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HIGHLIGHTS

e A 2104 h SOEC stack test with simulated fluctuating wind power input was conducted.
e Deployed constant flow and constant conversion strategies in the dynamic period.

e The Topsoe stack is robust and flexible for harsh and varying working environments.

e Fluctuations didn’t introduce extra degradation in the current test.

ARTICLE INFO ABSTRACT

Keywords: The Danish government plans two energy islands to collect offshore wind power for power distribution and green
Solid oxide electrolysis cell fuel production. Wind power is often criticized for lacking stability, which challenges downstream fuel synthesis
SOEC stack

processes. Solid oxide electrolysis cells (SOEC) are promising for green hydrogen production on a commercial
scale, but the impact of fluctuating power on SOEC remains uncertain. This paper explores the feasibility of a
Wind-SOEC coupled system by conducting a 2104-h durability test with the state-of-the-art Topsoe TSP-1 stack.
Three periods of steady operation and two periods of dynamic operation were conducted. Wind power fluctu-
ation was simulated during the dynamic period, and two control strategies were used to handle it. The constant
flow (CF) and constant conversion (CC) strategies maintain the feedstock flow rate and conversion ratio of steam-
to-hydrogen, respectively. Compared to steady operation, the stack shows no signs of additional degradation in
dynamic operation. Thus, the TSP-1 stack has been proven robust and flexible enough to handle fluctuating wind
power supplies under both operation strategies. Further, stack performance during dynamic periods was
compared and analyzed by removing degradation effects. Accordingly, SOEC stacks with CC control will
consume less external heat than CF to maintain a heat balance. Nevertheless, SOEC systems with CF and CC
control strategies may have different efficiency or hydrogen production costs. Tech-economic analyses will be
needed to investigate control strategies at the system level.

Operation strategy
Hydrogen production
Wind energy
Dynamic operation

1. Introduction energy resource undergoing rapid development, including lower power

production costs, higher wind energy conversion efficiency, better reli-

As a pioneer, Denmark has set one of the world’s most ambitious
goals: to reduce greenhouse gas (GHG) emissions by 70% in 2030
(compared to 1990) [1]. Despite the recent energy crisis, the govern-
ment was more ambitious by pushing the net zero target from 2050 to
2045 [2]. The Danish coast has rich wind resources and shallow water
depths. It is suitable for and will build large-scale offshore wind farms to
support the net zero target. Offshore wind power is a vital renewable

* Corresponding author.
E-mail address: minc@dtu.dk (M. Chen).

https://doi.org/10.1016/j.apenergy.2024.122938

ability, etc. [3]. Its advantages include a higher capacity factor and
fewer installation restrictions on view or height [4]. The Danish gov-
ernment plans to build two energy islands in the Baltic and North Seas to
boost offshore wind power [5]. Nordic Energy Island is an artificial is-
land that collects electricity from nearby offshore wind farms. Central-
ized transmission systems can integrate more distant offshore wind
power through shorter submarine cables and lower costs [5,6]. The
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Baltic Energy Island (Bornholm) has a similar function and is described
in Section 2.

Wind power collected on the islands can produce green fuel for
maritime transportation after fulfilling land user demand. Hydrogen is
one of the green fuel candidates for the maritime sector. It is volatile,
flammable, and expensive to store, but has no color, smell, toxicity, or
carbon emissions [7]. Hydrogen or hydrogen carriers have higher en-
ergy density than batteries and lower energy density than traditional
heavy oil. According to the International Maritime Organization’s (IMO)
greenhouse gas (GHG) strategy, ships should implement green fuel by
2030 and eventually reach net zero emissions by 2050 [8]. However, the
maritime sector is sensitive to fuel prices. A cheap green fuel on the
market will encourage shipowners to use it and decarbonize maritime
transportation. Therefore, wind-to-hydrogen production processes must
be energy-efficient and cost effective to reduce hydrogen production
costs.

Wind power is often criticized for lacking stability to produce
hydrogen because wind speed fluctuates, and wind turbine inertia is
moderate [9]. Power variations are affected by power capacity, rate of
change, location, and other factors [10]. Downstream green hydrogen
production systems must convert electricity into chemical energy with
fluctuations and low-quality power supplies. Water or steam electrolysis
processes can generate hydrogen effectively from unstable power sour-
ces, including wind power. There are several water electrolyzer designs
with different catalysts and mechanisms, such as Alkaline Electrolysis
Cell (AEC), Proton Exchange Membrane Electrolysis Cell (PEMEC), and
Solid Oxide Electrolysis Cell (SOEC) [11]. AEC uses an alkaline solution
as the electrolyte to conduct hydroxide ions at 60 ~ 90 °C and a wide
range of pressures. PEMEC transports protons through the membrane
and splits water with expensive noble metal catalysts at 50-100 °C. The
operating pressure of commercial PEMEC is usually between 30 and 40
bars. High-pressure PEMEC up to 350 or 700 bar is under development
for direct compressed hydrogen storage [12]. SOEC is being commer-
cialized for large-scale energy storage and clean fuel production [11,13].
Its electrolyte is an anion membrane that allows oxygen ions to pass
through. SOEC operates at an elevated temperature of 650 ~ 800 °C.
Operating pressure is usually 1 bar, but high-pressure operations have
been tested, and SOEC had solid performance under pressurization
operation [14]. Electrolysis technologies are competing for a greater
share of the green hydrogen market. Positive progress has been made, as
megawatt-scale projects for each technology have been announced,
installed, or operated. The desire for a green society and a growing
demand have brought industry and academia together to develop elec-
trolysis technologies for specific application backgrounds.

These three electrolysis technologies have been tested and modeled
under dynamic realistic scenarios, which include grid disturbances,
blackouts, renewable energy fluctuation, etc. [15-17]. A cycle test was
conducted on a PEMEC cell to reveal the impact of periodic variation
between 0-2 A [18]. Reduced currents or periodic interruptions can
increase PEMEC durability. Real-life fluctuations differ from hypothet-
ical cycles since power in the field varies with frequency and amplitude.
An AEC stack was tested with real-world wind power dynamic profiles
for over 4000 h (about six months) [19]. Even though dynamic opera-
tion causes some additional polarization, the stack has shown promising
stability in producing hydrogen under power fluctuation. The SOEC has
been subjected to on/off cycle tests and dynamic simulations [20,21].
However, the impact of wind power fluctuations on the SOEC stack
regarding potential challenges and solutions remains uncertain.

Two factors should be closely monitored during the SOEC fluctuation
durability test: degradation and heat management. Degradation in-
creases SOECs’ polarization and resistance. Potential degradation
mechanisms include Ni coarsening or migration in the cathode, phase
transformation of the electrolyte, secondary phase formation near the
anode, etc. [22-24]. Through degradation, more electricity is converted
into joule heat rather than chemical energy, making SOECs less efficient.
Besides, SOEC cells are fragile under large temperature gradients,
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making heat management critical. A temperature gradient of >10 K
em™! could cause delamination or cracking and should be eliminated to
prevent failure [25]. Steam splitting and electronic transport resistance
are heat sinks and sources, respectively. The heat sink and source are
balanced at thermoneutral voltage (~1.29 V), leading to minor tem-
perature gradients. When SOECs run below/above thermoneutral
voltage, less/more joule heat is released, causing a temperature drop/
increase. Besides, degradation increases resistance and emits more joule
heat after long-term operation. The complex heat balancing situation
calls for both heat producers and carriers. Hot plates or pre-heaters
supply external electric heat to the SOEC stack independently. Air on
the anode side carries additional heat away and cools down stacks. It can
also take external heat from pre-heaters to SOECs. However, an exces-
sive air flow rate increases the size and capital cost of the heat exchanger
and system. Optimizing the maximum air flow rate is necessary for
economic concerns. As a result, proper flow rate and heater duty control
will minimize temperature gradients and make SOEC system flexible
and less expensive. Monitoring SOEC degradation and heat balance in
the durability tests will facilitate industrial applications by providing
more information.

Typically, wind-powered SOEC systems operate at part-load since
they are designed with the highest capacity. Therefore, the SOEC
operation strategy should maximize system efficiency during fluctuating
power supply. Meanwhile, the electric steam generator is the most
energy-intensive component of the SOEC Balance of Plant (BoP) [22]. A
proper water/steam flow rate control strategy is thus essential to save
renewable energy and improve system efficiency. Constant flow (CF)
and constant conversion ratio (CC) are flow rate control strategies for
the SOEC cathode inlet (mixture of steam and diluted hydrogen). CF
maintains the inlet flow rate, while CC updates it based on the power
supply and hydrogen production. Both strategies have been simulated
for a part-load SOEC system but have not yet been tested in the lab [26].
Experiments on flow rate operation strategies are necessary to under-
stand SOEC behavior and system requirements. Testing flow rate oper-
ation strategies will provide insight into the SOEC stack, potential
challenges, limitations of the system components, etc.

In this work we conduct a 2104 h long-term test to clarify the impact
of fluctuating wind power and control strategy on the SOEC stack. The
dynamic performance of the SOEC stack is investigated under a realistic
wind power profile. The following section introduces wind speed pro-
files and wind farm power generation on Bornholm Island before de-
tailing experiment setup and control strategies. Two control strategies,
CF and CC, are tested to simulate the system response to wind power
fluctuations. Dynamic long-term experiment data will be presented at
cell and stack levels, including voltage and temperature. Further dis-
cussion of degradation and heat balance will confirm whether the stack
is robust enough for dynamic operation.

2. Baltic Energy Island - Bornholm

The Danish government plans to make Bornholm, a Danish island in
the Baltic Sea, an energy hub to distribute offshore wind power. Until
2020, the Bornholm power distribution system comprises about 28,000
electricity customers with a 55 MW peak load. Current clean energy
sources include wind power (37 MW), combined heat and power (CHP,
13 MW), and photovoltaic (PV, approximately 23 MW). Planned
offshore wind farms will be installed about 15 km south-southwest of the
coast without obstructing the horizon view [5]. The offshore wind
power will have a capacity up to 3.8 GW, equivalent to the energy
consumption of 3.3 million homes. The energy island will also
contribute to the EU since the Bornholm power system is connected to
Sweden, Germany, and Denmark (Zealand) via sea cables (see Fig. 1).
Currently, clean electricity is used by local customers and supplied to the
DK2 Nord Pool power market by the Nordic interconnected system [27],
and the new bidding zone (DK3) will enter into force when Bornholm
Energy Island is in operation [28]. Excess wind power collected on the
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Fig. 1. Illustration of the Bornholm power distribution system. The figure was modified with permission from [29], Copyright 2019 Elsevier. A recent offshore wind

farm development plan [5] was involved.

islands could be converted into green hydrogen and used directly (or
converted to hydrogen carriers) as fuel for cars, trucks, ships, etc.

Local atmospheric activity repeats yearly, and local wind power
probability in the future could be predicted from historical profiles.
Fig. 2 presents the historical wind speed and power in 2013 and
December from one selected wind farm in Bornholm. The recorded data
has a five-minute resolution. Histograms of wind power and wind power
change per five minutes are also included. The maximum wind speed in
December was 21.9 m-s~!, also the maximum that year. Wind speed and
power generation are not linearly related. Wind turbines generate less
electricity at a slower wind speed. Power generation varies dramatically
when the wind blows between 5 and 10 m-s~!. When the wind speed
exceeds 14 m-s~?, the wind turbine will be stopped by blade control and
no longer produce power. More details about the wind farm power
generation efficiency curve can be found in [30,31].

The maximum wind power generation of the selected Bornholm
wind farm is 12.5 MW, and the yearly average is 2.77 MW, while the
December monthly average is 5.39 MW. Probability distribution (p) of
yearly wind power peaks at lower power levels. p(P < 1 MW) is 48.2%,
and p(P > 11 MW) is 4.7%. Wind power profiles in December differ from
those in the whole year. There are two peaks in the probability distri-
bution of monthly wind power, one at the bottom and one at the top.
Low power generation exhibits more probability, with p(P < 1 MW)
being 21.9%, while p(P > 11 MW) is 16.8%.

Wind power variation indicates the amplitude of the fluctuation and
the disturbance to the SOEC stack. The power variation is converted to
per unit (pu) by dividing the nominal value (12.5 MW). Over the year,
59% of the disturbances occur within 0.01 pu-5 min~!, with the highest
of 0.35 pu-5 min~'. However, the probability of extreme variation p(dP
> 0.2 pu-5 min~!) is 0.14%., which is negligible. Monthly power

variation has a 43.4% likelihood of <0.01 pu-5 min~*!, with the highest
of 0.23 pu-5 min~'. A long tail probability of extreme variation p(dP >
0.2) is also negligible at 0.22%.. The power change is more significant in
December than throughout the year. The monthly power change average
is 0.017 pu-5 min~!, while the yearly average is 0.024 pu-5 min~_. Fast
and large deviates in the wind profile could pose a challenge to the SOEC
stack and/or system.

3. Experimental

In this work a fresh 75-cell state-of-the-art Topsoe SOEC stack, the
Topsoe Stack Platform (TSP-1), was employed for the durability test.
[32,33] The stack comprises planar-type Ni/Yttria-stabilized zirconia
(YSZ) electrode-supported cells connected by interconnects made of
Crofer22APU with a protective coating on both sides. Each cell has an
active area of 109 cm?. Further details about the cells and TSP-1 stacks
can be found elsewhere [34,35]. A recent 4000-h ramp, cycle, and
restart test validated the stability of TSP-1 stacks in the electric grid
[36]. Inside the stack, the 75 cells have been grouped into 13 groups: 12
groups with six cells, 1 group with three cells (middle group), named
G01-13, and GO1 at the bottom. Voltage probes in contact with the
interconnect plates were used to monitor the voltage in each group.
Measured voltage includes contributions from the cells, the in-
terconnects, and the connection between them within that group. Four
thermocouples are inserted into the stack gas channels, two for cathode
streams (cathode inlet and outlet) and two for anode streams (anode
inlet and outlet). The stack average temperature is estimated as the
mean value of four gas channel temperatures. The TSP-1 stack was
placed in the oven during the actual testing, and an electric heater
maintained the furnace temperature at about 750 °C. External heat is
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Fig. 2. Wind speed and power profiles for the entire 2013 (left) and for the December month in 2013 (right) are shown in the top figures. Histograms of wind power
(left) and the absolute value of wind power change per 5 min (right) are shown in the bottom figures. Vertical solid and dashed lines represent yearly and monthly

averages, respectively.

transferred from the oven to the SOEC stack to compensate for endo-
thermic reaction heat. Oven heat duty is kept at a specific value,
determined by achieving the desired stack average temperature before
the durability test. An electric steam generator evaporates water ac-
cording to a flow rate control signal. The pre-heater elevates the steam
temperature with constant duty before sending it into the stack. Detailed

Table 1

Parameters for the SOEC stack fluctuating long-term test.
Name Unit CF CC
Total test time h 746 747
Time per segment min 5 15
Number of segments - 8928 2976
Max. current density A-cm™2 0.50 0.50
Avg. current density A-cm 2 0.23 0.26
Min. current density A-cm™? 0.10 0.10
Max. H,O-to-H, conversion ratio % 55.7 35.4
Avg. Hy0O-to-H; conversion ratio % 26.1 27.2
Min. H,0-to-H; conversion ratio % 11.1 14.5
Max. H, production rate Nm®h~! 1.71 1.71
Avg. H, production rate Nm®h! 0.82 0.82
Min. H, production rate Nm®h! 0.34 0.34
Total H, production Nm® 618 612
Total power consumption kWh 1772 1839
Avg. power consumption kw 2.25 2.72

kWh-Nm™ H, 2.75 2.76

parameters and responses during the fluctuating long-term test are listed
in Table 1.

The SOEC stack was conditioned, reduced, and characterized ac-
cording to the Topsoe stack testing procedure. A 2104-h durability test
was conducted over five periods under different operating conditions.
There are three short-term steady operation periods (BL1, BL2, and BL3)
plus two 744-h fluctuating operation periods (CF and CC). Testing be-
gins with a stable operation, followed by alternating dynamic and stable
operations in the following order: BL1-CF-BL2-CC-BL3. Fig. 3 shows the
flow rate and conversion ratio for the entire test, while Fig. 4 shows the
current density profile/histogram of the dynamic periods. SOEC stacks
may have substantial degradation at high power loads with large current
density or conversion ratios [37]. To focus on dynamic performance,
stack duty is kept at a low level during the durability test.

3.1. Baseline (BL)

Under steady operation, the stack was tested at 725 °C, and an
electrolysis current density (i) of 0.24 A-cm™®! with H,0/H> (90/10)

1 The current density of the electrolysis reaction is usually marked as negative
to emphasize the opposite current direction to that of fuel cell mode operation.
For convenience, the electrolysis reaction current and current density are
marked as positive in this paper.
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supplied to the hydrogen electrode and air to the oxygen electrode.
Some hydrogen is introduced to dilute the steam to prevent Ni oxidation
at the cathode electrode. The liquid water flow rate was fixed at 39.7
mL-min~}, resulting in an H,O-to-Hy conversion ratio of 27%. H and air
flow rates were controlled at 5.67 L-min~' and 66.5 L-min"!, respec-
tively. Volume flow controllers were used to control the flow rate of gas
and liquid at room temperature and atmospheric pressure. Steady
operation is used as a baseline (BL) to present stack performance without
wind fluctuation.

3.2. Constant Flow (CF)

In dynamic operation periods, the stack follows the December wind
power profile, simulating converting all wind power output to hydrogen.
The wind profile in Fig. 2 is down-scaled to what the TSP-1 stack can
handle (about 7 kW). An electrolysis current density fluctuating between
0.1 and 0.5 A-cm~2 was applied to the stack, as shown in Fig. 4. Such

treatment increase p(i < 0.15 A~cm’2) to 46.5% and maintains the
probability of the rest current density. Similar to the wind speed prob-
ability distribution, there is another peak at full load p(i > 0.45 A-cm™?)
of 14.6%. The minimum current density is limited to emphasize long-
term voltage variation and degradation behaviors at reduced stack
duty. Even so, stack operation below 0.1 A-cm ™2 is feasible in field op-
erations with CF control but not tested.

The gas flows were kept constant within the CF period, while the
current density followed the wind profile. Water/steam, hydrogen, and
air flow rates were maintained as BL. As a result, the H,O-to-Hs con-
version ratio SC is:

SC = ”%rcacl _ ]slflck (1)
o 2Fhn,0

where I is current, F is Faraday constant, 1 is molar flow rate in rnol-s’l,
and fyeacr is hydrogen molar production rate. Thus, the current density
variation altered the conversion ratio thus outlet gas composition. As a
result, the SC varied between 11.1% and 55.7%, with a constant steam
flow rate during the CF period. There were 8928 segments within the CF
period, as the operation was turned every five minutes. Between every
two segments, the maximum current density decreasing or increasing
was 0.095 A-cm ™2 and 0.094 A-cm ™2, respectively.

3.3. Constant Conversion (CC)

Water evaporation is energy intensive. Therefore, minimizing the
liquid water flow rate according to power fluctuations would save
evaporating duty and ensure a high system electricity efficiency. In the
second dynamic period, the SC was designed to be fixed at 27.2%
(Constant Conversion, CC). The steam flow rate was adapted based on
current and SC:

. Tireact ek
O =50 T 2FSC @
The liquid water flow rate ranged between 16 and 85 mL-min !, and
H, ranged between 2.4 and 10 L-min~?, while the air was maintained at
66.5 L-min~!. During the CC period, current density also follows wind
power fluctuations, as illustrated in Fig. 4. The minimum current density
in the CC period is 0.1 A-cm ™2, the same as in the CF period. Apart from
emphasizing degradation behaviors, such a setting avoids complete
feedstock cutoff at OCV during CC operation. Within the CC period, the
flow rate and current density were changed every 15 min limited by the
steam generator, resulting in 2976 segments. Despite this, an industrial



H. Liu et al.

SOEC system can likely be designed to vary the steam flow rate signif-
icantly via pressure control or a steam buffer tank [38,39]. The
maximum current decreases or increases between two neighboring
segments in the CC period is 0.102 and 0.093 A-cm 2, similar to that in
the CF period. The actual SC may deviate from 27.2% and the exact
value depends on the real-time steam supply and current density.

4. Results

Current, voltage, and temperature are monitored throughout the
durability test. This section will first present the electrochemical per-
formance of the SOEC stack before each operation period. Later, the
whole voltage and temperature variation processes will be shown.
Finally, details that are hard to observe from long-term variations are
focused and studied. Data from two short periods is presented to help
develop the stack control system in the future.

4.1. Stack performance

The current density-voltage relation (iV curve) was used to evaluate
SOEC stack electrochemical performance, as its slope represents resis-
tance. Fig. 5 illustrates the iV curve before each test period. The solid
line presents the average cell voltage, the total stack voltage divided by
the number of cells per stack. As previously described, in TSP-1 stacks,
several cells form a group, and each group has its average cell voltage.
The area around the solid lines illustrates the maximum and minimum
group average cell voltages. Voltage difference between groups comes
from uneven local heat and mass flow distribution, since two SOEC cells
may have different voltages under various gas/current/temperature
supplies. The difference between the maximum and minimum group
average cell voltage is the stack voltage range. It denotes the perfor-
mance difference between groups or the inhomogeneity of temperature
or gas distribution inside the stack. An equilibrium voltage, or theoret-
ical Open Circuit Voltage (OCV), is marked with a diamond symbol to be
compared with the measured OCV at zero current. The theoretical value
is estimated based on the experiment temperature and gas flow data

14
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B e
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-
(N
)
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0.9
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Fig. 5. iV curve of the SOEC stack before each operation period. The solid line
represents the average cell voltage, while the area denotes the cell voltage
range inside the stack. Diamond at zero current density is the theoretical OCV.
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following the Nernst equation:

FET Pu,0

AG RTI ph’z‘/l)o2

OCVlhcrory = (3 )

where G is Gibbs energy, R is gas constant, p is partial pressure, T is
average temperature of the inlet and outlet stream.

The current density is swept from 0 to 0.24 A-cm ™2 before each BL
period as part of the starting procedure. HyO, Hj, and air flow contin-
uously and steadily at 40 mL-min~}, 5.67 L-min"}, and 60 L-min},
respectively. The measured OCV before the three BL test periods is
around 870 mV, while the theoretical value is 873 mV. A close match
between the measured and theoretical values proves the stack is intact
and gas leakage is small throughout the long-term test. The slight OCV
deviation could come from uneven temperature distribution inside the
stack, contributed by the oven. SOEC testing caused a rise in resistance
from BL1 to BL3. More analysis of the degradation process will be dis-
cussed in Section 5.

Since the iV test procedure was not established at the beginning of
the dynamic test, the iV curves for the CF and CC tests were extracted
from the initial six-hour run, called dynamic iV curves. Dynamic and
steady iV curves should not be compared directly because they follow
different operating conditions (temperature, flow rate, etc.). However,
experiments with similar test conditions are comparable. The measured
OCV for CF and CC is 870 mV and 884 mV, respectively. Both are close to
the theoretical values of 873 mV and 871 mV, proving gas tightness
before dynamic operation. The CC operation has a larger voltage range
than CF and BL, and it increases with the current density. Specifically,
there is a voltage range of 19.7 mV and 48.1 mV for CF and CC at the
maximum current density, respectively.

4.2. Voltage evolution

The voltage varies with fluctuating current density profiles. Fig. 6 top
and bottom depict the average cell voltage and voltage range over the
long-term test. The voltage profile was divided into five parts according
to the control strategy. BL1, BL2, and BL3 encounter steady voltage rises,
while CF and CC encounter fluctuations.

In BL1, the average cell voltage starts at 1.12 V and increases to 1.14
V. The voltage range drops from 29.3 mV to 24.7 mV. The voltage in BL2
rises from 1.19 V to 1.20 V, and the voltage range drops from 28.5 mV to
27.2 mV. In BL3, the voltage climbed from 1.22 V to 1.23 V, and the
voltage range was maintained at around 19 mV. BL2 had similar voltage
ranges to BL1 but different voltage ranges from BL3. Since BL2 and BL3
operate after CF and CC, the temperature or mass flow distribution in-
side the stack is assumed to remain constant after CF.

During CF operation, the voltage rises with fluctuation. Because of
degradation, the voltage for the same current density increases. For
example, the SOEC voltage of 0.10 A-cm™2 is 0.99 V at the beginning of
CF operation but 1.03 V at the end. There is no significant difference in
degradation rate regardless of current density. The voltage range under
CF operation is lower than BL, with an average value of 16.8 mV and a
standard deviation of 4.8 mV. Full-load operation expands the voltage
range. 0.5 A-cm ™2 operation yields a 25 mV voltage range, while 0.1
A-cm~2 gives 11 mV. Voltage fluctuations are more pronounced in the
high-voltage section. It could be attributed to concentration resistance
variations, uneven temperature distribution, short term uneven local
contact, etc.

A degradation trend also appeared during the CC operation period.
The voltage of 0.1 A-cm ™2 was 1.04 V initially and 1.06 V at the end of
the CC test. The full-load voltage even becomes higher than the ther-
moneutral voltage Vi, turning SOEC from endothermic into exothermic
operation. CC has a broad and oscillating voltage range. The maximum
voltage range is 80.3 mV for CC but 32.5 mV for CF. There is an average
voltage range of 26.8 mV for CC, which is 1.6 times above CF and 1.06
times above BL1. Notably, the voltage range in the subsequent BL3 test
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Fig. 6. Voltage evolution during the 2104 h test. The scatter and dash lines in the top figure denote the average cell voltage and the thermoneutral voltage Vi,
respectively. The voltage range is shown as an area in the top figure and a scatter in the bottom figure.

was reduced by 20.6% compared to BL2, which implies that CC opera-
tion might minimize group differences. Meanwhile, the stable and suc-
cessful BL3 operation proved the stack worked without losing
performance, even after an offensive CC operation.

Overall, the voltage test results reveal the stack is degrading in both
steady and dynamic operation. Within the CF and CC period, the stack
delivers 618 and 612 Nm® H,, with an average power consumption of
2.25 and 2.72 kWh-Nm ™~ H,. The initial degradation of the fresh stack
accounts for most of the degradation, and more relative discussions will
be presented in Section 5. Inhomogeneity in multi-physics fields is not
crucial in CF, but critical in CC. No sudden voltage drop was observed,
which means the SOEC stack can withstand large fluctuations in power
input from e.g. wind energy in both CF and CC operations.

4.3. Temperature evolution

Similar to voltage, temperature exhibits a clear boundary when
switching operating strategies. The average temperature and the tem-
perature difference AT between the inlet and outlet are shown in Fig. 7.
A negative temperature difference means the SOEC is endothermic.

AT =T, — T, ()]

The average temperature remains stable during a steady period but
fluctuates during a dynamic period. It started at 715.3 °C and kept
increasing throughout the test. At the end of BL1, BL2, and BL3, the
temperatures reached 716.0 °C, 716.5 °C, and 716.7 °C, respectively.
Temperature development in BL periods is minimal. In the meantime,
the stack is endothermic, and its temperature difference varies from
—2.55°Cto —2.35°C (BL1), —1.65 °C (BL2), and — 1.45 °C (BL3). More
ohmic heat was generated by degradation, which reduced the temper-
ature drop between the stack inlet and outlet.

The temperature was positively correlated to the current density
during the CF period, but negatively correlated to the current density
during the CC period. When the current density increased from 0.1
Acm™2 to 0.5 A-cm™2, the average temperature under CF operation
increased by ~2 °C while that under CC operation decreased by ~17 °C.
Substantial temperature variation during the CC period could be
attributed to the pre-heater, which has a constant duty.

Besides, the temperature of the CC period is more volatile than of the
CF period. The maximum temperature variation amplitude is 6.0 °C and
18.1 °C for the CF and CC periods, respectively. A flexible steam
generator and preheater that adjust steam inlet temperature could
reduce temperature fluctuation under the CC operation strategy. In fact,
because of the time lag of the steam generator used in the experiment,
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Fig. 7. Temperature evolution during the 2104 h test. The scatter surrounded by an area in the top figure denotes the average temperature T and the inlet/outlet
temperature. The temperature difference AT is shown as a scatter in the bottom figure. Dash line at zero AT is marked as reference.
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the CC operation was relaxed to 15 min per segment instead of 5 min per
segment. The unstable vapor temperature challenges the stack’s
robustness without proper temperature control. Despite this, the stack is
strong and has withstood challenging circumstances with outstanding
robustness.

4.4. Dynamic response

A closer look at the dynamic evolution details helps to understand
the SOEC pattern under wind power fluctuation. SOEC experimental
results are explored hourly to reveal the coupling between multiple
physical fields, including flow rate, resistance, voltage, and temperature.
This paper presents two short periods for further analysis: the stepwise
variation and the dynamic variation. The test data for the two periods
are shown in Fig. 8 and Fig. 9, respectively.

In the first short period, the current density is increased and held
every 5 min, while data is recorded every minute. The procedure was
tested three times before every BL period to extract iV curves (Fig. 5).
Fig. 8 compares the current densities, voltages, and temperatures of the
three tests. Since the current density setup for all tests is the same, only
one is illustrated.

Each time the current density steps up, the voltage jumps to another
value immediately, followed by a slow variation. The magnitude of the
voltage jump is related to the present resistance and degradation prog-
ress. After the step change, voltage variation is controlled by tempera-
ture. For example, during five minutes where the current density is kept
at 91.7 mA-cm ™2, the average stack temperature decreases by 0.85 °C,
and the voltage increases by 12.5 mV (BL1), 11.7 mV (BL2), and 15.4
mV (BL3). Proper temperature control that minimizes temperature drop
could reduce electrolysis power consumption by costing additional
external electric heat. The trade-off needs further investigation at the
system level.

As the current density and voltage increase, the temperature de-
creases first and recovers toward the initial 717 °C. However, BL3 has
the highest final temperature in these periods because of additional joule
heat introduced by degradation. Besides, the stack temperature
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Fig. 8. Dynamic response of the average cell voltage (middle) and stack
average temperature (bottom) under stepwise current density variation (top).
Dash line at 0.72 h is marked as reference.

Applied Energy 361 (2024) 122938

o
o

-
—e—CF I
|
i

CC

Current density,
Acm?
o
S »
= (4]

|
I sepesy
|
0.35F  seeesd I "ml....r
|
- d4sh
1.4 .
——CF !
> cc !
g13 i
E |
°
>

>>

720
OO
o I
§ 715 :
o |
8 710 |
- cr :
L CcC I
705 d

0 012 024 036 048 06 072 0.84 096 1.08
Time, h hr

Fig. 9. Dynamic response of the average cell voltage (middle) and stack
average temperature (bottom) under stepwise current density variation (top).
The dash line at 0.48 h is marked as reference.

recovered to its initial value when the voltage reached these corre-
sponding voltages. Theoretically, the stack becomes heat-balanced at
thermoneutral voltage. Here, the oven supplies additional heat to the
stack, balancing heat at a lower voltage. Further, no sudden temperature
change was recorded since the thermal inertia smooths the temperature
variation. The system component is easier to control with a stable outlet
temperature. Integrating SOEC with downstream hydrogen storage or
chemical production systems could become seamless.

The second period selected time with CF and CC operations corre-
sponding to the same part of the wind power fluctuations profile. Fig. 9
illustrates voltage and temperature response under current density and
gas flow variation. Following an increase from 0.35 A-cm™2 to 0.45
A-cm ™2, the current density returned to 0.35 A-cm 2 at the end of this
short period. The current density changed every five minutes in the CF
period and every fifteen minutes in the CC period. The two current
density curves do not overlap due to control frequency differences.
Another consequence is that CF usually has a higher current density in
the selected period.

CF and CC have similar voltage responses patterns. Even though the
CF and CC voltages develop in similar trends, their amplitudes are
different. CF moves from 1.20 V to 1.24 V and back to 1.21 V. In CC, the
voltage increases from 1.29 V to 1.34 V and then returns to 1.29 V. If the
current density rises and stays constant, the voltage changes abruptly to
a high level and then drops slowly. Conversely, the voltage drops to a
low point and increases gradually. For instance, the current density
increased at 0.48 h by 30 and 26 mA-cm™2 for CF and CC strategies,
respectively. After that, the current density was maintained at 444 and
435 mA-cm ™2, respectively. In response, the voltage increases by 10 mV
before slipping by 5 mV in the CF period. Instead, the CC strategy raises
the voltage by 30 mV and drops it by 15 mV. Temperature variation is
negligible at around 0.48 h for both operation strategies. Overall, stack
temperature variation is milder in CF operations than in CC operations.
Specifically, the temperature variation amplitude in the dynamic short
period is 1.4 °C and 1.5 °C for CF and CC operations, respectively.
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5. Discussion

SOEC stack performances, including degradation, electric efficiency,
and heat balance, are derived from experimental data and analyzed
sequentially. Degradation analysis results illustrate the group degrada-
tion rate during each operation period. Electric efficiency analysis
compares the operation strategies without degradation effects. Heat
balance analysis reveals the external heat supply and will inspire the
development of heat management procedures at the system level.

5.1. Degradation

It is essential to emphasize degradation since it increases resistance
and decreases efficiency. Fig. 10 illustrates the average cell voltage and
area-specific resistance (ASR) when SOEC operated at 0.24 A-cm 2. The
groups’ degradation rate (DR) during BL1, BL2, and BL3 periods is
shown at the bottom. ASR and DR are calculated by:

(5)

ASR = V- Ocvlheory

1

Vend — Vstart
end — start
Initially, the voltage at 0.24 A-cm™2 is 1.12 V, and the ASR is 1.04
Q-cm?. Since the traditional piecewise linear function is not accurate,
the voltage degradation at 0.24 A-cm™2 is fitted with a logarithmic
function:

_ ASRend - ASRslan

DRy = ,DRysg = (6)

Tend — Tstart

Vieg = 0.058851n(1 + 287.3) — 0.3401 )

where t is time in hour. The stack degraded rapidly at the beginning and
leveled off at the end. The stack average DR of BL1, BL2, and BL3 is
107.7, 81.0, and 40.4 mV-kh™!, respectively. This is expected since
similar trends and development have been observed in many durability
tests [40,41]. Rapid degradation in the first 500-1000 h is often seen in
SOEC cells or stacks. Such phenomena have been proposed to be related
to the initial Ni/YSZ electrode microstructure re-organization, though
the exact mechanism behind it is still under discussion [40,42]. The
evolution of the average cell voltage during the two dynamic operation
periods follows the trend defined by the three steady operation periods.
This indicates that the dynamic operation conducted in this test did not
introduce additional degradation.

There is a difference in DR between the groups. Degradation in the
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top group was 58% faster than in the middle group during the BL1
period. The other groups have similar degradation rates. Ideally all cells
in the stack should have similar initial performance since they are pro-
duced in the same batch. The difference in degradation rate could be
attributed to the imbalance in local current, gas, or temperature distri-
bution. During the BL2 period, degradation became inhomogeneous
within the stack. The middle group GO7 degraded at 31.8 mV-kh~!
(0.13 Q-cm®>kh™!, 2.8%kh™!). Group GO8 was next to GO7 but
degraded faster by 118 mV-kh™? (0.49 Q~cm2~kh’1, 10.5%-kh*1).
Degradation during the BL3 period is minimal. G13 at the top degrades
fastest with a DR of 58.7 mV-kh~! (0.24 Q-cmz-khfl, 5.20%.kh~1).
Groups have a similar degradation rate in BL3. It could be inferred that
all cells have reached stable degradation. Top group G13 has the fastest
degradation rate in BL3, while bottom group GOl has the slowest.
Optimizing gas flow channels, concentration/temperature distribution,
and contact resistance might reduce degradation.

5.2. Power regulation and efficiency

Voltage variation in dynamic operation periods involves fluctuation
and degradation. However, degradation causes the voltage to non-linear
increase and blurs the voltage fluctuation. To compare the direct effect
of CF and CC operation under power fluctuation, their voltage is cali-
brated by removing degradation:

Veatibraed = V — Vdeg (8)

Calibrated voltage, electric efficiency, and corresponding histogram
are shown in Fig. 11 top. Without degradation, the fundamental dif-
ferences between CF and CC control strategies originate from flow rate,
sensible heat supply, resistance, and dynamic behavior. If the dynamic
control strategies are conducted at another degradation stage, they
should have a similar calibrated voltage to this work since the funda-
mental difference still exists. SOEC electrical efficiency is directly
related to voltage:

LHV’ﬁread _ LHV'I/ZF"/]Famduy _ LHV"?Faraday

e = = 9
Nstack, LAV Wa v 2FV

where W is electric work, and LHV is hydrogen low heating value.
NFaraday iS Faraday efficiency, which is 100% for SOEC [43].

The voltage variation amplitude in the CC period is more significant
than in the CF period, regardless of calibration. After calibration, the
voltage in CC operation is 2% higher than CF at full load power supply.
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CF and CC operations have similar voltage responses when power is
insufficient. The calibrated voltage for the minimum current density of
0.1 A-cm™2is close, with values of 0.95 V for CC and 0.96 V for CF. Like
the current density, the voltage in both CF and CC periods has two peaks
at both ends of their histogram. CF peaks at 0.95 and 1.22 V, while CC
peaks at 0.95 and 1.24 V. Hence, the average voltage for CF and CC
periods is 1.07 and 1.10 V, respectively. Stack electric efficiency is
inversely proportional to voltage. CF and CC operations have an average
electric efficiency of 120.5% and 116.5%, respectively. Despite this,
electricity for steam generation could be saved under CC operation.
Further investigation into steam generators and SOEC energy con-
sumption is needed for both operation strategies at the system level.

Corresponding to wind speed fluctuations, the voltage change at two
adjacent time segments is analyzed here. The value and histogram for
voltage changes are shown in Fig. 11 bottom. Their unit is pu per-5 min
with thermoneutral voltage as a nominal value. The voltage varies more
with the CC strategy. The maximum voltage change for CC operation is
0.68 pu per-5 min, and for CF, it is 0.17 pu per-5 min. There is a slight
possibility of rapid voltage changes, but it cannot be ignored. The
probability of a voltage changing more significant than 0.01 pu per-5
min is 6.5% for CC operation and 1.6% for CF operation. Such a prob-
ability corresponds to 23.8 days and 5.7 days in one year. Despite the
substantial deviation, the stack operated normally, proving its
robustness.

Insufficient external heat supply reduces the stack temperature,
especially during the CC period, as shown in Section 4. Thus, the
external heat shortage raises resistance, increases voltage, and decreases
electric efficiency. If a more flexible thermal management system was
deployed instead of the constant duty pre-heater, a stable temperature, a
lower voltage, and a higher electric efficiency could be achieved. The
detailed heat balance analysis is presented next to inspire the flexible
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thermal management system design.

5.3. Heat balance

Water/steam splitting is an endothermic reaction below the ther-
moneutral voltage. External heat is needed to keep the stack warm,
minimize the resistance, and reduce the temperature gradient. During
the test, the steam was pre-heated, and the stack was placed in an
electric oven. The pre-heater and oven are external heat sources. How-
ever, many stacks are installed in an industrial SOEC hot box, and the
oven design would be space-consuming and less efficient. Instead, the
stack could be placed on a hot plate for direct electric heat transfer. Hot
plate and pre-heater duty can be controlled, but the amount must be
quantified beforehand.

The heat balance estimates external heat Qe contributed by oven:

Oreact + Wer + Oin + Qout + Qext = 0 (10)
. Ly AH

Oreact = Hreact AH = % an

Wete = Istack Vistack (12)

Qj = (7} - T) Ziﬂicpiaf’ (13)

i € {H;,0,,H,0,N,},j € {inout}

where Qyeact is reaction heat, Qi and Q¢ are heat flow input and output,
Neps is the number of cells in stack, ri;is the mole flow rate for component
i, and Cp is the heat capacity. Using experiment data, including tem-
perature, current density, voltage, and flow rate, to solve the heat bal-
ance equation will get the external heat duty provided by the oven. Joule
heat caused by degradation could obscure the thermal variation caused
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by the operation. Thus, the calibrated external heat removed the addi-
tional joule heat by substituting Vcalibrated for experiment data Veyp in the
heat balance equation. The evolution of external heat over time before
and after calibration is shown in Fig. 12 top. The histogram of external
heat during the CF and CC periods is presented in the middle, and the
calibrated external heat versus current density is shown at the bottom.

The stack degradation increases resistance and releases more ohmic
heat. Because of it, the external heat supply gradually decreases from
339 Wto 311 W (BL1), 178 W (BL2), and 125 W (BL3). Degradation is a
major contributor to the internal heat balance development. Without
degardation, the calibrated external heat during the steady period (BL1,
BL2, and BL3) is almost stable between 338 and 350 W.

External thermal energy consumption differs significantly between
CF and CC operation strategies. More external heat is consumed by the
CF strategy than by the CC strategy. The calibrated external heat
requirement is 250-380 W for CF operation and 100-400 W for CC
operation. The average calibrated external heat is 299 and 254 W for CF
and CC strategies, respectively. CC strategy saved 15% external heat but
consumed more electricity for steam splitting. CF operation has stable
temperature distribution and higher electric efficiency but requires
more external heat.

The histogram of the calibrated external heat during the CF period
has two peaks, one at 275 W (45%) and the other at 345 W (6%). Three
peaks were found on the histogram of the CC period: 165 W (4%), 275 W
(22%), and 325 W (5%). This comes from the non-linear relationship
between calibrated external heat and current density. The calibrated
external heat and current density exhibit an upward convexity rela-
tionship in CF operation. Meanwhile, the calibrated external heat under
CC operation shows a wave relationship with the current density.
Further, the thermal inertia of the stack expands the duty distribution.
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For example, the standard deviation for calibrated external heat at 0.45
A-cm™2 is 31.4 and 67.7 W for CF and CC periods, respectively. CC
operation has a broader distribution because it has less steam and lower
thermal inertia.

The non-linear relationship and thermal inertia make it challenging
to conduct SOEC control strategies at the system level. System devel-
opment is intended to minimize energy consumption and improve eco-
nomic performance. SOEC systems rely on internal hot plates,
preheaters, steam generators, and heat exchanger networks to supply
and recover thermal energy. Non-linear external heat demand will
complicate system control, heat management, and optimization. Be-
sides, widespread Qex indicates that dynamic operation differs from
stable operation. System optimization should be conducted based on
dynamic simulation to reveal optimal energy and economic perfor-
mance, even though technical obstacles will exist.

6. Conclusion and Outlook

This work conducted a 2104 h stack test to verify a Wind-SOEC
coupled system and clarify the impact of fluctuating wind power on
the SOEC stack. A 75-cell state-of-the-art TSP-1 stack from Topsoe was
employed. A real-life wind profile from a wind farm on the Danish Island
of Bornholm was down-scaled to ~7 kW for the TSP-1 stack. The test
comprised three short-term steady operation periods (BL1, BL2, and
BL3) plus two 744-h dynamic operation periods (CF and CC) in the order
of BL1-CF-BL2-CC-BL3. A constant current density of 0.24 A-cm™2 was
set for the steady operation period. In both dynamic periods, the stack
followed the December wind profile with a fluctuating current density
between 0.1 and 0.5 A-cm 2. Constant flow and constant conversion
flow rate control strategies were deployed in CF and CF periods,
respectively. The CF strategy maintained the inlet flow rate, while the
CC strategy maintained the conversion ratio and updated the steam flow
rate according to the current density.

The SOEC stack delivered 618 and 612 Nm?® H,, during the CF and CC
periods, respectively. 2.25 kWh-Nm 2 H, (CF) and 2.72 kWh-Nm 3 H,
(CC) of electricity were consumed by the stack. Stack voltage increased
from 1.12 to 1.23 V for the entire process. The degradation rate
decreased from 107.7 mV-kh™! (BL1) to 40.4 mV-kh™' (BL3). Mean-
while, power, temperature, and stream composition fluctuations didn’t
introduce additional degradation. Thermal energy management is
essential for SOEC stability and system efficiency. Energy analysis re-
veals that transient heat-duty variation didn’t affect stack strength.
Stack performance under CF and CC control strategies was compared
and analyzed by removing degradation effects. Voltage is more sensitive
to wind power variation under the CC control strategy. Meanwhile, CC
periods require less external heat to keep heat balance. More system
simulations, analyses, or experiments should be conducted to compare
and evaluate CF and CC in practice concerns. In conclusion, TSP-1 is
robust and flexible enough to produce hydrogen using fluctuating wind
power.

SOEC commercialization requires profound economic performance.
All potential methods and scenarios should be evaluated from economic
perspectives. Grid connection, external heat supply, SOEC development,
and other technologies could be integrated into SOEC systems and
reduce hydrogen production costs. Dynamic or pseudo-transient models
are needed to simulate system response to fluctuating wind power. Tech-
economic analyses and optimization will be conducted to compare CF
and CC operation strategies at the system level. In-depth research on
SOEC degradation under dynamic conditions is worthwhile for (1)
durability tests at different SOEC operating conditions (temperature,
current density, conversion ratio), (2) electrochemical numerical model
development based on degradation mechanisms, (3) system develop-
ment to enhance flexibility and resiliency, and (4) joint optimization of
control strategies, system design, SOEC operating conditions, etc. In the
future, SOEC will become one of the fundamental utilities for green
hydrogen production and global environmental sustainability.
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