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gies for a flexible megawatt scale
electrolysis system for synthesis gas and hydrogen
production with direct air capture of carbon
dioxide
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and K. Andreas Friedrich ab

Among electrolyzers, electrolysis systems with solid oxide cell (SOC) reactors can operate at the highest

efficiency due to low electrochemical losses and the utilization of waste heat for the evaporation of

water. Additionally, SOCs can be operated not only in H2O electrolysis mode, but also in CO2 electrolysis

and co-electrolysis mode, resulting in high flexibility. In this contribution, developed operation strategies

for the transient operation of MW-scale electrolysis systems with solid oxide cells are presented. By

applying these strategies, it is shown that systems with SOCs can be operated more transiently than

usually assumed. The investigations were carried out in the context of a megawatt scale flexible

electrolysis system concept with carbon dioxide capture from air, where the process system would

consist of twelve reactors with a nominal load of 80 kW. Concepting, parameterization and simulation

rely on DLR's experiments on an actual 80 kW SOC reactor. Crucial and efficient operation points were

defined and transitions between these were established by comparison of different strategies and

control approaches. The simulation results show that fast and robust transients are possible. For

example, the start-up time from hot-standby to 70% of nominal load could be decreased by a factor of

5. The start-up time to nominal load operation was reduced by 20%, while the temperature gradients

were reduced by a factor of 2. Furthermore, by taking advantage of the modular nature of state-of-the-

art reactors, fast power modulation can be achieved.
Introduction

Electrolysis is a promising technology as it can contribute to
energy storage, sector coupling and production of chemical
feedstock.1 Reactors with solid oxide cells (SOCs) are especially
promising as these can achieve higher electrical efficiencies due
to low electrochemical losses and the utilization of waste heat
for the evaporation of water.2 Besides H2O electrolysis co-
electrolysis and CO2 electrolysis can also be performed by
SOCs.3 Flexible electrolysis plants with SOCs can be used for
synthesis gas production in order to produce high value
chemicals as well as hydrogen for the chemical industry, the
steel industry and energy storage. However, current plant and
reactor sizes are too small to have an impact on the energy
system and operation strategies for large plants do not exist yet.
This study aims at the development and investigation of oper-
ating strategies that allow systems with SOC reactors to be
ute for Engineering Thermodynamics,
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ding Energetics, Thermotechnology and

rt 70569, Germany

f Chemistry 2023
operated, within limits, dynamically, contrary to prevailing
opinion.

Several publications4–6 on operation and control strategies of
SOC reactors exist. However, these consider single cells or
stacks and do not account for the full SOC system including the
Balance of Plant (BoP) components. Furthermore, these models
do not consider that the individual cells and stacks in a SOC
reactor will operate under different operating conditions and
thus, the limits of all cells are not considered when operating
strategies are formulated and tested. Other publications7,8 focus
on the development and operation of the complete process
systems. However, these typically use simple 0D or 1D single cell
models. The operability of the SOC reactors is not investigated
in detail. In general, modeling activity in the area of SOEC
systems is signicantly lower than in the area of SOFC systems,
where there are a large number of publications.9,10 However, for
SOFC systems also, research on reactors is rare.11

In this study, DLR's transient modelling framework
TEMPEST12,13 is used, which is described in the Methodology
section and allows detailed coverage of all stacks in modular
SOC reactors as well as analysis of the complete process system.
Here, a model of a commercial SOC reactor with 24 stacks is
Sustainable Energy Fuels, 2023, 7, 471–484 | 471
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utilized, which was parameterized and validated13 based on
experiments on DLR's SOEC test rig named GALACTICA with
a maximum electrical power of 120 kW. The experiments and
former simulations lead to a series of promising stationary
operating points. This investigation aims at the development of
basic operation strategies allowing robust and efficient tran-
sients between these operation points. A megawatt scale exible
electrolysis system concept, which will be the basis for the
investigations is presented, and the framework is extended by
using the necessary BoP components. Subsequently, strategies
for smooth transitions are developed and these strategies are
tested and benchmarked. Furthermore, it is investigated how
the modular plant approach can be used for efficient and stable
part load operation and load following.
Methodology
Simulation framework TEMPEST

The simulation results described in this work were acquired
using DLR's modelling and simulation framework
TEMPEST,12,13 which is designed for transient simulations of
process systems with electrochemical reactors. Implemented in
Modelica®,14 it can be used for simulation studies with various
technologies such as solid oxide cells with an electrode and
electrolyte support as well as alkaline water electrolysis.
Depending on the use-case, different levels of detail can be
modelled and analyzed, starting from 0D reactors with lumped
loss approaches to detailed reactors with multiple stacks,
manifolds and insulation using a losses calculation consisting
of ionic conductivities, the Butler–Volmer-equation and a dusty
gas model.

The main areas of application are the development of oper-
ation and control strategies, the investigation of scaling strat-
egies for electrochemical reactors and the analysis of
distribution of critical parameters within cells and reactors (e.g.
temperature and current density). Furthermore, a focus is on
the connection between the simulation framework and experi-
mental investigations. The electrochemical reactor models in
the framework are validated with experimental results not only
on the single stack level but also on the level of reactors with
multiple stacks. This allows the development of operating maps
beyond experimental scope.
SOC reactor with multiple stacks

This work deploys SOC reactors with 24 stacks with 30 one-
dimensional cells each. Model set up, validation and oper-
ating analysis for the SOC reactor are presented by the authors
in ref. 13. The stacks are arranged in six towers with four stacks
each. Each stack has an open oxygen electrode manifold and
consists of electrolyte supported cells, each with an active area
of 127.8 cm2. The cells are designed for co-ow operation with
55 mm thick oxygen electrodes consisting of lanthanum
strontium cobalt ferrite oxide (LSCF), 30 mm thick fuel elec-
trodes of nickel gadolinia-doped ceria (Ni-GDC) and 90 mm
thick electrolytes of 3 mol% yttria-stabilized zirconia (3 YSZ).
More detailed information about the cells and their
472 | Sustainable Energy Fuels, 2023, 7, 471–484
composition can be obtained from Riedel et al.15 Due to the
open oxygen electrode design, the stacks are enclosed in
a single metal hood, with anges for the inlet and outlet ow.
The thermal insulation is located outside this metal hood. The
fuel gas ows into the bottom of the reactor and is distributed to
the individual stack towers.

Balance of plant component modelling

The investigated system consists of a number of Balance of
Plant (BoP) components around the SOC reactor, which are
described below. The high temperature heat exchangers for
recuperation are modelled as counterow plate heat exchangers
using a 1D approach. The parameters were derived from heat
exchangers of experimental setups11 and adapted to the system
studied here. For the air heat exchanger this results in a product
of the heat transfer coefficient and surface at the design point of
kA = 236 W K−1 and a heat capacity of C = 481 J K−1. The outer
surface of the heat exchanger is 0.38 m2 with 5 mm insulation,
with a conductivity of 0.027 W m−2 K−1 and a heat capacity of
680 J kg−1 K−1. For the fuel heat exchanger, the values are kA =

80 W K−1, C = 130 J K−1, and AHT = 0.1 m2. The electrical
heaters are modelled with a 0D approach. The heat capacity is
assumed to be cp = 2 kJ K−1, and the outer area Asurface = 0.19
m2 with 5 mm insulation of the same insulation material used
for the heat exchangers. Blowers are treated as polytropic
processes. In the case of the air blower a polytropic efficiency of
75% is assumed.

The carbon dioxide direct air capture unit (DAC) represents
the Climeworks DAC.16 It uses low temperature heat (80–120 °C)
and electricity. The model is based on energy and mass
balances requiring 400 kW h electrical and 1600 kW h thermal
energy per ton of CO2.

The power electronics are modelled based on experimental
results for a multi-channel energetic recovery system with EA-
ELR 9000 loads. The AC power required is calculated as the
sum of the DC power used by the SOC reactor and the conver-
sion losses of the power electronics including internal
consumption. The conversion losses are load-dependent and
can be tted to the experimental values by using a quadratic
function:

PAC ¼ PDC þ PLosses ¼ PDC þ f ðPDCÞ

¼ PDC þ PDC;design

 
0:048

�
PDC

PDC;design

�2

þ0:0098
PDC

PDC;design

þ 0:012

!
(1)

Electrical SOC reactor and system efficiency and power
consumption

This work uses two efficiency expressions and the specic
electricity consumption to analyze the results of the SOC sub-
system. Both efficiency expressions are based on the ratio of
the chemical power produced and supplied electrical power

h ¼ DPchem
Pel

¼ P00
chem;in � P0

chem;out

Pel
. The electrical SOC reactor
This journal is © The Royal Society of Chemistry 2023
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efficiency is calculated based on the DC power hReactor ¼
DPchem
PSOC;DC

and the electrical SOC system efficiency also includes the
consumption of the BoP components

hReactor ¼
DPchem

PSOC;AC þ PHeaters þ PAir blower
. The specic electricity

consumption values depend on the electric work required per
standard volume of the product Wel/Vs.
System setup

The investigated system is a exible electrolysis process for
production of hydrogen or synthesis gas, which is dened as
a mixture of hydrogen and carbon monoxide. The electrical
power of the conceptualized system including all BoP compo-
nents is above 1 MW in its design point. Fig. 1 shows a process
ow diagram of the system, which comprises 12 SOC sub-
systems. These sub-systems are modelled in detail and
composed of an SOC reactor, an electrical heater, heat
exchangers for recuperation, a blower, and power electronics.
The BoP components on the plant level are considered based on
mass and energy balances. The oxygen electrode compartment
is purged with air. Thus, the ow though the oxygen electrode is
called air ow.

The SOC sub-systems are supplied with steam from a central
steam grid or a local evaporator. For this study it was assumed
that the evaporator is fed by available low temperature waste
heat. CO2 is provided by a direct air capture unit. For heat up,
cooldown and hot standby operation the sub-systems can be
purged with a reducing mixture of nitrogen and hydrogen,
which can be recirculated to reduce the consumption. The
product gas passes a condenser and is aerwards either fed into
Fig. 1 Simplified process flow diagram of a flexible electrolysis system w

This journal is © The Royal Society of Chemistry 2023
a hydrogen tank or in the case of synthesis gas production to the
downstream synthesis reactors.
Definition and analysis of design
operation points

In order to perform the desired transient analysis, stationary
points are needed between which the transients can be studied.
These points were generated from a series of experiments and
simulation studies. Due to the two possible product routes, two
design operating points are dened. First, isothermal H2O
electrolysis and second, isothermal co-electrolysis with a molar
synthesis gas ratio (SGR) xH2

/xCO = 2. In this work, operating
points with the same SOC reactor inlet and outlet temperatures
are called isothermal. This means the reactor is operated at
slightly above thermoneutral voltage to compensate heat losses.
Due to the low temperature gradient a high efficiency with
a small spatial temperature gradient and thus low degradation
can be achieved.17 Table 1 lists the operation points in detail.
Additionally, hot standby and part load operating points are
studied.

The molar outlet composition of the oxygen electrode ow
was limited to 40% to be aligned with the safety regulations of
the test rig used for the validation of the SOC reactor model. In
future systems this could be increased. A future case of inves-
tigation involves omitting any purging of the oxygen electrode
compartment and thus attaining a pure oxygen outlet ow. All
load points operate at 70% reactant conversion.

Hot standby is required if no product is needed or in case
reactants or electricity is scarce. A detailed analysis of hot
standby operation is shown in the Discussion section. For hot
standby the fuel gas compartment is purged with forming gas
ith 12 SOC subsystems magnified in the box at the bottom.

Sustainable Energy Fuels, 2023, 7, 471–484 | 473
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with a molar fraction of 5% hydrogen in nitrogen. As only
a small fraction of the hydrogen in the purge gas is oxidized due
to leakages in the cells, it is assumed that 90% of the ow is
recycled. The chosen mass ows and inlet temperature of hot
standby point HP2 lead to a reactor outlet temperature of
around 800 °C while the coolest cells have an outlet temperature
of 780 °C. The hydrogen ow is equal to an LHV based chemical
power of 0.1 kW and the BoP components consume 6.4 kW of
electrical power. This includes the electrical consumption of the
heaters and the blowers and the standby consumption of the
power electronics.

Two nominal load points are dened. First, co-electrolysis
resulting in a H2/CO ratio of 2 and second, H2O electrolysis.
The current density at the nominal co-electrolysis operating
point is 14% higher compared to that of the H2O electrolysis
due to the endothermal reverse water–gas shi reaction.

Furthermore, three strategies to achieve 50%-part load
(chemical power production, where 100% equals nominal
operation) on the reactor level during H2O electrolysis are
presented.

(1) Endothermal operation with the same inlet temperatures
as in OP2. Stack outlet temperatures are kept at the same
temperature as in HP2 by an increased air mass ow. The high
air mass ow leads to high air heater and blower power and
thus a low system efficiency and a high spatial temperature
gradient.

(2) Isothermal: power is controlled by varying the inlet air
temperature. This leads to very low operation temperatures that
could damage cells or sealings. Although the low temperatures
istep ¼
Uid

�
0:5 ðTin;set þ TTC;maxÞ; xFuel

�
�Utnð 0:5 ðTin;set þ TTC;maxÞ; xFuel;inÞ

ASR
�
TTC

� (2)
result in high ohmic losses and thus low reactor efficiency,
system efficiency is 26 percentage points higher due to lower
airow.

(3) Endothermal operation with lower outlet temperatures.
The outlet temperature/the air mass ow is chosen in such
a way that the efficiency of a system with n reactors equals the
efficiency of a system with n/2 reactors at nominal operation
and n/2 reactors in hot standby. Further details on this are
described at the end of the Discussion section.

Exothermal operation of reactors is described in the
discussion section.
Development of operation strategies

In this section, operation strategies are developed for fast and
robust transitions between the operation points. These can
encompass ramp speeds and form as well as control strategies.
Presented feedback controllers were realized as PI and PID
controllers. These were parameterized using the step response
This journal is © The Royal Society of Chemistry 2023
method and tuning rules based on Ziegler and Nichols.18

Additional information on these tuning rules were presented,
for example, by Åström and Murray.19 The controllers presented
will use additional forward control approaches in some cases.
When SOC reactor power is estimated in these, a simplied ASR
correlation is used, which was experimentally investigated by
Riedel et al.15 for this cell type on the short stack level: ASR =

7007 U cm2 exp(−0.00829 K−1 T). Ideal voltages Uid are calcu-
lated using the Nernst equation assuming ideal gases (ai = pi/
p0). By using the average composition �xi = 0.5(xi,inlet + xi,outlet)
the conversion rate dependent ideal voltage can be calculated as
Uid = U0 + RT(zF)−1 ln(�xH2

�xO2

0.5�xH2O
−1(p$p0

−1)0.5).
The developed strategies were applied for the results in the

next section.

Isothermal operation and start-up from hot standby

As dened isothermal operation points have the same inlet and
outlet reactor temperature Tin,reactor = Tout,reactor. This can be
achieved by using a PI controller that modulates the electrical
current.

However, such a PI controller is of limited use when starting
from standby due to the non-linearity caused by the endo-
thermic region. Furthermore, operating time in the endo-
thermal region should be minimized during startup20 as this
will reduce temporal and spatial gradients. Thus, a step to the
electrical current that is thermoneutral at hot standby temper-
ature is desired. The matching current density is be determined
by Ohm's law:
The voltage difference between the ideal voltage and the

thermoneutral voltage, calculated as Utn ¼ DRH
zF

, is divided by

the area specic resistance calculated with the average
measured reactor temperature. Subsequent to this step, the
current is ramped to the PI controller output current with
a ramp limiter, which is inversely proportional to the difference
in operation and thermoneutral voltage and thus to heat

generation:
di
dt
f

1
U � Utnð0:5ðTin;set þ TTC;maxÞ; xFuel;inÞ. This

leads to slower ramps at higher currents and thus lower
temporal temperature gradients.
Feed forward approach for fuel composition changes

A strong disturbance for the described PI controller is a change
in the fuel composition resulting in reverse water–gas shi
reaction and/or CO2 electrolysis. A feed forward approach in
combination with a PID controller can be used to keep the
reactor at constant temperature (e.g. isothermal operation)
Sustainable Energy Fuels, 2023, 7, 471–484 | 475
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Fig. 2 SOC reactor temperatures depending on hot standby condi-
tions. The relative electrical power and air mass flow refer to the values
of OP2. The shaded area includes all temperatures along the length of
all cells in the reactor. The dashed line shows the SOC system's
electrical consumption. Four hot standby points HP1-HP4 are chosen
for further analysis.
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during fuel composition changes. The feed forward calculation
provides the approximate current density to reach the thermo-
neutral voltage and the PID delivers the additionally needed
current density to account for the heat losses, which do not
change signicantly with the gas composition. This allows for
fast gas composition changes at constant temperature. Similar
to eqn (2), this approach uses ideal and thermoneutral voltage
as well as the ASR prediction:

i ¼ iFF;tn þ DiPID ¼
Uid

�
Tin;set; xFuel

�
�UtnðTin;set; xFuel;inÞ

ASRðTin;setÞ þ DiPID

(3)

Reactor temperature control during exothermal operation

In case high production signicantly above the design point is
needed, the control approach can be changed. Instead of
controlling the temperature by changing the current and thus
the hydrogen/synthesis gas production, the production can be
xed and the reactor can be cooled by the air ow. Due to the
high heat capacity of the reactor as well as a small distance
between designed operating temperatures and maximum
operating temperatures, feed forward approaches are benecial
for temperature control. The approach uses the energy balance
around the SOC reactor. For electrolysis operation, heat from
the electrochemical losses is proportional to the difference
between thermoneutral and operating voltages:
m
�

air ¼ m
�

air;PID þm
�

air;FF ¼ m
�

air;PID þ
ncells

�
Utnð Tin;set; xFuel;inÞ �U

�
iA�Q

�

heatloss �m
�

fuelcp;fuel;in
�
maxðTTCÞ � Tfuel;in

�
cp;air;inðmaxðTTCÞ � Tair;inÞ (4)
Discussion on transient operation

In this section the transient behavior for the basic operation
point changes is presented. This includes start up and shut-
down of the system, fuel composition changes, temperature
control in exothermal operation, and part load operation. The
investigation focuses on the SOC sub-system.
Start up and shutdown of the system

In general, two start up (and shutdown) procedures can be
investigated. First, cold start-up from ambient temperature,
whose speed depends on maximum temporal temperature
gradients, maximum temperature differences between the inlet
and outlet, and available air ow and fuel gas ow. The cold
start-up speed is not investigated in the work as it is only
necessary aer maintenance work and thus is not performed
oen. Thus, the focus of this section is the transition from hot
standby to design operation. To avoid strong uctuations in the
synthesis gas quality during start-up, which could be unfavor-
able for the downstream synthesis reactors, it is assumed that
the system is started in H2O electrolysis. A change to co-
electrolysis is investigated in the next subsection. The
476 | Sustainable Energy Fuels, 2023, 7, 471–484
investigation of shutdown procedures is not shown here due to
space constraints.

Denition of hot standby. To develop start up strategies, the
starting point must be dened. As mentioned, hot standby is
idle operation that uses the electrical heaters to keep the SOC
reactor near operating temperature. Apart from the electricity
consumption of the heaters, further electricity is needed to keep
the power electronics in standby. Assuming that the purge ow
on the fuel side is kept at a minimum, there are three degrees of
freedom. These are the fuel and air inlet temperature as well as
the air mass ow. For simplicity, air and fuel inlet temperatures
are identical in the following cases. Fig. 2 investigates the
inuence of air mass ow and inlet temperatures on the reactor
temperature.

As expected, reactor temperature and electrical power
increase with increasing mass ow and inlet temperatures.
However, while the electrical power increases nearly linearly,
the temperature gain diminishes. Four hot standby points HP1–
HP4 are chosen for further analysis. Depending on the choice of
SOC technology this may need further engineering and inves-
tigation to ensure low degradation. In this case it is assumed
that the operating conditions of these points are acceptable.
This journal is © The Royal Society of Chemistry 2023
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These points are chosen to realize a specic minimum reactor
temperature. With an inlet temperature of 830 °C, HP1 reaches
a minimum reactor temperature of 750 °C, HP2 reaches 780 °C,
and HP3 800 °C. HP4 reaches 800 °C with an increased inlet
temperature (850 °C). Due to the diminishing return, HP3
consumes much electrical energy and nearly ve times the air
mass ow of the design operation point OP2. HP2 will be
considered the standard hot standby point in the following as
830 °C is the considered standard inlet temperature for all
operation modes.

Transition from hot standby to design point. Prior to the
investigation of the inuence of the hot standby points on the
start-up behavior, different start-up procedures are examined
for HP2. Fig. 3 shows the comparison for start-up from hot
standby to isothermal operation for the different procedures
and the different hot standby points. The procedures vary in
ramp speed and ramp form to decrease time for operation and
keep temperature gradients low.

A linear increase (“lin”) of the electrical current leads to
a temperature decrease while the voltage is below the thermo-
neutral voltage and a temperature increase aerwards. Thus,
a slow ramp (30 min) leads to low gradients but low tempera-
tures at approximately t= 15 min. A faster ramp (5 min) leads to
larger gradients. It follows that an improved approach should
use a high current gradient below isothermal voltage and a low
current gradient above isothermal voltage. This can be achieved
by using a simple PT1 element (5 min to reach 99% of the nal
value) or a more sophisticated approach. The approach using
the PT1 element results in higher negative gradients and lower
Fig. 3 Start up from hot standby to isothermal H2O electrolysis using diff
shown in (a). The shaded areas in the temperature plots (c and d) represen
(b) refer to each stack.

This journal is © The Royal Society of Chemistry 2023
positive gradients compared to the linear approach. The
sophisticated control approach (“crtl.”, cf. section Development
of operation strategies) increases the electrical current fast until
the thermoneutral operation is reached at operation tempera-
ture. Aerwards the current is increased limiting the tempera-
ture gradient to roughly 5 K min−1. A comparison of the spatial
temperature gradients in the ow direction is shown in Fig. 4. It
is evident how the non-linear approaches prevent the temper-
ature decrease during the current ramp. The approach with the
sophisticated control (“ctrl.”) shows a more homogeneous and
gradual temperature increase along the cell.
Transition from H2O electrolysis to co-electrolysis

A plant as shown in Fig. 1 must be able to switch stably and
efficiently between H2O electrolysis and co-electrolysis. As dis-
cussed, the switch from H2O to a H2O/CO2 feed decreases the
reactor temperature if the current stays constant, as endo-
thermal reverse WGS takes place. Thus, a current increase is
necessary to keep the reactor isothermal, which can be deter-
mined by using a PI controller. This can lead to temperature
uctuations or temporarily too low temperatures. The feed
forward based control approach presented in the last section is
implemented to reduce these shortcomings. Fig. 5 shows the
results of four simulations. The gas composition changes line-
arly from H2O electrolysis (inlet composition: 90% H2O, 10%
H2) to co-electrolysis (inlet composition for SGR = 2: 63% H2O,
27% CO2, 10 H2, inlet composition for SGR = 1: 45% H2O, 45%
CO2, 10% H2) in 1 min at t = 0 min.
erent approaches and start conditions. The current density ramps are
t the values in all control volumes of all stacks. The average cell voltages

Sustainable Energy Fuels, 2023, 7, 471–484 | 477
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Fig. 5 Switch from H2O electrolysis to co-electrolysis with a synthesis gas ratio (SGR) of 2 (except noted otherwise).

Fig. 4 Comparison of average temperature profiles along the cell length for the four transients starting at HP2.
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In the rst case, as the current was kept constant, it is
evident that the temperature drops due to rWGS/CO2 electrol-
ysis (blue plots in Fig. 5) and the voltage increases. This can be
countered by introducing current modulations. In the case of
the PI controller (orange plots in Fig. 5), the magnitude as well
duration of the temperature drop is signicantly lower
compared to those of the constant current approach and the
temperature reaches its initial value again aer 12 min. The
current modulation by the PI controller, however, introduces
uctuations in temperature and average cell voltage. These
uctuations, could be reduced by a more conservative param-
etrization of the controller, but this would lead to a slower
response. Instead, a more suitable approach suggested in this
work is the implementation of a feed forward approach. Not
only did this enable lower temperature and voltage uctuations
but also an 8 times lower temperature error. Yet, the most
prominent advantage is its exibility. Since the controller is not
particularly dependent on the parameters, it delivers good
results at different gas compositions (e.g. SGR = 1) or other
temperatures.
478 | Sustainable Energy Fuels, 2023, 7, 471–484
Fig. 6 shows the impact on energy consumption of the
individual components for the simulation using the PI
controller. As expected, the SOC reactor has the highest energy
consumption. As the voltage uctuations are triggered by the
electrical current, larger uctuations in the power occur, which
emphasizes the need to reduce these. During isothermal oper-
ation, the power consumption of the SOC reactors represents
the most signicant contribution (between 80 and 90% of
electrical power) compared to the consumption of the BoP
components of the SOC subsystems. The DAC's energy
consumption and higher SOC consumption make plant opera-
tion in co-electrolysis more energy intensive than in H2O elec-
trolysis by a factor of 1.34 for electrical energy and 1.69 for total
consumption. If possible, low temperature heat for water
evaporation and DAC should be provided by waste heat.
Temperature control in exothermic operation

To signicantly increase power above isothermal operation, the
reactors have to be operated in strongly exothermal operating
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Changes in energy consumption during a switch from H2O
electrolysis to co-electrolysis.
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points. When the reactor temperature exceeds its maximum
temperature (850 °C), the reactor needs to be cooled by
increasing the air mass ow or by decreasing the air and/or fuel
inlet temperature.
Fig. 7 Analysis of the impact of the set inlet temperature on operation for
refer to OP2. Diagram (a) shows the air mass flow; diagram (b), the maxi
spatial temperature difference between the cell outlet and inlet; diagram
(e), the system and reactor efficiency.

This journal is © The Royal Society of Chemistry 2023
Fig. 7 shows the impact of the inlet temperature on
exothermal operation. Air and fuel inlet temperatures are varied
identically. The air mass ow is determined by using a PI
controller, which limits the maximum reactor temperature to
850 °C.

The air mass ow will increase rapidly for too high inlet
temperatures and themaximum temperature will be exceeded if
the air mass ow reaches its limit. The actual inlet temperatures
((b) dashed lines) cannot be reduced below the heat exchangers'
outlet temperatures. Therefore, a too efficient recuperation
reduces the operation range as the cooling capacity is limited by
the SOC reactor inlet temperature. The spatial temperature
difference, between the inlet and outlet of the cells, grows with
increasing air mass ow and decreasing inlet temperatures. The
voltage increases fast for high air mass ows and low inlet
temperatures due to low average cell temperatures. In the case
of high inlet temperatures and low chemical powers, the voltage
drops below the thermoneutral voltage resulting in an electrical
reactor efficiency above 100%. In general, the reactor efficiency
behaves according to voltage and average cell temperatures.
However, the system efficiency shows a different behavior. By
decreasing the chemical power from nominal load to partial
load, the system efficiency decreases while the reactor efficiency
increases. This happens as the minimum air mass ow is set to
10 g s−1 to account for a minimum heater ow. Thus, the ratio
of heater power and chemical power increases. This ratio also
increases for the fuel heater (due to heat losses) and the power
a wide range of power. Relative mass flow and relative chemical power
mum reactor temperature and the inlet temperatures; diagram (c), the
(d), the maximum cell voltage and the thermoneutral voltage; diagram
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electronic consumption (constant auxiliary power and lower
efficiency). Increasing the chemical power above the nominal
load results in a temperature increase that eventually reaches
the set maximum temperature of 850 °C. The control system
reactants with an increasing mass ow result in a signicant
efficiency drop as the air heater power, air blower power and the
reactor power (higher temperature difference) increase.

The results of the study above can be used to dene opera-
tion strategies. At operation around design load a high inlet
temperature should be chosen as it reduces the temperature
gradient and thus, the stresses. At higher loads the inlet
temperature must be decreased to ensure operability and a high
system efficiency. The transient change marked with the brown
arrow in Fig. 6 and 7 is investigated in the following section.

The inlet temperature set points are reduced from 800 °C to
750 °C to increase the chemical power per SOC system from 72
kW to 81 kW. The mass ow is controlled to limit the maximum
reactor temperature at 850 °C. In Fig. 8, four different control
approaches are compared: rst (blue), a PI controller parame-
terized by a step response and Ziegler–Nichols tuning rules;18

second (orange), a PI controller with the proportional gain
divided by 10; third (green), a feed forward approach and PI
controller with proportional gain divided by 30; and, fourth
(red), a linear increase of mass ow parallel to the current ramp.
Fig. 8 Impact of the transient chemical power ramp indicated in Fig. 7 on
shows the ramp in the current density, diagram (b) shows the impact on
the temperature of all control volumes of all cells and the reactors' actua
spatial temperature gradients, diagram (e) shows the air mass flow, and

480 | Sustainable Energy Fuels, 2023, 7, 471–484
This assumes that the target mass ow is already known. It will
be used to benchmark the other approaches. The starting point
of the ramp was chosen so that the mass ow is still at
a minimum.

The current increase leads to a delayed increase in temper-
ature. The results of the four approaches are described below:

(1) (Blue): as the maximum temperature reaches its set value
the controller tries to reduce the temperature by a massive
increase of air mass ow. Thus, the temperature overshoot is
only 2.1 K but a high air mass ow and a high heater power is
required. Additionally, the cell inlet temperatures drop rather
fast.

(2) (Orange): due to the smaller PI gain the maximum over-
shoot is 4.7 K. However, air mass ow, air heater power as well
as temporal and local temperature gradients are smaller.

(3) (Green): the air mass ow is increased before the
maximum temperature reaches its set value due to the feed
forward calculation, leading to a low temperature overshoot (2.6
K) and low gradients.

(4) (Red): an ‘ideal’ ramp can be obtained similarly to the
feed forward approach. As no closed loop controller is present,
the temperature overshoot is slightly higher (2.9 K).

The solution to be implemented depends on application. In
this case the temperature overshoots are moderate for all
the parameters of the SOCs. The transition is done in 1 min. Diagram (a)
the average cell voltages of all stacks, diagram (c) shows the impact on
l air inlet temperature, diagram (d) shows the maximum temporal and
diagram (f) shows the air heater power.

This journal is © The Royal Society of Chemistry 2023
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examples. Thus, the simplest and most robust way is the orange
PI controller. However, for other ramps and other operating
points this may be too slow. The advantage of the forward
approach is high performance combined with high stability.
Fig. 9 Power modulation in response to wind power for two system
configurations: 2 large reactors (dashed lines in (a) and (b)) and 12
smaller reactors (solid lines in (a) and (b)), (a) Wind turbine power, SOC
reactor power, battery power for; (b) battery state of charge in seconds
at system full load; (c) for 12 reactor case: state of the reactors of time.
Part load operation

As discussed, low part load operation of SOCs in a full process
system context has disadvantages (low temperatures or high
temperature gradients or low efficiencies). Instead of running
all sub-systems in the same part load operation point, a share
can be operated in design operation and a share in hot standby.
Having many reactors/sub-systems in a system, a wide opera-
tion range can be covered.21 This will be called the modular on/
off approach in the following section.

The advantage compared to OP3 is the lower energy
consumption of 3.8 kW h N−1 m−3 for the combination of HP1
and OP2 in contrast to 5.2 for OP3. OP4’s energy consumption is
lower but the operating temperature is rather low. Controlling
the power by changing the temperature will take time due to the
high thermal inertia of the system. Thus, another advantage of
the modular on/off approach is that switching between
isothermal and hot standby operation can be achieved fast as
shown before. Therefore, the strategy can not only be used for
part load operation but also for load following applications. To
achieve this, the system shown in Fig. 1 must be slightly
changed. One forming gas blower per sub-system is necessary
and each fuel gas should have its own control valve per sub-
system.

The application of this strategy is presented in Fig. 9 using
an energy input based on a wind park. The wind data are from
ref. 22 and 23 for a wind park with 12 wind turbines. In addition
to the SOC reactors a buffer battery is considered, which
accounts for the power difference between wind park and SOC
systems. During each cycle the control system checks if the
power demand of all SOC sub-systems differs from the elec-
tricity provided by the wind park. For a transient sub-reactor,
the target power is used for the calculation. If the difference
between supply and consumption is above 50% of the nominal
sub-system power, one sub-system is ramped up or ramped
down. A sub-system is considered stationary 350 s aer the start
of a ramp-up procedure or 230 s aer the start of a ramp-down
procedure. In addition, to manage the battery state of charge,
a linear correlation is used, which results in one additional
reactor unit being put into operation when the battery is empty
and one reactor unit less when the battery is full.

Two cases are compared. First, nR = 2 large reactors and,
second, nR = 12 smaller reactors with the same total power.

(a) Shows the power of SOCs and battery relative to the total
SOC sub-system design power. The battery power is 2 times
larger in the case of 2 reactors.

(b) Shows the battery state of charge in seconds at system full
load. For this example, the battery capacity would be 4 times
larger for 2 reactors compared to 12.

(c) Shows the status of all SOC reactors for the 12 reactor
case. At the beginning two reactors were operating under
isothermal conditions. The others were in hot standby. Due to
This journal is © The Royal Society of Chemistry 2023
an increase in the wind park power, a third SOC reactor was
started. Only 2 min later the power was decreasing again and
the rst reactor was transferred to standby followed by another
one. During the steep power increase at t = 17 min, one reactor
aer the other is started.

In this section it was shown that plants with multiple SOC
reactors can be operated more exibly and efficiently by
utilizing the advantages of modular plants. Another improve-
ment to the strategy demonstrated is the operation of the
individual SOC reactors at different hot standby temperatures.
This allows for a tradeoff between fast reactions (high standby
temperatures) and low standby power consumption (low
standby temperatures).
Sustainable Energy Fuels, 2023, 7, 471–484 | 481
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In future studies, based on this proof of concept of this
strategy a detailed investigation should be performed. With
respect to operation, it should be examined whether the
condition that only stationary reactors may be transferred to
another state is appropriate. In addition, a strategy can be
developed in which the next reactor is not selected arbitrarily,
but runtime and cycles are distributed equally over all reactors.
Furthermore, battery management can be improved, a sensi-
tivity analysis should be performed and a longer period should
be investigated. With regard to the design of such a system, the
capacity factor must also be taken into account. Due to high
investment cost of the SOC systems long standby periods
should be avoided. Thus, a conguration should be investigated
with a lower total SOC power that uses a battery for peak
shaving.

Conclusion and outlook

In this study, operation strategies for a exible megawatt scale
electrolysis system for synthesis gas and hydrogen production
were investigated. The ambition was to demonstrate that SOC
systems are capable of fast and safe transitions between oper-
ating points.

By using DLR's modeling framework TEMPEST,13 a model of
a exible electrolysis plant was created. This was used to dene
standard operating points and subsequently develop operating
strategies. The computational performance of the models made
it possible to compare different approaches and to investigate
their effects on the operation of the individual cells and stacks
as well as on the overall system. The following key ndings were
obtained:

(1) Higher standby temperatures reduce the transition time
to load operation by roughly 8 s K−1 to the detriment of higher
standby power consumption. For example, while the transition
time from HP3 to nominal load is reduced by 40% compared to
that starting from HP2, this results in a mass ow increase of
250% and a hot standby system power increase of 60%. The
speed can also be increased by the control strategy presented
(see enumeration point 4).

(2) Due to the inuence of the BoPs, system and reactor
efficiencies behave differently. In part load, below the
nominal operation point, the relative consumption of the BoP
components is higher due to minimal ows and lower
component efficiencies. The electrical consumption of the
SOC reactor decreases as some cells operate endothermally.
This results in a lower system efficiency while the reactor
efficiency increases. Above nominal load in exothermal oper-
ation, the low temperature at the inlet results in a higher ASR
and thus a low reactor efficiency. In addition, the efficiency of
the system decreases due to the high consumption of the
blower and preheater. In this case, temperature control in
transient operation also becomes difficult due to the high
thermal inertia and the small margin to the maximum
temperature.

(3) Part load of modular electrolysis systems with several SOC
reactors can be achieved by switching between hot standby and
isothermal operation of the individual reactors.
482 | Sustainable Energy Fuels, 2023, 7, 471–484
(4) Feed forward approaches based on thermodynamic
correlations and measured values allow for fast and robust
controls. For example, the start-up time from hot-standby to
70% of nominal load could be decreased by a factor of 5. The
start-up time to nominal load operation was reduced by 20%,
while the temperature gradients were reduced by a factor of 2.

(5) Therefore, a detailed analysis of transient operation is
already recommended in the plant design phase. This will
ensure the desired dynamic performance of the system and
supports decision on design choices that will have an impact on
the capital expenses. For example, depending on the tempera-
ture control approach in exothermal operation the necessary
power of the air ow heater can differ by a factor of 5. By
completely waiving exothermic operation, a reduction in the
investment costs for the BoP components can be achieved, since
the required air mass ow rate and the air preheater power are
signicantly reduced. However, the specic costs of the SOC
reactor will be much higher. A possible lifetime increase due to
lower degradation in isothermal operation may justify this
design. This should be investigated in detail by techno-
economic analysis and degradation studies.

Future process systems may be equipped with larger SOC
reactors. However, the modular design and the implications
shown in this work will be similar on a higher power level. This
will be investigated in further studies, for example envisioning
single reactors with 0.5/5 MW to be used in the 10/1000 MW
system range. In addition, the application of the demonstrated
strategies to reactors with electrode-supported and metal-
supported cells will also be investigated. Furthermore, the
shown operating strategies should be further analyzed with
regard to possible carbon deposition in the cells or BoP
components. Subsequently, the control approaches can be
transferred to controllers. The investigated operation strategies
are already being used and will continually be improved for
upcoming experimental campaigns testing reactors and
systems of different technology providers. Additionally, with
DLR's TEMPEST framework further investigations on SOC
systems will be concluded. For example, the part load strategy
will be applied to integrated energy systems powered by solar
and wind energy. Furthermore, the temperature control will be
adapted to SOFC systems.
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Nomenclature
Latin symbols
a
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A
 Area

ASR
 Area specic resistance

c
 Specic heat capacity

C
 Heat capacity

d
 Differential operator

F
 Faraday constant

H
 Enthalpy

i
 Electrical current density

k
 Heat transfer coefficient

_m
 Mass ow rate

n
 Number

P
 Power

p
 Pressure

_Q
 Heat ow rate

T
 Temperature

t
 Time

U
 Voltage

x
 Molar fraction

z
 Number of electrons
Greek symbols
D Difference
yal Society o
h Efficiency
Superscripts, subscripts and abbreviations
AC
 Alternating current

BoP
 Balance of Plant

chem
 Chemical

p
 Constant pressure

D
 Dimensional

DAC
 Direct air capture

DC
 Direct current

el
 Electrical

FF
 Feed forward

HT
 Heat transfer

HP
 Hot standby point

id
 Ideal

LHV
 Lower heating value

max
 Maximum

min
 Minimum

OP
 Operation point

PID
 Proportional-integral-derivative

R
 Reactor

r
 Reverse

SOC
 Solid oxide cell

s
 Standard conditions

SGR
 Synthesis gas ratio

sys
 system

TC
 Thermocouple
f Chemistry 2023
tn
 Thermoneutral

WGS
 Water–gas shi
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