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ABSTRACT

Solid Oxide Electrolysis Cells (SOECs) offer the lowest specific electrical energy demand among electrolysis
technologies, making them highly suitable for large-scale hydrogen production, where electricity accounts for
70 %-85 % of the levelized cost of hydrogen. To comply with guarantees of origin for green hydrogen, SOEC
systems must operate reliably in power-following mode with fluctuating renewable energy sources (RES).
However, transient operation induces thermal gradients within SOEC stacks, accelerating degradation and
increasing the risk of premature failure.

This study proposes a dynamic control concept that enables rapid power modulation with limited thermal
stress, based on an experimentally validated multi-stack SOEC reactor model. A large-scale SOEC plant is
considered, consisting of multiple modules, each comprising a multi-stack reactor and independent balance-
of-plant components. The module-level power control employs a PI controller, augmented with model-based
current slew-rate limit correlations and feed-forward step changes between hot standby and thermoneutral
operation. For a moderate thermal gradient limit of +5Kmin~', optimised control parameters enables
transitions from hot standby to 80 % nominal power in 35s and to 100 % in 3 min — approximately six times faster
than conventional linear current ramps. The control concept is further applied to a modular SOEC plant under a
real wind park power profile. Two key factors influencing power-following capability are identified: the number
of modules and the lower power limit of an individual module’s operating range (P,,,4;,,,)- The proposed control
concept improves power-following capability by reducing power mismatch by 45 % and significantly decreases
the required module count, enhancing both system efficiency and scalability.

1. Introduction

Renewable energy-powered electrolysis is a promising path to de-
fossilise the energy supply for industrial, transportation and energy
sectors. The produced hydrogen or syngas (H, + CO) can be stored
and later converted back into electricity or utilised as a feedstock
for energy-intensive processes that are difficult to electrify, such as
heavy industry, long-distance air and sea transportation, and chemical
industry [1,2]. Among the available technologies, high-temperature
electrolysis based on Solid Oxide Cell (SOC) reactors achieves highest
efficiencies, particularly when heat integration with other processes can
provide the energy for steam production. However, operating Solid Ox-
ide Electrolysis Cells (SOEC) with fluctuating renewable energy sources,
such as wind and solar power, requires strategies to manage variable
power availability. Large battery storage systems are expensive and
should be minimised, necessitating transient operation of SOC reactors
to align with the variable power supply. This poses a challenge since
SOECs are sensitive to high thermal gradients, which can arise during
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rapid changes in the operating point (OP). The electrolysis reaction is
endothermic, consuming heat, while Joule heating generates heat as
current flows through the cells. The heat generation rate is a function
of cell resistance and current squared (Q = I*R) [3]. At low currents,
the endothermic effect dominates (endothermic operation), whereas at
higher currents, Joule heating prevails (exothermic operation). Heat
generation and consumption are balanced at thermoneutral operation,
which corresponds to thermoneutral voltage:

Uy (T) = ARH, (T)/zF , @

where ARH,, is the molar reaction enthalpy, z is the number of trans-
ferred electrons (steam electrolysis: z=2), and F is Faraday’s constant.
In real systems, heat losses to the surroundings contribute to the overall
heat consumption. To maintain thermal equilibrium and isothermal
conditions, a higher voltage is required to compensate for the addi-
tional heat dissipation: Uisypermal(T) > Uin(T). Isothermal operation in
real systems is defined as the point where the gas outlet temperature
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Nomenclature

Abbreviations

ASR
LHV
EC

FC
oP

PI
RMSE
SOC
SOEC

Greek symbols

A
n

Latin symbols

Trrzg TN ma»>0o s E

=
a

Nowoa TN

Area specific resistance

Lower heating value

Electrolysis mode

Fuell cell mode

Operating Point
Proportional-integral (controller)
Root Mean Square Error

Solid Oxide Cell

Solid Oxide Electrolysis Cell

Difference
Efficiency

Mass flow rate
Molar flow rate
Heat flow rate

Area

Constant

Faraday’s constant
Factor

Enthalpy

Current

Current density
Molar mass
Number of modules
Power

Pressure

Reactant conversion
Temperature

Time

Voltage

Length

Number of transferred electrons

Sub- and superscripts

act
act
BoP
el
high
id

actual value

in active operation (N,)
balance of plant
electric

higher limit

ideal
enumeration item
enumeration item
lower limit

molar

maximum
minimum
module

nominal

power electronics
plant

reaction

set setpoint value
stdby standby

TC thermocouple
tn thermoneutral
wind wind park

matches the reactor’s inlet temperature, i.€., Tyin = Tgasour- T€M-
perature differences between endothermic, isothermal, and exothermic
operation can be significant. Rapid changes of the operating point can
result in large temperature gradients, risking increased degradation or
even damage to the stack. Therefore, effective operating and control
strategies are critical for safe and efficient operation under transient
conditions. Key control parameters include fuel and air mass flows,
inlet temperatures, and reactant conversion (RC), which relates fuel
mass flow and composition to current density. Unlike fuel cell oper-
ation, electrolysis does not require air/oxygen supply. Nevertheless,
most state-of-the-art multi-stack SOEC reactors use air to dilute and
flush out the produced oxygen and for temperature control.

Several studies have proposed air mass flow as the primary parame-
ter for temperature control during dynamic operation [4-7]. While air
flow rates can remain low near thermoneutral operation, strongly en-
dothermic or exothermic conditions require high air flow rates, which
negatively affect system efficiency. Additionally, the large variations
in air mass flow has to be considered in the balance-of-plant (BoP)
components and SOEC stack designs. A design for high flow rates results
in increased capital expenditures and inefficiency at low flow rates,
while a design optimised for low flow rates leads to high pressure
drops (narrow air channels in SOECs) and inefficiency at high flow
rates. A recent study [8] based on high-resolution solar data shows
that adjusting the air mass flow alone does not fully prevent violations
of temperature gradient limits during highly fluctuating power supply.
The study suggests modulating the steam mass flow to control the
temperature gradients, which negatively affects the reactant conversion
and thus SOEC electrical efficiency.

An alternative approach to achieving highly dynamic operating
point changes involves rapidly switching the current on and off, ensur-
ing that the average power consumption matches the target value [9—
11]. This control approach, known as pulse-width modulation (PWM)
[12], is widely applied in DC-AC inverters, electric motor controls,
and light dimming. However, its application has so far been limited
to cell- or single-stack-level experiments in laboratory settings, with no
demonstrations at system scales relevant to practical applications.

Many control strategies assume that fluctuations in power supply
are directly transferred to the SOEC stacks. However, large-scale sys-
tems will likely consist of multiple modules [13]. This is the case for
the currently largest existing SOEC systems in the range of 2.6 MW, to
4MW,, [14,15]. If a plant is fully designed in a modular way, individual
modules can be operated at different operating points [16]. With suffi-
cient modules, fluctuating power supply can be managed by switching
the modules’ operating point between hot standby and nominal (mod-
ular on/off approach), as demonstrated by Tomberg et al. [17]. The
authors introduced a strategy for the transition from hot standby to the
thermoneutral point, bypassing the endothermic region with a current
step, followed by a controlled increase in current to prevent exceed-
ing temperature gradient limits. This strategy prevents inefficient and
degradation-prone operations far from the design point. However, the
plant’s flexibility and the required energy buffer storage (e.g., batteries)
strongly depend on the number of modules. Additionally, power is con-
trolled only indirectly by setting the target outlet temperature, which
is imprecise, slower and potentially requires iterative adjustments.

This work addresses this limitation by analysing the potential of
extending the modular on/off approach to increase flexibility by intro-
ducing an operating range around the isothermal, nominal point for
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Fig. 1. Schematic illustration of the different operating points on plant and
module level. Arrows indicate the relevant changes of operating points that
occur in transient operation.

each module. Fig. 1 illustrates the possible operating points at both
the plant and module levels. At the module level, in addition to the
hot standby and nominal operating points (OPs), an extended operating
range is defined, spanning from an endothermic point (Py,oqoy) t0 an
exothermic point (Poqpign)- At the plant level, individual modules can
operate at different OPs, enabling a more flexible overall plant power
consumption.

This study aims to address three key questions regarding the tran-
sient operation of modular SOEC systems, specifically:

(i) What is the optimal combination of number of modules and the
individual module’s operating range for dynamically operated
modular plants?

(ii) Can a proposed simple control concept enable safe and rapid
transitions within the defined operating range?

(iii) Does this modular control concept prove to be beneficial at the
plant level, particularly in terms of transient capability, module
count, and required energy buffering capacity?

The desired transient capability and the number of modules at the plant
level impose corresponding requirements on individual modules. In
turn, the transient performance of a single module dictates the overall
transient capability of the plant. To investigate the above mentioned
questions while considering the interdependence between plant- and
module-level dynamics, the paper is structured as follows:

First, a modular plant layout and the single-module subsystem
are presented as the basis for the investigations, together with the
applied modelling approach. Next, a theoretical analysis examines the
relationship between total plant power, the module operating range,
and the number of modules, with a focus on their impact on part-
load behaviour. The analysis then shifts to the module level, where
a suitable operating range for individual modules is defined. Based
on these boundary conditions, a control concept is developed, using
power as the set-point, that ensures safe and rapid transitions between
all operating points. This approach extends the strategy by Tomberg
et al. [17] for transitioning from hot standby to isothermal operation.
A sensitivity analysis follows, identifying key control parameters for op-
timising transition time and efficiency. Finally, the characteristic power
profiles of the individual module are applied to a multi-module plant
following a real wind power profile. A Python-based power distribution
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Fig. 2. Modular SOEC plant with renewable energy input. The single module
is a sub-system comprising a multi-stack SOEC reactor with heat exchangers,
electric heaters and air blower.

algorithm is introduced, which is used to evaluate how the module
operating range and the number of modules influence the plant’s ability
to follow fluctuations in power supply. The paper concludes with a
summary of the main findings.

2. Methodology
2.1. Modular plant layout

For comparability with Tomberg et al.’s results [17], a similar
modular plant configuration is adopted, as shown in Fig. 2. The plant
comprises a variable number of N identical modules, each consisting
of a multi-stack SOEC reactor, power electronics, fuel and air heat ex-
changers, electric heaters, and an air blower, allowing for independent
operation. Steam is assumed to be generated centrally and distributed
to each module, where a valve regulates the mass flow. The steam
is produced using excess heat from a downstream process, such as
methanation, as outlined in Wang et al. [18]. To maintain a generic and
end-product-independent analysis, pure steam electrolysis is consid-
ered, although co-electrolysis may be advantageous for overall system
efficiency depending on the desired end-product. A battery and an
energy management system (EMS) balance out the mismatch between
fluctuating power supply and the power consumption of the SOEC
modules. The primary focus of this study is the transient operation and
control concept development for the single SOEC module.

2.2. SOEC module model

The SOEC module was modelled and simulated using TEMPEST [19-
22], a Modelica®-based simulation framework developed to analyse the
transient characteristics of multi-stack electrochemical reactors within
integrated process systems. The model builds upon the subsystem
model described in [17], incorporating the same set of components
and depicted in the dashed box in Fig. 2. To reduce computational
cost, the balance-of-plant components were partially simplified. The
fuel and air heat exchangers were replaced with lumped models with
a constant effectiveness ¢ = Q/Q.., = 90%. Variations of this
value due to changes in mass flow and fluid properties are neglected,
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which is justified by the fast response of the electric heater’s PID
controller. Temperature variations coming from the heat exchangers
are compensated by the fast heaters, unless the temperature is already
above the setpoint value or available heating power is exceeded. Both
does not occur in the simulated conditions. Similarly, heat loss to the
environment is neglected for the BoP components, as their impact on
the change in inlet temperature at the SOEC is slow and would be
compensated by the electric heaters. Therefore, these simplifications
have negligible effects on the transient behaviour of the SOEC, although
they may lead to slightly underestimated heater power consumption.

The SOEC reactor model itself was adopted unchanged and repre-
sents 720 electrolyte-supported cells, arranged into 24 stacks housed
within an insulated box, and yielding a total active cell area of 9.20 m.
The model was previously validated [21] using in-house experiments
conducted in the large-scale test environment GALACTICA [23,24],
which enables testing of SOC reactors with up to 120kW,, electrolysis
power. The SOEC model is based on a one-dimensional cell model,
discretised into five elements in flow direction, providing a detailed
representation of activation, ohmic, and diffusion losses, as well as
intra-cell and external heat transfer. For each 30-cell stack, a single
central cell is modelled in detail, while the remaining cells are repre-
sented using a simplification approach [21]. Additionally, heat transfer
among stacks and through the insulation is modelled to enable the
development of realistic operating strategies for multi-stack reactors,
considering transient behaviour and critical parameter distributions
like temperature gradients, composition, and current density. Further
details on the applied models can be found in [17,21].

Solid oxide cells are sensitive to both spatial and temporal tem-
perature gradients and thereby induced thermal stress [25,26]. The
minimum and maximum gradients within the cells are determined by
the following equations:

k. J k, j
. T 0 - T =1
(chcn/dI)min,max = min/max <% , @
Kout-J _ Tki"’j
(chell/dx)min’max = min/max Zcell el , @

AXx

where T, is the lumped temperature of the anode, electrolyte and
cathode. The indexing k, j represents the kth discretisation element
along the flow coordinate within each cell j of the SOEC module. 4 x
is the length of the equally sized discretisation elements.

2.3. Impact of single module operating range on plant level

In a modular plant the operating point can be adjusted by modifying
the operating points of individual modules, with the total plant power
defined as P, = Zfi | Pinoua,i- For generic applicability, both plant and
module power P, and P, are normalised to their respective nominal
values and expressed in percent. To maximise power-following capabil-
ity, it is essential to minimise gaps in the plant’s power range, as these
represent unavailable operating points. Exemplary, this is particularly
important for renewable-powered electrolysis plants, where closely
following fluctuating electricity supply helps reduce curtailment.

When modules operate in an on/off mode — switching between hot
standby and nominal operation - the plant power changes in discrete
steps, creating gaps in the power range, as shown in the first row
of Fig. 3(a): zero module power range P, = 100-100% and N=10
modules. The sizes of these gaps depend on the number of modules N,
a completely gapless operation would theoretically require an infinite
number of modules.

Alternatively, gaps in the plant power operating range can be min-
imised by allowing each module to operate within a specified range.
The minimum achievable steady-state plant power is determined by
the lower limit of the module’s operating range and the number of
modules Py min = Prodjow Poimin cOrTesponds to the lower limit of
the first module in each row of Fig. 3(a). The graphic illustrates how
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(a) IMustration of the accessible steady-state plant operating ranges (bar segments),
as a function of the number of actively operating modules N, (indicated by colour),
the total number of modules N and the single module operating range Pp0q as de-
fined in Eq.(4). Each row along the y-axis to a specific combination of N and Ppoq.
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(b) Iustration of the dependency of the threshold plant power Py reshold for gapless
operation on the number of modules N (x-axis) and the module operating range Ppod
(indicated by colour), as defined in Eq. (4). Dashed lines indicate the maximum
plant power Py max and solid lines the threshold plant power Ppjreshold- For a given
number of modules N, the steady-state gapless operating range corresponds to the
vertical range between Py max and Ppy hreshold-

Fig. 3. Analysis of the number of modules N and operating range P, , on the
plant power according to Eq. (4).

both the variation of the module operating range and the number of
modules affect the accessibility of plant power. By comparing the first
and second rows, it is evident that introducing a small range of 10 % per
module already significantly reduces the gaps and improves the plant’s
ability to meet a desired power consumption. An increased number
of modules operating in active producing (non-hot standby) mode
broadens the range of achievable plant power. The threshold plant
power, above which gapless operation is possible, can be calculated as:

2
mod,low
Ppl,lhreshold = Nacl,min Pmod,low & P P — | > 4
( mod,high — mod,low)

Pmod,]ow

where Noctmin = ceil ( TR R——
number of modules that need to be active in producing operation.
The consumption of the modules in hot standby is neglected here. The
lower Ny min, the lower Py yeqnoiq @nd the wider the gapless operat-
ing range of the plant. Eq. (4) shows that Py esmold 1S Proportional
to Proglow SqQuared. Thus, Py g0 is the most effective parameter to
reduce the gapless operating range of the plant. The values of N, i
and P, preshoid ate provided in Fig. 3(a) as annotated text for each
combination of N and P,, 4. For example, for a module operating range
of P,.q =72-114 %, gapless operation is achievable with a minimum
of Ny min=2 actively operating modules, corresponding to a threshold
plant power of Py iesnols=14-4 %. For a detailed derivation and further

analysis of these equations, the reader is referred to the supplementary

) < N is the minimum
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Table 1
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The operating parameters of hot standby and the Nominal OP (adopted from [17]) as well as the endothermic and exothermic OPs as lower and upper limits of

the operating range.

Hot standby Nominal OP Endothermic Exothermic

(Isoth., Prognom) Prvod.tow) (Pruod.nign)
Power relative to P, 4., (incl. power electronics losses)/% 1.79 100 72 113.8
Relative power of BoP (electric heaters and air blower)/% 4.37 5.15 4.58 5.26
Current density/A cm= 0 0.55 0.40 0.61
Reactant conversion/% - 70 70 70
H,/H,0/N, inlet molar fractions/% 0.05/0/0.95 0.1/0.9/0 0.1/0.9/0 0.1/0.9/0
O, outlet molar concentration/% 21 40 40 40
Air inlet mass flow/gs™! cm™ 2.337 x 1074 1.281 x 1074 9.346 x 1075 1.445 x 1074
Forming gas mass flow/gs™' cm™2 3.261 x 107° 0 0 0
Module fuel & air inlet temperature/°C 830 830 830 830
Module fuel outlet temperature/°C 802.3 830.5 799 844
Module efficiency (steam production excluded)/kW hkg™' - 38.64 38.62 38.71

information (SI-1). Fig. 3(b) analyses the dependency of the Py iyresnold
for a wide range of the number of modules and further module power
operating ranges. The case without an operating range is not shown
since Ny min is not defined for Pioqpign = Prodjow However, the
figure shows that increasing the range from 2 % (yellow) to 10 % (light
green), the required number of modules to obtain a Py ihreshola Of 20 %
reduces from N = 250 to N = 45. While Pqpign iS constrained by
limiting cell temperature and voltage, P,,,q1ow could be set to zero,
which would lead to a completely gapless operating range with a
single module (N = 1). However, larger deviations from the isothermal
operating point (100 %), lead to larger temperature variations between
operating points. In transient operation this increases the risk of too
high thermal gradients. Transitioning between these operating points
must be executed slowly. Based on these considerations and a plant
consisting of N=10 modules, an operating range for the single module
is defined in the following subsection.

2.4. Operating range for the single module

The hot standby point and the Nominal OP are adopted from
Tomberg et al. [17] for comparability. Building on the previous analysis
of the effect of the operating range on the plant power and taking into
account temperature limitations, two additional points are defined that
span the operating range around the Nominal OP: P4 0w < Pod.nom <
Pooanign- The four key operating points are defined as follows and

summarised in Table 1.

* Hot Standby (P4 sany): Fuel and air inlet temperatures are the
same as during operation. The fuel-side composition is changed
to forming gas and the air mass flow is set to keep the cell
temperatures in a range of +10K around 800 °C.

Nominal OP (Isothermal, P, 4 ,0m): This is defined as the isother-
mal point, corresponding to a fixed inlet temperature and mass
flow rates, as given in Table 1. For this case, the nominal power
is Prognom= 69kW, referred to as 100% power at the power
electronics, excluding the contributions from the electric heaters
and air blower.

Endothermic OP (P,4,): The lower limit of the operating
range is set at 72 % of the nominal power, ensuring gapless oper-
ation starting at low plant powers below 20 % (see the last row of
Fig. 3(a)). This threshold is chosen to maintain cell temperatures
not lower than those in hot standby mode, preventing exces-
sive temperature fluctuations that could impact system longevity.
However, lower temperatures can be justified, if the advantages
in flexibility outweigh the potential negative impact on lifespan.
The optimal balance is a techno-economic decision, depending on
the specific use case and the degradation behaviour of the stacks
used.

Exothermic OP (P,,,qpion): The upper limit of the range is set at
114 % power, chosen to be as high as possible without exceeding
the maximum cell temperature of 850 °C, specified by the SOEC

manufacturer. A key limitation of this definition in real systems
is the effect of voltage degradation over time, which may be com-
pensated through increasing the operating temperature. However,
this reduces the available range before the temperature limit is
reached, potentially restricting full use of the defined operating
range. In this study, the maximum applicable exothermic point is
considered nonetheless, in order to allow for larger temperature
differences and thus for more extreme operating point changes.

The module efficiencies in Table 1 show minimal variation across
the three active operating points. This is because all variables scale
linearly with current: H,-production due to a 100 % faradaic efficiency,
SOEC power due to the ohmic-dominated region, and the electric heater
power due to scaled air and fuel flows and a constant heat exchanger
effectiveness. The blower power remains negligible at the low flow
rates considered.

In highly transient operations, each individual SOEC module must
be able to transition safely and rapidly between defined operating
points. The following section develops and analyses a control concept
tailored to meet these requirements.

3. Transient operation of single module

Contrary to steady-state SOEC operation, which aims to achieve
maximum system efficiency and minimum degradation to reduce hy-
drogen production costs, transient operation introduces challenges re-
lated to ensuring operational safety and the module’s ability to handle
rapid transitions. Beside the generally applicable degradation relevant
operating parameters, such as the maximum cell voltage and spatial
temperature gradient (dT,q, /dx)min’max, the temporal temperature gra-
dient (dT,/ dt)min,max is specifically relevant in transient operation and
therefore used as the main criterion regarding safe and low degradation
operation. The key evaluation criteria applied in this work are:

» Safe and low degradation operation: temporal and spatial temper-

ature gradients, (AT /dr) oo (dTeen/dx) oo
Effici iy, -LHVy,
- Efficiency: n = —2——2-
v Pe1,pE+Fel,Bop

» Transient capability: transition time between operating points,
based on the power set-point P,

3.1. SOEC module control concept

To enable cost-effective commercial deployment, equipping SOEC
modules with extensive sensors for measuring intra-cell thermal gradi-
ents is impractical. Instead, the proposed approach combines a limited
number of representative temperature sensors (Tpc) with a validated
model. These sensors, located at the air outlet of the centre cell in each
stack, provide inputs to standard controllers in a robust control concept.

Tomberg et al. [17] introduced a temperature-controlled strategy
that reduced the transition time from hot standby to isothermal opera-
tion by a factor of about four compared to conventional linear current
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Fig. 4. Schematic overview of the developed SOEC Module Control Concept. The PI power control loop (green) ensures the setpoint power is reached quickly
while limiting thermal gradients. Two feed-forward steps (blue) enable rapid transitions between hot standby and active operation. (For interpretation of the
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ramps. In this work, that strategy is adapted to a power-controlled
approach and extended into a control concept capable of handling all
required operating point changes, including power modulation around
the nominal point. Fig. 4 provides a schematic overview of the proposed
control concept. At its core, a proportional-integral (PI) power control
loop minimises the error between the set and actual power by adjusting
the current. The change rate of the output current is subsequently dy-
namically constrained by a slew rate limiter, ensuring compliance with
defined temperature gradient limits. Additionally, two feed-forward
steps minimise transition times: one directly steps to the thermoneutral
current when switching from hot standby to operation, whereas the
other immediately sets the current to zero when transitioning back to
hot standby. Together, these elements ensure fast yet controlled power
adjustments while also limiting thermal stress.

PI power control loop

The PI-controller minimises the error between the set and actual
power by modulating the current. Its tuning is based on the step-
response method and further refined manually for quick convergence
with moderate overshoot. Further details are provided in the supple-
mentary information (SI-2). Since the PI-controller is followed by a slew
rate limiter, its tuning effectively impacts the applied current when
the change rate of the output signal is small. The slew rate limiter
constrains the temperature gradients by limiting the rate of current
change. The minimum and maximum current change rates are inversely
proportional to the difference between the average cell voltage and the
thermoneutral voltage, which corresponds to heat generation [17]:

1
tn) +b, Cmin)

dr/dt)pin = — 5)

Ucell -

1
max (c(Ucell - Um) +d, Cmax)

max ((1

(dI/dN)py = ©

The thermoneutral voltage U,, is calculated according to Eq. (1) with
the temperature averaged between the set inlet temperature and the
maximum of the measured air outlet temperatures:

1
ARHm (E(Tin,sel + Tstack,max))

U, = @)

Z(xFuel,in) F

The parameters a, b, ¢, and d are calibrated based on system-specific
thermal gradient limits, which vary depending on cell and stack design.
Table 2 lists the parameter values for three selected gradient limits,
each carefully tuned to enable rapid transitions without exceeding
thermal constraints.

Table 2
Parameters for the minimum and maximum slew rate limits in Eq. (5),(6) for
three different temperature gradient limits.

Parameter Temperature gradient limit (d7.e;/d0) pinmax
+2.5K min™' +5K min™' +10K min™'
a 240 210 36
b 18 1.8 0.6
c -440 -110 -5
d 13 3.4 0.6

To determine these values, the simulated maximum and minimum
temperature gradients were analysed to ensure they consistently reach
but do not exceed the respective limits. Regions requiring higher or
lower gradients were identified based on U, —U,,, and the parameters
were adjusted accordingly. To streamline tuning and minimise iteration
steps, the slew rate limits (d7, /df) ,in max Were plotted against U—U,,
(cf. Egs. (5), (6)). This visualisation provided an effective method to
evaluate the effects of parameter changes on the curve shapes. Addi-
tional plots illustrating the slew rate limits as functions of the voltage
difference are available in the supplementary information (SI-2). For
this work, the reference thermal gradient limit is set to +5K min~',
which applies to all results unless otherwise specified.

To address extreme voltage differences that typically occur at the
start of a transition, the denominator in the slew rate equations is fur-
ther limited by a constant value, with C,,;, = 1 and C,,,, = 0.1. It should
be noted, that the current in electrolysis mode is defined as negative.
Consequently, (df/dr),,, and (dI/dr);, correspond to decreasing and

increasing absolute currents, respectively.

Feed-forward steps

Transitions from hot standby to isothermal operation pass through
an endothermic region, causing significant cooling effects. Rapid ramp
rates can induce large temperature gradients, accelerating stack degra-
dation or premature failure. To mitigate this, slow ramp rates are
usually used, accepting longer transition times. However, a direct
step to the thermoneutral operating point, based on the hot standby
temperature, bypasses the endothermic region, resulting in minimal
temperature gradients.

Similarly, for transitions to hot standby, a direct step to 0 A pre-
vents endothermic cooling. Therefore, for changes between hot standby
and a producing operating point, two additional steps are introduced,
effectively bypassing the PI controller:
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1. Hot standby to Operation: When the state machine mode
switches from hot standby to operation, the sampler is triggered.
This causes the sampler to update its output once and hold that
value until the next trigger event. Simultaneously, the selector
switches to forward the sampler’s output, allowing the current
to step directly to thermoneutral operation. The corresponding
current density is approximated with Ohm’s law [17]:

Uy — U, .
istep = w , with (€)
1 — —05
U U+ R 2 (Tin,set + TTC,max) 1 sz y02 D 05
L= n - E)
4o zF YH,0 Po

ASR =725Qcm? exp(-0.00829K ™! Tpe).

Where U,, is the ideal voltage, y; represents the in- to outlet
averaged species concentrations. The total area specific resis-
tance ASR is determined through short-stack experiments by
Riedel et al. [27]. Here, it is calculated using the average of the
measured air outlet temperatures Tyc. The experiments can be
easily repeated for the case when different stacks are used. After
this step, the PI power control loop completes the transition until
Py = Pyt
2. Operation to Hot standby: When the state machine mode switc-
hes from operation to hot standby, a second selector switches
the output value to zero, resulting in an immediate step to zero
current.

The combined output of the feed-forward steps and PI power control
loop determines the current sent to the power electronics. The air and
mass flow setpoints are determined based on the applied current and
given RC and outlet oxygen concentration. Air and fuel flows are con-
tinuously adjusted, with fuel flow changes timed to avoid starvation or
abrupt fluctuations. These processes are managed by the state machine,
which also sets the PI controller limits to ensure rapid convergence to
a wide range of power set-points.

The proposed control concept, consisting of standard controllers, is
straightforward to implement in a module control system. The follow-
ing subsections analyse its performance across the defined operating
range and evaluate its capability to handle dynamic plant operations.

3.2. Transitions between operating points

In order to evaluate the performance of the control concept it is first
compared to the temperature-control strategy of Tomberg et al. [17]
for the transition from Hot Standby to the Nominal OP. Subsequently,
it is tested for the most extreme transitions within the defined oper-
ating range, including those with the largest temperature changes and
current steps.

3.2.1. Transition from hot standby to the nominal OP

The transition begins with adjusting the fuel mass flow and com-
position from forming gas to steam, a process assumed to take 30s
throughout the whole study. Immediately afterwards, the feed-forward
step increases the current according to Eq. (8), followed by control via
the PI power control loop. While in [17] temperature is employed as
the control variable, this work uses power instead. Fig. 5 compares the
two approaches based on key operating parameters: relative power and
current density (the main controlled and manipulated variables, shown
in panel a), cell voltage range (panel b), temperature gradient range
(panel c), and cell temperature range (panel d). The depicted ranges
represent the local variation of each parameter, with the solid lines
showing the minimum and maximum values across all discretised cells
at each time point. While the temperature-controlled approach reaches
the final temperature faster, the power-controlled approach stabilises
at the set power faster. Both methods follow a similar current profile,
with the initial step corresponding to approximately 60 % of the final
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steady-state current. The steeper rate of change immediately after the
step in the power-controlled case is due to the tuned parameters a and
b in Eq. (5), defining the minimum slew rate for the current change
in negative direction. Afterwards, both methods display similar current
and power profiles, but the power-controlled approach converges after
about 3.8 min at 100 % power. In contrast, the temperature-controlled
method experiences an overshoot by 7% and converges after ca. 50 min
as the final temperature is achieved. Compared to conventional lin-
ear current ramps, satisfying the same temperature gradient limits,
the power-controlled approach enables a transition time reduction
by a factor of five to six. A detailed comparison is provided in the
supplementary information (SI-3).

Throughout the slew rate-limited phase, the applied temperature
gradient limit of +5K min~! is maintained. However, immediately after
the step, temperature gradient peaks briefly exceed the limit for about
three seconds. Despite this short-term violation, the actual temperature
change during this period is less than 1K, resulting in negligible
mechanical stress. Experimental tests of rapid current steps have shown
no damage to cells under similar conditions [9,28,29]. Consequently,
these peaks are considered harmless. Similar short-term peaks observed
in subsequent results can be justified following the same rationale. As
stated at the beginning of this section, spatial temperature gradients
(dT ey /dX)minmax have to be evaluated as well. These gradients are less
sensitive to controller parameters and remain within an uncritical range
of —4Kcm~! to 2K ecm~!. Their temporal evolution is presented in the
supplementary information (SI-4).

3.2.2. Transition to hot standby

The transition to hot standby from any operating point is achieved
by stepping directly to 0 A, as motivated in the previous subsection.
This method is the fastest possible way and reduces thermal stress
compared to linear ramping. An analysis of linear ramps with various
ramp rates showed no significant advantages over the direct step-
down approach. Detailed results of this analysis are provided in the
supplementary information (SI-5). The most extreme step-down from
Prodnign to hot standby is shown in Fig. 6, demonstrating compliance
with the +5K min~! limit. The variation in gradients during the first
30s results from change to hot standby mass flow and composition.
Thereafter, the stacks cool down at a moderate minimum gradient.

3.2.3. Extending to the operating range

The developed control concept is tested to manage all extreme tran-
sitions within the operating range while adhering to specified thermal
gradient limits. These transitions, involving the largest temperature
changes and highest potential thermal gradients, occur between the
hot standby, the endothermic operating point with the lowest tem-
peratures, and the Exothermic OP with the highest temperatures, in
both directions. Fig. 6 depicts the system’s behaviour during these
transitions, demonstrating that the applied thermal gradient limit of
+5K min~" is consistently maintained (shown in panel c). The transition
from hot standby to the Exothermic OP (blue) follows the same strategy
that is used above for the Isothermal OP, but with a higher power
set-point. Changing between the Endothermic and Exothermic OPs
(orange and green) is smoothly handled by the slew rate limited PI
power control loop, ensuring controlled and safe changes. Meanwhile,
the transition from the Exothermic OP back to hot standby (red) is
managed by a feed-forward step, which allows for a rapid and precise
power reduction. These results proof the robustness and adaptability
of the control concept, which reliably handles even the most extreme
transitions within the operating range without exceeding temperature
gradient limits.
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Fig. 5. Comparison of the temperature-controlled (blue) and the power-controlled (orange) transition from hot standby to the Nominal OP in terms of the profiles
of relevant operating parameters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(@)

® 100 1
2 75 0.75
[e]
g L
2 %0 I P 2 A U VS 0.5
‘5 i
T 25 L=b. 0.25
o
Wil = s e e e e 0
- 10 (©)
£
€ I |
p4 5 K
g o0 -
2
o
@ 5
-
£
(0]
= -10
00 25 50 75 10.0
Time / min

(b)
S 1.4
5 e{
>
= 12 T
%‘ E —— hot stdby - Py,
é E 1.0 =S Phlgh_'Pka
'q:: 8 —— Piow = Phign
E 0.8 —— Phigh = hot stdby
O
(d)
(@) /—I—-—-—"
2840
g
=
©
5 820
Q.
£
[}
= 800
[}
o
0 15 30 45 60
Time / min

Fig. 6. Application of the control concept for the most extreme switches within the operating range and hot standby. The behaviour of the most relevant operating
parameters is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Sensitivity analysis

To further optimise system performance, a sensitivity analysis is
conducted, focusing on two key metrics: transition time and module
efficiency during transitions. The transition time is defined as the
period from initiation to when the absolute power difference is below
1%, | Py — P, | < 1%. The efficiency during the transition is evaluated
as the LHV-based efficiency, integrated over a fixed 10 min period for
comparability:

t=10 min
-/
t=0

The following four parameters are analysed:

rigg, (1) - LHVyy,

_— 9
Py pe(®) + Py gop(?) ©

* Current step factor f; _ in: e, = (Ug - U,)/ASR- ier

* Air mass flow factor fu, . I ity = Mg ref * finp air
I ngens Myel

» Reactant conversion: RC = -
Zgyel F titgye)

+ Temperature gradient limit (d7.);/df)inmax indirectly controlled
via parameters a, b, c and d according to Table 2.

The reference case uses f, iniep =1, fimgair =1, RC =70 % and (dT¢e/d0pin max
=+5Kmin~'. The reference ri ¢ during the transition is the hot
standby value given in Table 1. The ranges for parameter variations
were chosen based on practical considerations: Lower RC values lead to
less efficient use of steam, while higher values close to 100 % can cause
local fuel starvation and faster degradation, thus a range of 50 %-90 %
is considered. The airflow rate can be reduced to zero, producing pure
oxygen — a concept with significant design advantages that several
stack manufacturers are exploring. However, due to the associated
material and safety challenges, it is not yet considered state-of-the-
art. Consequently, the smallest air mass flow factor considered is 0.2,
leading to a maximum oxygen concentration of 60 mol %. Increasing air
flow rates increases the blower power consumption and is therefore
limited to a factor of 5 times the reference flow rate. Both, air mass flow
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changes (to reference set) in the transition time and the integrated efficiency
after 10 min for all parameter variations as well as for the efficient and fast
parameter sets.

factor and RC are set to the reference values when the set-point power
is reached. Figures showing the effects of the parameter variations
on the profiles of relevant operating parameters are available in the
supplementary information (SI-4). Fig. 7 summarises the effects of
parameter variations on transition time and efficiency. The temperature
gradient limit has the strongest influence on transition time, followed
by reactant conversion, while air mass flow plays a minor role. In
contrast, the impact of these variations on efficiency is generally lower,
with only air mass flow exhibiting a significant effect.

Reducing transition time enables faster changes between operating
points, thus allowing for faster adjustments in power consumption
at the plant level. Doubling the temperature gradient limit reduces
transition time by 24 %, whereas halving it results in a 130 % increase
due to the nonlinear relationship between current and Joule heating
(O « I?R). At higher currents, the rate of heat generation increases
more significantly, requiring a slower rate of current change to prevent
excessive heating. Besides the temperature gradient limits, current step
factor figer and RC offered the greatest potential for improvement.
Adjusting the current step is equivalent to using different temperatures
to determine the voltage and AS R values in Eq. (8). As a result, the step
does not achieve thermoneutral operation but instead leads to slightly
exothermic operation with increased thermal gradients (see Fig. 8).
Varying RC affects the cell voltage, mimicking changes in the minimum
slew rate, as the latter is a function of the cell voltage.

Regarding efficiency, air mass flow showed the strongest influence,
with a potential efficiency gain of 1.2% at 20% of the reference flow
rate (fi, .ir=0.2). Higher flow rates for fi, ;> 1 significantly reduced
efficiency, while having only a minor positive effect on transition time.

Relevant parameter profiles of a selection of the parameter varia-
tions are shown in Fig. 8. The variation of figep reveals that a factor
of 1.3 violates the +5K min~! limit (see panel c) due to excessively
exothermic operation caused by the increased step size. For fimp =1.2,
the gradients remain well within the limits, while the time reduction
is only half compared to fislcp =1.3. For all cases, except fislcp =1.3
and fi, .ir=5, the respective temperature gradient limits are satisfied.
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Furthermore, the results confirm that the control concept is robust and
capable of handling different temperature gradient limits by adjusting
parameters a, b, ¢ and d, as outlined in Table 2.

Similar trends are observed for transitions between endothermic
and exothermic operating points in both directions. Results for all
parameter variations are provided in the supplementary information
(S-4).

The insights from the sensitivity analysis are used to improve the
transition, aiming for reduced transition time and increased efficiency.
Setting each parameter to the value with maximum time reduction or
efficiency gain would violate the temperature gradient limit. Therefore,
moderate values are identified for two parameter sets — Fast and
Efficient — that satisfy the +5K min~! gradient limit:

+ Reference: Fiser =1, RC =70%, fum, air =1
* Fast: f; =1.25, RC =65%, fu air =1.5
+ Efficient: f;  =1.1, RC =70%, fy, ,ir =0-2

In the Fast parameter set, fis‘ep is the dominant factor. The combination
of a lower RC and higher air flow would otherwise lead to excessive
thermal gradients, so these values were moderately adjusted. For the
Efficient parameter set, f, . is the key factor, as it is the parameter
with strongest influence on efficiency. To offset the increased transition
time caused by reduced air flow, f;  is slightly increased. RC has
minimal influence on efficiency but would play a larger role if the
evaporation energy of steam were also considered. The effects of these
parameter sets on transition time and efficiency are illustrated in Fig. 7,
to the right of the dashed line. Efficiency gains are achieved by reducing
the air flow, improving efficiency by 1 percentage point, from 82.23 % to
83.15 %. The Fast parameter set reduces the transition time by approx-
imately 25 %, from 3.8 min to 2.85 min. This reduction is comparable to
the improvement achieved with a doubled temperature gradient limit
of +10K min~!, while the associated efficiency loss remains negligible.
This reveals that the control parameters inherit significant potential
to improve the transition time and thus the dynamic behaviour of the
SOEC system. By applying an optimisation method, the improvements
can be maximised for a specific system with its specific components.

4. Transient operation of a multi-module plant

Building on the developed control approach for a single module,
its application in a multi-module plant under transient operation is
investigated. A realistic fluctuating power supply is simulated using a
power profile from a wind park with 12 turbines [30]. It is explored
how the operating range P,,,; and the number of modules N influence
the plant’s ability to dynamically match its total power consumption
with the supplied power.

For that purpose, a power distribution algorithm with variable
Prodjows Pmoanign @nd N is implemented and executed in Python. The
key dynamic power characteristics for the extreme transitions, as de-
scribed in Section 3.2.3, are exported as look-up tables to model power
changes over time for individual modules. The algorithm minimises
the mismatch between supplied and consumed power, assuming any
residual mismatch is buffered by an idealised battery with unlimited
capacity. This allows for a battery-independent analysis. To optimise
power adjustments the required total plant power change 4P, is evenly
distributed among the active modules, for three reasons: First, this
avoids unnecessary transitions between hot standby and producing
operation, requiring extra time for fuel mass flow and composition
adjustments. Second, for a small number of modules, switching from
hot standby to active operation can cause large power changes of
Py, potentially leading to over- or undershooting the set-point. Third,
distributing 4P, across more modules allows to parallelise and thus
accelerate the adjustment of P,. A module transitions between hot
standby and production only if the required power adjustment exceeds
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that determine the temperature gradient limits (see Table 2). The reference case is with fim.p=1 and a,b for +5Kmin~".

50 % of Pyoq.10w» Prioritising the modules based on the First-In, First-Out
(FIFO) principle [31]. For all module set-point adjustments, the power
profile depends only on the module’s initial power. Power changes are
interpolated from the look-up table with one-second time steps until
the target power is reached. This simplification does not account for
temperature-dependent power profiles when modules are not in steady-
state after prior transitions. However, it is assumed that these profiles
remain valid for reduced operating ranges where limits are within the
72 %-114% range. More details on the algorithm are provided in the
supplementary information (SI-6).

The results are presented in Fig. 9. Plots (a) and (c) show the
effects of varying the operating range P, for a fixed number of
modules N =10, while plots (b) and (d) examine variations in N for
a fixed P, =72%-114%. The upper plots in (a) and (b) show the
supplied wind power P,;,q (blue) and the total plant power B, (red
to orange) normalised to P, o, Below each plot, heat maps depict
module operating point changes over time for a fixed P, =72 %-114 %
and fixed N =2, respectively. The boxplots in (c) and (d) quantify
the power-following capability for the analysed 60 min period in terms
of normalised power mismatch (P,;,q — Ppl) /Pyinom In @ 1s-resolution.
The boxes represent 50 % of the data points, whiskers extend to the
farthest point within 1.5 x IQR (Inter-Quartile Range) [32] and the
orange lines indicate the medians. Below, arithmetic means (green) and
root mean square errors (RMSEs, magenta) are provided as percentages
of Py hom- Following observations can be made:

+ Effect of operating range Fig. 9(c): Increasing the operating
range significantly reduces the power mismatch (Py;,q — Ppl), as
reflected in narrower whiskers (covering > 90 % of data points),
lower values of medians, means and RMSEs. The largest relative
improvement occurs when introducing an operating range of
90 %-100 %, compared to the modular on/off approach (P,
100 %—-100 %). Lowering P, 410w Dy 10 % yields greater reductions
in mean and RMSE values compared to raising Pyoqpien Dy the
same amount. This aligns with theoretical predictions from Sec-
tion 2.3, where the threshold power was found proportional to
P2.

low
Effect of Number of modules Fig. 9(d): For P4 = 72 %-114 %,
varying N affects power-following capability particularly at low
N. Increasing N by 50% from 2 to 3 reduces whisker extent
and RMSE by approximately a half. Conversely, doubling N from

10

1

10 to 20 yields smaller improvements, with whiskers and RMSE
reducing by about 27 % and 6 %, respectively. The predominantly
negative power differences for small N result from the definition
of the power distribution algorithm as applied to precisely this
power profile with a large share of small power values.

A sensitivity analysis explores the impact of the two key parameters
N and P, on the plant’s power-following capability. The operating
range P, is varied by adjusting P40, from 70% to 100% in 5%
increments, while keeping P,q hign fixed at 100 %. The module count N
is varied from 1 to 15 in single-unit steps. The RMSE of the normalised
power difference, (P, —Ppl) /Pyinoms> i used as a measure of the
plant’s power-following capability, which is visualised as a heat map
in Fig. 10. Results for N > 10 are omitted since the RMSE shows
little change beyond this point. The trends observed in Figs. 9 are
corroborated here. For a fixed P, 4,0y, the RMSE increases moderately
as N decreases from 10 to 4, but rises sharply for fewer modules,
highlighting the plant’s diminishing ability to follow power fluctuations
at low module counts. Similarly, reducing P4, consistently lowers
the RMSE, indicating improved power-following capability. An illustra-
tive iso-RMSE contour line of 5 in Fig. 10 demonstrates the interplay
between the operating range and the number of modules. Introducing
an operating range of 70 %—100 % at a fixed N = 9, the RMSE reduces by
approximately 45 %, from 5.02 to 2.78. This indicates a strong reduction
in the average and peak power differences, which in turn reduces the
required battery capacity. Alternatively, the number of modules N
can be scaled down from 9 to 3 without sacrificing power-following
capability, as the RMSE remains close to five.

In summary, expanding the operating range and increasing the num-
ber of modules both enhance the plant’s ability to follow fluctuating
power profiles. The most significant improvements occur when first
introducing operating ranges and at lower module counts. Smaller
plants, e.g. at smaller wind parks, are more likely to have fewer
modules and introducing even a modest operating range allows for cost
reductions by decreasing the required module count while maintaining
or enhancing performance.

Further improvements in the power-following capability can be
realised by addressing certain operational assumptions and refining
the algorithm. The time for adjusting the fuel mass flow from forming
gas to steam is assumed to be 30s. Further reducing this time reduces
power mismatch during periods of rapid power increases. Using the fast
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Fig. 9. Application of the modular control concept on a multi-module plant with fluctuating wind power supply for varied operating range (left) and number of
modules (right). The boxes in the boxplots represent 50 % of the data points, the whiskers extend to the farthest point within 1.5 x IQR (Inter-Quartile Range).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

parameter set from Section 3.3 instead of the reference set could reduce
the time to adjust to new power set-points, enhancing responsiveness.
The current strategy to switch modules between hot standby and opera-
tion follows a First In, First Out approach. A more sophisticated strategy
that considers module temperatures and operating histories, e.g. priori-
tising modules with temperatures closer to the target operating point,
could further reduce transition times.

5. Conclusion and outlook

This study explored operating strategies for SOEC reactors, imple-
mented into a control concept and designed to promote highly transient
operation in modular plants. Key findings and developments from this
work are summarised as follows:

+ Correlation for Gapless Multi-Module Plant Operation: A corre-
lation was developed to quantify the impact of the number of
modules and their operating ranges on achieving gapless steady-
state operation above a threshold plant power. This provides the
theoretical foundation for identifying the optimal combination of

11

module range and module count in SOEC plants under dynamic
power input scenarios.

SOEC Module Control Concept: A control approach was proposed
for individual SOEC modules, incorporating slew-rate-limited PI
control, complemented by feed-forward step changes for transi-
tioning to and from hot standby mode. This approach enables
transitions five to six times faster than those achieved with con-
ventional linear current ramps. The analysis of the most extreme
transitions demonstrated that this control concept enables fast
responses to power fluctuations while effectively limiting thermal
stress on the cells.

Slew Rate Tuning Methodology: A model-in-the-loop methodol-
ogy for tuning the slew rate of applied electrical current in the
PI control loop was demonstrated. This approach successfully
constrains temporal temperature gradients within the SOEC stacks
using limited temperature measurement data. The control concept
relies on standard controllers, which, in contrast to more sophis-
ticated approaches (e.g., Model Predictive Control), are easy to
implement and require little computational effort. Coupled with
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the straightforward tuning methodology, this approach is both
cost-effective and easily adaptable to other systems.

Control Parameter Tuning Trade-offs: A sensitivity study on the
most relevant control parameters quantifies the trade-off between
transition speed and efficiency when changing operating points.
A parameter set with a moderate temperature gradient limit and
optimised for fast transitioning, achieved 80 % of nominal power
within 35s from hot standby, including fuel composition and
mass flow adjustments. Full nominal power (100 %) was reached
in under three minutes — yielding the same time reduction as
doubling the admissible temperature gradient limit. However,
efforts to improve integrated efficiency during transitions showed
only marginal gains, primarily through a reduction in air flow.
Multi-Module Plant Performance: A power distribution algorithm
was developed to examine the power-following capability of a
multi-module plant under a realistic wind park power profile,
extending the steady-state correlation from the first bullet point
to transient operation. The analysis demonstrates that introduc-
ing module-specific operating ranges allows to reduce the mod-
ule count from 9 to 3 without sacrificing power-following ca-
pability. Maintaining the module count the Root-Mean-Square-
Error of the power mismatch is lowered by 45 %, enhancing the
power-following capability. This, in turn, reduces the required
energy buffering capacity, highlighting the operational and design
advantages of modular plants with optimised operating ranges.

The presented SOEC module control concept allows for fast changes
of the module’s operating point and at the same time to maintain
operation within prescribed limits, ensuring system durability and per-
formance. On the plant level it enables direct coupling of SOEC plants
to highly fluctuating renewable power sources while reducing the
dependency on installed battery capacity.

Future work should focus on validating the proposed module control
concept in a module-scale hardware-in-the-loop laboratory environ-
ment to ensure real-world applicability and robustness. Further, the
control concept should be tested in co-electrolysis operation, for which
the parameters most likely need different tuning. To avoid the costs
and complications associated with placing temperature sensors inside
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the reactor at each stack, it should be investigated if the reactor
outlet temperature could serve as a single measurement point. For an
actual application, the power distribution algorithm would need to
be optimised, considering the actual and target temperatures of the
modules as well as the battery state of charge.

CRediT authorship contribution statement

René Lorenz: Writing — review & editing, Writing — original draft,
Visualization, Software, Project administration, Methodology, Investi-
gation, Data curation, Conceptualization. Jan Hollmann: Writing —
review & editing, Methodology, Conceptualization. Marius Tomberg:
Writing — review & editing, Methodology, Funding acquisition, Concep-
tualization. Marc P. Heddrich: Writing — review & editing, Validation,
Supervision, Project administration, Methodology, Funding acquisition,
Conceptualization. S. Asif Ansar: Writing — review & editing, Funding
acquisition.

Declaration of Generative AI and Al-assisted technologies in the
writing process

During the preparation of this work the authors used OpenAI’s Chat-
GPT for assistance with editing and refining of the original manuscript
in terms of language, conciseness and structure. After using this tool,
the authors reviewed and edited the content as needed and take full
responsibility for the content of the published article.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This work was financially supported by the German Federal Ministry
of Education and Research under grant number 03HY302F and under
grant number 03HY116B. The responsibility for the contents lies with
the authors.

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ecmx.2025.101236.

Data availability

The code of the Modelica library TEMPEST is currently not publicly
available. The models used are described in Section 2.2, with further
details provided in the cited literature. The wind park power data used
in Section 4 and shown in Fig. 9 is available in http://uni-oldenburg.de
/fileadmin/user_upload/physik/ag/twist/Forschung/Daten/AnvariEtAl
2016_ExampleData _WindPowerAndIrradianceData.zip, accessed June
2022. The power distribution algorithm developed and applied in
Section 4 is presented in the supplementary information (SI-6).
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