,
for example, from the power plant or from the industrial
process, the electrical energy required to produce 100◦C
steam from 10◦C water can be excluded from the electri-
cal input. Then the corresponding DC-to-H2 efficiency val-
ues are 86% (LHV) and 102% (HHV). With this assumption
and with AC-to-DC conversion added, the overall AC-to-
H2 efficiency is 80% when calculated with the lower heat-
ing value (LHV) and 94% when calculated with the higher
heating value (HHV). Those values are then determining
the following nominal operation points for the rSOC sys-
tem design. Selected SOFC nominal operation point:
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F IGURE 3 Stack module including coiled gas preheating
tubings around the electrical heater

(i) Fuel gas composition: 100% H2
(ii) Fuel utilization Uf = 80%
(iii) Current density i = 0.4 A cm−2

(iv) Tstack_outlet = 700◦C
(v) H2-to-AC efficiency: 50% (LHV)
(vi) H2-to-AC efficiency: 43% (HHV)

Selected SOEC nominal operation point:

(i) Inlet gas composition H2/H2O = 10/90
(ii) Steam conversion SC = 80%
(iii) Current density i = 1 A/cm2

(iv) Tstack inlet = 700◦C
(v) Tstack outlet ≥ 700◦C
(vi) AC-to-H2 efficiency (steam production included):

67% (LHV), 79% (HHV)
(vii) AC-to-H2 efficiency (steam production excluded):

80% (LHV), 94% (HHV)

The system modeling strongly indicated that the rSOC
system cannot be designed to be in heat balance in the
electrolysis mode with only the heat production of the
stacks, which does not compensate the heat losses in a
system of this scale. The needed current density would
be too high for the state-of-the-art SOE cells and it
would significantly increase the cell degradation. Thus, the
cylinder-shaped electrical heaters were designed around
both two stacks of the rSOC system. Inlet air and inlet
steam/hydrogen pipes were formed into spirals around
each electrical heater (Figure 3). These heaters heat the
stacks as well as the incoming gases during both the start-
up of the system or transitions between SOFC and SOEC
modes and during the endothermic operation in the SOEC

F IGURE 4 Temperature distribution of the thermal insulation
material inside the hot box and locations of the main BoP
components: The evaporator for steam production (a), two electrical
band heaters for the stack modules (b), heat exchangers for the fuel
side (c) and the air side (d), the catalytic afterburner (e) and outlet
gas coolers (f)

mode. The electrical power needed to increase the temper-
ature of the stack inlet gases was having about 5% effect on
the system efficiency in the electrolysis mode.

2.3 Balance-of-plant components

The size of the rSOC system hot box is about 1 m3 and loca-
tions of themain BoP are presented in Figure 4: The evapo-
rator for the steam production (A), the two electrical band
heaters for the stack modules (B), the heat exchangers for
the fuel side (C) and the air side (D), the catalytic after-
burner (E) and the outlet gas coolers (F). The heat losses
of the rSOC system were minimized and BoP component
placements were optimized using the developed 3D tem-
perature model. One of the most important design princi-
ples of the rSOC system was that the mutual placement of
the BoP components and their interconnecting pipes were
implemented so that the heat losses of the hottest compo-
nents of the system (the catalytic afterburner and the stack
modules) could be utilized by the other BoP components
of the system or the connecting pipes.
Instead of isolating all individual BoP components and

pipes, the rSOC system was thermally insulated by fill-
ing the entire volume of the hot box with ceramic gran-
ular thermal insulation material. The selected insulation
method enables excess heat utilization for the internal use
of the rSOC system but prevents the heat losses from the
stack modules and individual BoP components into the
environment. The temperature distribution of the hot box
was estimated with the information from the developed
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F IGURE 5 The rSOC hot box and example of surface
temperature distribution of BoP components in SOEC mode

F IGURE 6 Main parts of the rSOC system: Insulated stack
modules (a), Gas supply control (MFCs, valves) (b), Cupboards for
power supply, relays and measurement signal interfaces (c), Stack
instrumentation interface boxes (d), Measurement signal (T,p,U)
wirings (e), and PLC cupboard (f). Power electronics (bidirectional
load units) are placed under the hot box

systemmodel. One example of the surface temperature dis-
tribution of the BoP components in the SOECmode is pre-
sented in Figure 5. According to the 3D temperature mod-
eling results, the overall heat loss from the hot box was
estimated to be about 500 W. This is to be considered as
theminimumheat loss. Themain components of the rSOC
systemcan be seen inFigure 6. The power electronics (bidi-
rectional load units) are installed under the hot box. Gas

F IGURE 7 A CEA 25-cell stack with its self-clamping system
after conditioning and quality check at CEA

supply control wall is on the right and the cupboards for
the PLC are behind and the power supply and relay cup-
boards are on the left. In the case of an emergency, the
uninterruptible power supply (UPS) would keep the logic
control and the critical gas valves powered.

2.4 Solid oxide cells and stacks

In the EU project BALANCE (H2020 731224) the novel
rSOC cells and stacks were developed by DTU and CEA,
respectively. The cell architecture consists of Ni-yttria sta-
bilized zirconia (Ni-3YSZ) fuel electrode support (ca. 300
μm), Ni-8YSZ fuel electrode (ca. 10 μm), YSZ electrolyte
(ca. 10 μm), CGO barrier layer (ca. 6 μm), LSC-CGO
(La0.6Sr0.4CoO3-δ-Ce0.8Gd0.2O2-δ) composite oxygen elec-
trode (ca. 30 μm), and LSC contact layer (ca. 30 μm). The
support layer, fuel electrode, electrolyte, and CGO diffu-
sion barrier layer were fabricated using the tape casting
method and co-sintered at ca. 1,300 ◦C. The sintered elec-
trode supported cells were cut into the size of 120 mm ×

120 mm (having 100 mm × 100 mm active surface area)
using laser cutting. Subsequently, the LSC-CGO oxygen
electrode was screen printed on the CGO barrier layer and
sintered at ca. 950◦C. Finally, the LSC contact layer was
screen printed on the LSC-CGO oxygen electrode and sin-
tered in air at ca. 950◦C. The additional information on cell
development can be found in previous works [28–30].
The 25-cell stacks using DTU electrode-supported cells

were produced at CEA to be integrated into the VTT rSOC
system. The stacks were first assembled, conditioned in
the CEA test bench, and electrochemically characterized
as a quality check (Figure 7). The CEA stack design was
initially developed for the SOEC operation, but recently
upgraded for the reversible SOFC/SOEC operation, with a
particular emphasis on the decrease of the pressure drops
especially on the air side. The planar stack with cross-flow
fields was composed of thin interconnects using 0.2 mm
AISI441 ferritic stainless steel sheets with in-plane inter-
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F IGURE 8 Movable “10-foot container” size rSOC system

connect dimensions of 205 × 205 mm2 and two thick end-
plates. Contact elements have been added between the
interconnects and the cells with the same size as the elec-
trodes: a nickel-mesh (100 meshes cm−2) on the hydro-
gen side and an LSM contact element on the oxygen side.
The sealing material was ceramic glass Schott G018-311
and a mica foil was used to ensure the electrical insula-
tion between two adjacent interconnects, but also to com-
plete the sealing. Additionally, a self-clamping system is
placed around each stack for easy and safe transportation
and integration of the stack into the rSOC system. Addi-
tional information on the stack design and the experimen-
tal results on performance, durability, and the gas conver-
sion rates can be found in previous works [31–37].

2.5 Automation system digitalization
and data processing

The rSOC system (Figure 8) was designed to be highly
instrumented having altogether more than 250 mea-
surement variables like mass flow controllers (8), gas
valves (10), bidirectional loads (2), humidity (2), pressure
(13), and temperature (30+) measurements, cell voltages
(50+) etc. Both rSOC system modules have separate bi-
directional load/power source units (Elektro-Automatik
EA-PSB 9080-2403U, 10kW), which provide AC electric-
ity in local (in-house) electricity network when operat-
ing in the SOFC mode. The system operation was con-
trolled andmonitored with the developed automation PLC
(programmable logic controller) system. The more than
250 measurement variables were enabling detailed sys-

tem analysis and e.g. the calculation of enthalpy flows
and efficiencies of all individual BoP components sepa-
rately. For the developed rSOC system, the digitalization of
control and measurement signals were implemented with
the Modbus RTU / TCP protocol, providing better relia-
bility, higher accuracy, more developed signal processing,
smaller size, and reduced signal noise compared to previ-
ously used analog measured signals.

3 RESULTS AND DISCUSSION

3.1 Heat-up and stack level
performance

The rSOC system testing was started with safety tests and
leakage measurements followed by slow (1◦C min−1) sys-
tem heating to 700◦C. It was observed that all BoP com-
ponents and rSOC system in general were working as
planned. Also, the measured heat losses were very similar
to the calculated ones. The only deviation was that during
heat-up after 300◦C, some failures were observed with the
another stack. During the first days of operation, iV-curves
were measured in both SOFC and SOEC modes. Stacks
were showing very similar behavior and performance val-
ues as tested by CEA: difference in Vcell mean <5%, at 0.4 A
cm−2, even though relative high-performance variations
were observed between the best and worst-performing
cells (∼100-200 mV at 0.4 A/cm2). Those performance
variations between individual cells were not connected to
their locations in the stacks. Deeper performance analy-
sis of these experimental stacks and individual cells was
excluded from this study. After the first tests, the devel-
oped rSOC system was running in various operation con-
ditions altogether more than 5000 h. During that time,
the reversibility and dynamic operation (i.e., transitions
between SOFC and SOEC modes) were investigated at the
system level andmulti-module rSOC system operationwas
demonstrated.

3.2 AC to H2 system-level efficiency

The system-level AC to H2 efficiency values were calcu-
lated according to Equation (1) and those four different AC
to H2 efficiency values are presented in Table 1. The oper-
ating point for determining the AC to H2 system-level effi-
ciency value was with 80.8% steam utilization, an average
cell voltage of 1.337 V, and a stack temperature of 750◦C.
The 63 A current was used for this measurement, which
corresponds to an average current density of 0.63 A/cm2.
That current density was chosen, because it gave exactly
the thermoneutral cell voltage (1.285 V). This required
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TABLE 1 The rSOC system level efficiencies

rSOC system level

AC power for
steam production
included

Free 150 𝟎C
steam flow
assumed

AC to H2 efficiency (HHV) 71% 81%
AC to H2 efficiency (LHV) 60% 69%

Abbreviations: AC, alternating current; rSOC, reversible solid oxide cell; HHV,
higher heating value; LHV, lower heating value.

F IGURE 9 AC to H2 system-level efficiencies as a function of
steam utilization

current value was determined with a significantly lower
(40%) steam utilization rate, whereas to maximize the effi-
ciency, the steam and airflow rates were reduced to as low
level as possible for the continuous operation.
The system performance was also measured using six

other stationary operating points: the steam flow rate was
varied over a period of two days so that the utilization rate
of the steam increased gradually from 40% to 81%. Because
the steam flow rate decreased also the pressure drop on
the fuel side of the stacks, this parameter substantially
decreased during the test. Also, the airflow rate had to be
gradually reduced in order to keep the difference in pres-
sure levels between the air and fuel inlets of the stack below
the limit recommended by the stackmanufacturer. TheAC
to H2 system-level efficiency as a function steam utiliza-
tion is presented in Figure 9, where it can be clearly seen
that the efficiency improves, when lowering the gas flow
rates. This result is as expected, since increasing the uti-
lization rate of the steam reduces simultaneously the AC
power required for the steamproduction. For the same rea-
son, the efficiencies of the free steam cases do not change
noticeably, when steam flow rate is reduced.
The observed improvements in efficiency with decreas-

ing gas flows are due not only to a reduction of the AC
power required to produce steam but also the AC power
needed to heat the stack modules, since a significant part
of the power consumed for stack modules heating is used
to heat the inlet gases. Based on these results, the impor-
tance of the AC power input for heaters, which depends

F IGURE 10 Enthalpy flow rates inside rSOC system at OCV
in SOFC mode

only on the power used by electric heaters, is significantly
less important in terms of efficiency than AC power input
for the evaporator, which is related to the steam produc-
tion. This conclusion can be done, since the effect of the
power consumption of the heaters is included in the calcu-
lation of the efficiency of the free steam cases, and yet the
efficiency of the free steam cases remains almost constant,
when the steam utilization is above 50%.

3.3 Enthalpy flows and system-level
performance

The advantage of the highly instrumented rSOC system
is that it can provide detailed measurement data across
the entire system. Direct real-time measurement data can
be used not only for the real-time monitoring and control
of the system, but also for the advanced fault diagnostics.
An example of the data-based model depicting the entire
rSOC system is the system-wide enthalpy flow map (in
one selected stationary state operating point) presented
in Figure 10. The measured and calculated values of the
process parameters like molar flow rates and both com-
positions and temperatures of the gas flows are required
to calculate the corresponding enthalpy flows. From these
enthalpy flow values, heat losses of each BoP component
in the system (and associated pipings) and corresponding
BoP component efficiency values can be calculated.
Also, the thermodynamic couplings between the BoP
components of the rSOC system can be then evaluated
accordingly.
In Figure 10, the “virtual heat storage” is depicted in

the middle with incoming arrows indicating the amount
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F IGURE 11 An example of enthalpy flows through rSOC
system

of heat loss from each BoP component (66 W from air heat
exchanger, 79 W from fuel heat exchanger, 281 W from
afterburner and the 315 W represents the combined heat
loss from both stack modules). Thus, the total amount
of heat losses transferred for internal use of the system
was 741 W. The black outward arrows represent outward
heat flows from the virtual heat storage. The enthalpy flow
map provides a comprehensive overview of system-wide
enthalpy flow (especially for enthalpy flows along the out-
of-pipe paths) and it is possible to do also more accurate
and visually easier analysis, like presented in Figure 11.

3.4 Heat loss analysis based on surface
temperature measurements

Heat losses Affect the overall rSOC system efficiency and
have also a significant role on the system level in these
relatively small size systems. That is the case especially
in SOFC mode, where the heat losses are having a more
drastic impact on the system efficiency, since the produced
AC power in SOFC mode is typically three to five times
smaller than the consumed AC power in SOECmode. The
results presented in the previous subsections are indicating
that the heat losses of the built rSOC system are quite close
to the heat loss estimates used during the system design
phase. However, it is worthwhile to investigate this issue
also by direct measurements from the outer surface of the
system, as there is a lot of empirical evidence that solutions
that are considered to be quite insignificant during the con-
struction phase of the system can have a significant effect
on the overall system heat losses.
The surface temperature of the rSOC system hot box

was measured from several points using thermocouples,
having a maximum surface temperature value of 51◦C.
Themeasured temperature values and their locations were
applied as a point constrains into a 2D heat transfer model
resulting total heat loss of 440 W for the complete rSOC

system. There are still some supporting structures that are
not included in these values, but those are typically only
a few degrees above the ambient temperature and can be
neglected.

3.5 Discussion and remarks concerning
upscaling of kW size rSOC systems

It is quite clear that large MW size rSOC systems (about
200 times larger than the rSOC system presented in this
paper) cannot be technically or economically just built by
scaling up. The biggest technical challenge to direct upscal-
ing would be the implementation of piping to hundreds of
stacks to ensure a uniform distribution of the gas flows.
Important topic is also the optimal number of stacks inside
one modular unit. If one modular unit would have e.g. 200
stacks, it would be challenging to operate that systemwith-
out interruptions with any realistic probability of a single-
stack failure. In this example case, the assumed probability
of failure of a single 1MWsystem is almost 90%, if the prob-
ability of failure of a single stack is 1%, which is a realistic
estimation according to thewide testing of current state-of-
the-art SOE stacks. Thus, it is recommended to build MW
scale systems from smaller modular units.
In terms of the physical size of the system, the imple-

mentation of the piping and the heat balance of the system,
the upper limit for the number of stacks per unit would be
in the range of 10. The power electronics, and in particu-
lar the efficiency of the DC/DC conversion is in a key role
when optimizing the size of themodular stack units. A typ-
ical power electronics DC voltage level of applications for
rSOC systems is about 400–600V, so for a goodDC/DCeffi-
ciency, the voltage produced by one modular unit should
be in that order of magnitude. This gives us the number of
cells needed for one modular unit. For example, at 600V
with a 1.3V cell voltage (SOEC nominal operation point,
just above the SOEC thermoneutral voltage) would mean
462 cells connected in series.
The largest SOE stacks currently in use have about 60–

120 cells, so a modular unit of 462 cells could be imple-
mented with 4–8 stacks. For example, in a six-stack unit,
a single stack would have 77 cells, which is the appropriate
size range for the technical and economic implementation
of the stack.A systemof this size can be implementedusing
electrically isolated gas distributionmanifolds designed by
VTT. The starting point for this scale-up reviewwas to scale
the current 2 × 10 kW rSOC system to 1 MW. In most grid-
scale energy storage or power-to-X designs, the required
electrolyzer power is from 10 MW to 100 MW, but even in
these cases, using 100 kW building blocks may be a more
reasonable option for system reliability and maintenance
logistics than using bigger 1 MWmodular units.
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F IGURE 1 2 The probability distribution for the number of
faulty stacks for 100 kW SOEC unit, which is assembled using six
stacks

F IGURE 13 The probability distribution for the number of
faulty stacks for 1 MW SOEC unit made by using 60 similar stacks as
in 100 kW case

One important reason for keeping the number of stacks
low in modular units is the lower failure probability of a
single modular system compared to larger units. In both
cases, which are presented in Figures 12 and 13, the failure
probability of a single stack is assumed to be 1%. The
simulation method used here is a classical binomial distri-
bution, which requires the number of stacks in a modular
system and the probability of failure of a single stack.
How serious the failure is or how long the time window is
used to determine the probability of failure is irrelevant in
these cases, that is, they can be defined according to the
issue under consideration. The failure probability of 1% is
used to represent the order of magnitude, what the single-
stack failure probability is recommended to be, when
implementing the MW scale systems. If a small modular
unit fails (for whatever reason), its importance for the
overall operation of the system is negligible and can then
easily closed and replaced by a corresponding unit with
a non-urgent schedule. The small modular unit size also
allows system-wide maintenance (including scheduled
stack replacement) without the need to shut down the
entire plant for maintenance.
In Figure 12, the single 100 kW modular unit had a fail-

ure probability of about 6%, whereas the 1 MWunit assem-
bled from the corresponding stacks has a probability of fail-

ure of about 45% (Figure 13). For each 1 MW system con-
structed (10 units of 100 kWare required to build 1MWsys-
tem), the probability of failure of at least one single stack
is the same (approximately 45%), because the total number
of stacks is the same. However, in the case of a 1 MWmod-
ular unit, the significance of a single modular unit failure
is completely different for the operation of the entire sys-
tem (100% of the total system power is lost versus 10%). For
a larger, for example, 10 MW system, the difference noted
above is smaller but still significant. With these assump-
tions, the probability of losing more than 10% of the sys-
tem’smaximumpower for a 10MWSOEC built from 1MW
modules is about 98% and if built from 100 kW modules,
only about 3%.

4 CONCLUSION

The reversible high-temperature solid oxide cell (rSOC)
system was modeled and implemented in a pilot demon-
stration scale (10 kW SOEC/2 kW SOFC). Special attention
was paid to heat integration during the system design to
minimize the heat losses with optimized BoP component
design, placement, and insulation. Due to the high degree
of instrumentation, the implemented rSOC system pro-
duced data for both system-wide analyses and from the
operation of the individual BoP components. Based on
the results obtained, the heat loss values of the individual
BoP components measured from the actual system, as
well as their performance, appeared to be very similar
to those of the system model used during the design
phase.
The measured rSOC system-level AC to H2 efficiency

(HHV, assuming free steam flow) was 81% in electrolyzer
mode. In fuel cell mode, the H2 to AC system-level effi-
ciency could not be measured at the system nominal point
due to the failure of another stack and partly due to the
constraints imposed by the used pressure difference lim-
its by the stack manufacturer. Operating pilot size rSOC
system in challenging operating conditions was also giv-
ing valuable information, since larger systems are needed
to be built from these smaller modular units. The devel-
oped rSOC system was running in various operation con-
ditions altogether more than 5000 h. During that time,
the reversibility and dynamic operation (i.e., transitions
between SOFC and SOECmodes) were investigated at sys-
tem level and multi-module rSOC system operation was
demonstrated.
The extensive measurement data and derived quanti-

ties calculated from it can be used to determine system
behavior in various operation conditions. Also, the same
data can be used to develop a system model describing
the existing system. Detailed modeling can be further used
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to design larger rSOC systems based on similar types of
solutions, which can also implement solutions that are not
technically or economically feasible on the scale currently
being implemented. According to the performed probabil-
ity analysis e.g. the probability of losing more than 10% of
the 10 MW size rSOC system’s maximum power is 98%, if
it is built from 1 MW modules, but only 3% if built from
100 kW modules. Scaling of the rSOC system now imple-
mented, for example, to a system size of 100 kW SOEC/20
kW SOFC, that is, about 10 times the size of the current
system, should be possible with the used structural solu-
tions and potential megawatt-scale rSOC systems are rec-
ommended to be built from smaller modular units of that
size.
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L I ST OF SYMBOLS AND
ABBREVIAT IONS

𝜂 Efficiency / %
ABU Afterburner
AC Alternating current / A
AEL Alkaline electrolysis
BoP Balance of plant
CGO Gadolinium doped ceria
DC Direct current / A

FEM Finite element method
FU Fuel utilization / %

HHV Higher heating value / MJ kg−1
LHV Lower heating value / MJ kg−1
LSC Lanthanum strontium cobaltite
LSM Lanthanum strontium manganite
MFC Mass flow controller

p Pressure / Pa
PEM Polymer electrolyte membrane
PLC Programmable logic controller
rSOC Reversible solid oxide electrolyser
RTU Remote terminal unit
SC Steam conversion

SMR Steam methane reforming
SOEC Solid oxide electrolyser cell
SOFC Solid oxide fuel cell

T Temperature / ◦C
TCP Transmission control protocol
U Voltage / V

UPS Uninterruptible power supply
YSZ Yttria-stabilized zirconia
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