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ABSTRACT

In the upcoming decades, the scale-up of hydrogen production will play a crucial role for the inte-
gration of renewable energy into energy system. One scale-up strategy is the numbering-up of
standardized electrolysis units in modular plant concepts. The use of modular plants can support
the integration of different technologies into heterogeneous electrolyzer plants to leverage tech-
nology-specific advantages and counteract disadvantages. This work focuses on the analysis of
technical operability of large-scale modular electrolyzer plants in heterogeneous plant layouts us-
ing co-simulation. Developed process models of low-temperature electrolysis components are
combined in Simulink as shared environment. Strategies to control process parameters, like tem-
peratures, pressures and flowrates in the subsystems and the overall plant, are developed and
presented. An operability analysis is carried out to verify the functionality of the presented plant
layout and control strategies. The dynamic progression of all parameters is presented for different
operative states, like start-up, continuous operation, load change and hot-standby behavior. It is
observed that the exemplary plant is operational, as all relevant process parameter can be held
within the allowed operating range during all operative states. Some limitations, regarding the pos-
sible operating range of individual technologies, are introduced and solution approaches are con-
ceptualized. Additionally, relevant metrics for efficiency, such as the specific energy consumption
and flexibility are calculated to prove the feasibility and show the advantages of heterogeneous
electrolyzer plant layouts, such as a heightened operational flexibility without mayor reductions in
efficiency.

INTRODUCTION & BACKGROUND
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disadvantages [2], [3].

The necessary components

The rising demand for hydrogen and the necessary
integration of fluctuating energy sources into chemical
value chains remains a mayor challenge for the transition
to renewable energy and a more sustainable chemical in-
dustry [1]. The numbering-up of standardized electroly-
sis units in a modular plant has been conceptualized as a
reliable way to scale-up hydrogen production quickly [2].
Furthermore, the use of the modular plant concept allows
for a more individualized and flexible scale-up by ena-
bling the combination of modules from different provid-
ers. That way electrolysis plants can be designed to in-
clude different electrolysis technologies more easily to
leverage technology-specific advantages and counteract
https://doi.org/10.69997/sct.102556

within such modular electrolysis plants of different tech-
nologies have been outlined in [4] and can be used as a
reference for scale-up scenarios. An exemplary modular,
electrolysis system is depicted in Figure 1. Before such
plant layouts of pre-engineered and generic Process
Equipment Assemblies (PEAs), can be connected and op-
erated, the functionality and operability of such a heter-
ogeneous plant layout of different technologies and var-
ying PEA providers must be verified to ensure safe and
efficient operation.

This paper aims to support this verification of heter-
ogeneous modular electrolysis plants investigating the
different steps of a dynamic operability analysis with a
simple but exemplary use case as depicted in Figure 1.
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The study aims to identify prerequisites and efforts as
well as potential and limitations to prove safe and effi-
cient operation of a such systems by assessing their abil-
ity to hold parameters within a Desired Output Set (DOS)
[5]. In the context of modular plants and the integration
of renewable energy sources in Power-to-X value chains,
the dynamics of the plant must be taken into account to
assess the plant operation during load or state changes
[6]. This necessitates the calculation of specific metrics
for dynamic operability evaluation of processes, as de-
scribed in [7], on top of the steady-state operability. The
necessary metrics shall be specified for the utilized use-
case in the following chapter.

The depicted plant, consisting of individual modules
from potentially varying suppliers, must therefore be sim-
ulated in an overall dynamic system simulation. As the in-
ternal knowledge of the modules is protected, the dy-
namic models are provided as black box models with
their respective input-output behavior [8]. The black box
models, potentially developed in different tools and with
their individual solvers, are combined as Functional
Mock-Up Units (FMUs) in a system co-simulation, as the
Functional Mock-Up Interface (FMI) “enables an unprec-
edented level of integration of models (as black boxes)
provided by different and even competing suppliers.” [9]

METHODOLOGY

Definitions & Assumptions

Goal of the dynamic operability analysis is to provide
proof, that a developed modular electrolysis system is
operable. An operable process is defined as:

“A process is operable if the available set of in-
puts is capable of satisfying the desired
steady-state and dynamic performance re-
quirements defined at the design stage, in the
presence of the set of anticipated disturb-
ances, without violating any process con-
straints.” [7]

This necessitates the definition of varying aspects,
that must be included in the operability analysis of mod-
ular electrolysis plants, such as the DOS, the dynamic
Available Input Space (dAIS), the dynamic Desired Oper-
ating Space (dDOpS) and the Expected Disturbance
Space (EDS) [5, 8]. The assumption of a modular plant
design makes the variation of design input variables of
the PEAs unsuitable, which is why the focus is on the op-
erational variables of the PEAs. The ability to operate the
combined heterogeneous modular electrolysis system
out of predefined PEAs is to be evaluated.

A list of the included variables, their description and
allowed ranges can be found in Tables 1-3 for the as-
pects of the operability analysis and their respective PEA.
As each PEA encapsulates their individual behaviour and
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requirements, the presented method is applicable inde-
pendently of the chosen plant layout. Due to limitations
in the model capabilities, identified optima, simplifica-
tions or limited available data, the setpoints for some po-
tential operating variables, such as the lye mass fraction
or load change rates, are kept constant.

The dAIS entails the remaining setpoints, including
the temperature, pressure and flow rate setpoints of the
circulation and the production rate setpoint of the Stack-
Unit. Additionally, the chosen lye mass fraction setpoint
and load change rates over time are included in Table 1.

Table 1: Operating input variables in the dAIS and ranges
taken from [2] or mapped to showcase from [10]

Operational input variable Value/Range

Circulation: Outlet temperature 50-80
setpoint [°C]

Circulation: Outlet flowrate AEL: 30-90
setpoint [kg/s] PEMEL: 4.75-14
Circulation: Gas outlet pressure 3-16

setpoint [bar]
Circulation: Lye mass fraction 30
setpoint [m%]

Stack-Unit: Load setpoint [%] 20-100
Stack-Unit: Upramp load change AEL: 30
rate [%/s] PEMEL: 50
Stack-Unit: Downramp load AEL: 10
change rate [%/s] PEMEL: 40,6

The DOS includes the constraints, that apply for the
PEAs, such as the allowed operating ranges for temper-
ature, pressure, flowrate and component mass fractions
in the entire system of PEAs. These constraints are ex-
tended by the dDOpS with the allowed change rates over
time of the relevant parameters during nominal operation
or in case of operational disturbances. The EDS includes
the disturbances in the input variables that are assumed
to enter the process, such as variations in the water inlet
temperature or short outages of the cooling cycle.

Table 2: Output variables and dynamics in the DOS and
dDOpS and allowed ranges assumed or adjusted from [2]
and [10]

Output variable Value/Range

Maximum allowed temperature in the AEL: 100
Stack-Unit [°C] PEM: 90
Maximum temperature change rate in AEL: 1,5
the Stack-Unit [K/min] PEMEL: 1
Maximum fluid velocity [m/s] 1
Maximum “H2 in 02" or “O2 in H2” val- 2
ues [mol%]

AEL: Maximum pressure difference be- 0.1

tween stack-sides [bar]

Table 3: Disturbances in the input variables and consid-
ered ranges
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Input variable disturbances Value/Range

Fresh water inlet / cooling water inlet / 15-30
ambient temperature [°C]
Cooling cycle restart time [min] 5

These collected variables serve as the inputs and
variations in the operability analysis of the heterogene-
ous modular electrolysis plant considered in this paper.

Calculated metrics

The calculated metrics within the operability analy-
sis in this paper include the Achievable Output Set (AOS),
the dynamic Achievable Operating Space (dAOpS), the
Desired Input Space (DIS) and the dynamic operability.

The AOS is the “set of controlled variables that the
system can achieve for the considered AlIS and EDS.” [5]
In this case study, it includes the behaviour of the con-
trolled variables in the system, such as temperature,
pressure, flowrate and mass fractions, at steady state.

The extension of the AOS is the dAOpS as the “op-
erating space representing the dynamic performance
that can be achieved by the system for a given choice of
the dAIS, DOS, and EDS.” [7] That way the dynamic be-
haviour of the plant can be considered and violations of
the maximum change rates or short-term deviations from
the permitted working range can be identified.

The DIS is the “set of input values required for the
system to reach all outputs in the DOS” [5], [7] and shall
be identified by comparing the dAOpS and the DOS. The
resulting edge cases, at which the dAOpS deviates from
the DOS restrict the allowed operating range in the AIS
and EDS, that are suited for compliance with the DOS.

In addition to the operability evaluations, the spe-
cific energy consumption and the “Lange-GroBe-Coeffi-
cient for hydrogen demand” (LGCh2) of the system can
be calculated from the simulated data for each operating
point to determine optimal operating points within the al-
lowed operating range. The specific energy consumption
of the overall plant serves as a metric to determine an
optimal operation scheme at least qualitatively. It is cal-
culated as:

kWh] _ Psyscons
€spec [@] = mJII-I;,Sys M

With Pyy cons @s the power consumption of the entire
modular plant in kW and iy, 401 @S the combined pro-
duced hydrogen in all Stack-Unit PEAs in kg/h. For the
scope of this paper, the efficiency evaluation is limited to
the overall system efficiency at 100 % load.

The LGCy, value shall serve as an initial measure-
ment to assess the inertia and consequently the flexibility
to output hydrogen for different system configurations or
operating points. It can be calculated for each load step
or for a production scenario according to:

GroBe et al. / LAPSE:2025.0159

LGCHZ [_] — ftscenario,end abs(My, sys(t) =My, sysstat(t)) dt ( 2 )

Lscenario,start mHz,sys,stat(t)

With my, 4,s(t) as the current hydrogen production
at time step t and iy, s srae(t) @s the stationary hydro-
gen production of the load setpoint at time step ¢, both in
kg/h. The result is the part of the hydrogen production in
%, that could not be met by the system and operating
point under consideration for a production scenario.

Model capabilities & Implementation

The analysis is carried out as a co-simulation sce-
nario of FMUs, that simulate the dynamic behavior of
chosen PEAs identified in [4], namely the water supply,
Stack-Unit and circulation PEAs, as depicted in Figure 2.
Although the hydrogen purification PEA is neglected in
the simulation the presented methodology is still applica-
ble within the scope of this paper. The system simulation
is set up in MATLAB Simulink as a co-simulation environ-
ment with the developed FMUs. In the context of protec-
tion of the PEAs internal knowledge a detailed description
of the FMUs is not necessary for the presented method
and beyond the scope of this paper. A basic description
of the model, including capabilities, interfaces and set-
points shall suffice. A detailed model description and
structure of the electrolyzer stack-units, the balance of
plant components and control strategies shall be speci-
fied elsewhere [11].

The FMUs provide the dynamic input-output behav-
iour of the mass, components and energy in the individual
PEAs to changes in their respective setpoints and inlets.
The FMU interfaces follow the interface description in
[12], providing ports for material streams, energy and in-
formation, such as setpoints for the controlled variables.
Necessary system parameters of the individual technol-
ogies for the chosen scenario are taken from [13] for the
AEL subsystem, are scaled from values in [14] for the
PEMEL subsystem and are collected in Table 4.

Both subsystems are assumed to connect multiple
Stack-Unit PEAs to one circulation PEA. Additionally, the
circulation PEAs of each electrolyzer technology are both
connected to the water supply PEA. For the scope of this
paper, the only information exchange between the PEAs
shall be the necessary supply of deionized water from the
water supply PEA to the circulation PEA to hold the liquid
level in the gas separation tanks constant. This necessary
supply is used as the flowrate setpoint for the water sup-
ply PEAs internal flowrate control. The production load
setpoint is used as input in the Stack-Unit PEA to control
the hydrogen production rate. The operating variables
temperature, pressure and flowrate in the Stack-Units
and the rest of the system are controlled as setpoints in
the circulation PEA. Restarting the cooling cycle is also
controlled in the circulation PEA. Controlling these varia-
bles should suffice for the basic operation of the pre-
sented heterogeneous modular electrolyzer system.
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Figure 1: Exemplary modular, heterogeneous electrolyzer plant setup with considered material and information
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Table 4: Necessary system parameters of the individual
subsystems taken or adjusted from [13] and [14]

System parameter Value Value
PEMEL AEL

Number of Stack-Units per sys- 4 2

tem [-]

Number of cells per Stack-Unit 150 326

(-]

Active area of an electrolysis 87.5e-3 2.66

cell [m?]

Nominal power of a Stack-Unit 0.25 3

(MW]

Free volume of an electrolysis 8.75e-4 0.027

cell [m3]

Separation tank volume [m?] 1.06 14.14

Maximum operating pressure 55 16

[bar]

OPERABILITY ANALYSIS RESULTS

The operability analysis was successful as the mod-
ular, heterogeneous electrolysis system is operable in
most of the operating states and ranges. However, at a
few boundary conditions of the operating range and in
the hot-standby state the DOS was exceeded, as shown
for an exemplary inoperable operating point in Figure 2.
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It can be seen, that at high temperatures, high pres-
sures and low flowrates in the system, multiple criteria in
the DOS are exceeded during nominal operation. The
Stack-Unit outlet temperatures rise above the limit of
90 °C (upper left). Additionally, the Hz in Oz contamina-
tion in the AEL system exceeds the allowed threshold of
2 mol% at the 20 % Stack-Unit load setpoint (lower left).
The temperature change rate during the cooling cycle
shutdown rises above 1 K/min in the circulation however,
in the Stack-Unit the temperature change rate stays be-
low the threshold (upper right). The hot-standby state is
not operable with the chosen PEAs and control strate-
gies, as the difference pressure and the contaminations
in the system rise above the set threshold in the dDOpS
(lower left and right). Consequently, the current PEA se-
lection and control strategies are not sufficient for the
hot-standby state and complete operability is not given
under the specified conditions. Further evaluations of
specific energy consumption and LGCy, shall therefore be
done for the nominal operation state without considera-
tion of the hot-standby state. The DIS for the nominal op-
eration state can be seen in Figure 3 as the filled circles
in the evaluation of specific energy consumption and
LGCy,. The unfilled circles represent the operating points,
that are not operable in the nominal operation state with
the chosen PEAs and control strategies.
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Figure 2: Examplary progression of relevant variables in the dAOpS with marked state changes for the dAIS
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Figure 3: System efficiency and LGCy, evaluation

The relevant system efficiency and LGCy, are eval-
uated for all setpoints in the operable range of tempera-
ture, pressure and flowrate. Other system variables stay
at their mean values in Tables 1-3. The results are de-
picted in Figure 3, with an optimal system efficiency of
49,57 kWh/kg H2, at the lowest pressure of 3 bar, the
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highest operable temperature of 72.5 °C and the lowest
normalized flowrate of 0.85.

Limitations & Solution approaches

As the plant layout and control strategies have been
simplified for the scope of this paper, some limitations to
the significance and validity of the presented results
must be made. The first aspect that must be considered
for a more reliable operability analysis is the extension of
the plant structure to include the purification and post-
processing of produced hydrogen. The current results for
system efficiency and LGCy, are limited to the hydrogen
generation and first separation stage leading to the as-
sessment of high efficiency at lower pressures and high
temperatures while neglecting potential losses due to
necessary compression or drying of hydrogen in the
post-processing. The inclusion of these steps in the op-
erability analysis and system efficiency evaluation is nec-
essary to provide a more meaningful understanding of
electrolysis and their optimal operating conditions.

Secondly the hot-standby state can not be operated
with the included control strategies due to a lack of iner-
tization or strategies to deal with the gas crossover
within the provided FMUs. Especially at high gas pres-
sures, the difference in partial pressures between the hy-
drogen and oxygen side lead to a steady cross-over of
gases in the hot-standby state. Without inerting or stop-
ping the fluid circulation the contaminations and pressure
differences between the gas sides rise.

CONCLUSION & OUTLOOK
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In conclusion the operability of a modular, heteroge-
neous electrolysis system was verified with restrictions.

The possible operating ranges and variations in the
operating regiment have been collected and introduced
to a dynamic operability analysis. Extensive simulation
studies using co-simulation of FMUs show the operability
of the presented plant in most of the outlined operating
range. Possible disturbances to the system inputs can be
dealt with in the required time. Operating points for opti-
mal system efficiency and flexibility of the plant have
been identified, although the applicability to a more com-
plex electrolysis system with downstream equipment is
limited. For future work the presented solution ap-
proaches and additions to the system layout and control
strategies with additional information exchange between
PEAs, such as states and safety relevant variables, can
provide a more comprehensive understanding of the op-
erability and optimal performance of modular, heteroge-
neous electrolysis plants.

Digital supplementary material

The P20 Lab Learning Factory provides a Github-
group repository which contains the individual model re-
positories of the developed simulation models. It is cur-
rently only available wupon individual request at
https://github.com/orgs/p2o-lab/teams/ap2_external/re-
positories. The repositories will be openly accessible
starting from October 2025.

ACKNOWLEDGEMENTS

We would like to thank the German Federal Ministry
of Education and Research and the project management
organization Jilich for their financial support within the
framework of the eModule research project (FKZ 03 HY
116 A) of the H2Giga lead platform.

REFERENCES
1.  U.Remme, “Global Hydrogen Review 2024,”
2024.

2. H.Lange, A. Klose, W. Lippmann, and L. Urbas,
“Technical evaluation of the flexibility of water
electrolysis systems to increase energy
flexibility: A review,” Int. J. Hydrog. Energy, vol.
48, no. 42, pp. 15771-15783, May 2023, doi:
10.1016/j.ijhydene.2023.01.044.

3. M. Mock, I. Viedt, H. Lange, and L. Urbas,
“Heterogenous electrolysis plants as enabler of
efficient and flexible Power-to-X value chains,”
in Computer Aided Chemical Engineering, vol.
53, Elsevier, 2024, pp. 1885-1890. doi:
10.1016/B978-0-443-28824-1.50315-X.

4. H. Lange, A. Klose, L. Beisswenger, D. Erdmann,
and L. Urbas, “Modularization approach for
large-scale electrolysis systems: a review,”

GroBe et al. / LAPSE:2025.0159

10.

1.

12.

13.

Sustain. Energy Fuels, vol. 8, no. 6, pp. 1208-
1224, 2024, doi: 10.1039/D3SE01588B.

V. Gazzaneo, J. C. Carrasco, D. R. Vinson, and
F. V. Lima, “Process Operability Algorithms:
Past, Present, and Future Developments,” Ind.
Eng. Chem. Res., vol. 59, no. 6, pp. 2457-2470,
Feb. 2020, doi: 10.1021/acs.iecr.9b05181.

P. Rentschler, C. Klahn, and R. Dittmeyer, “The
Need for Dynamic Process Simulation: A Review
of Offshore Power-to-X Systems,” Chem. Ing.
Tech., vol. 96, no. 1-2, pp. 114-125, Jan. 2024,
doi: 10.1002/cite.202300156.

D. Uzturk and C. Georgakis, “Inherent Dynamic
Operability of Processes: General Definitions
and Analysis of SISO Cases,” Ind. Eng. Chem.
Res., vol. 41, no. 3, pp. 421-432, Feb. 2002, doi:
10.1021/ie0101792.

J. Madler, |. Viedt, J. Lorenz, and L. Urbas,
“Requirements to a digital twin-centered
concept for smart manufacturing in modular
plants considering distributed knowledge,” in
Computer Aided Chemical Engineering, vol. 49,
Y. Yamashita and M. Kano, Eds., in 14
International Symposium on Process Systems
Engineering, vol. 49. , Elsevier, 2022, pp. 1507-
1512. doi: 10.1016/B978-0-323-85159-6.50251-
7.

T. Oren, B. P. Zeigler, and A. Tolk, Eds., Body of
Knowledge for Modeling and Simulation: A
Handbook by the Society for Modeling and
Simulation International. in Simulation
Foundations, Methods and Applications. Cham:
Springer International Publishing, 2023. doi:
10.1007/978-3-031-11085-6.

G. Tsotridis and A. Pilenga, EU harmonized
protocols for testing of low temperature water
electrolysis. Luxembourg: Publications Office of
the European Union, 2021.

M. Grosse, I. Viedt, H. Lange, and L. Urbas,
“Low-temperature electrolysis stack modeling
for dynamic system co-simulation of modular
hydrogen plants,” Int. J. Hydrog. Energy, 2025.
M. Mock, I. Viedt, and L. Urbas, “Towards
Usability of Process Models for Co-Simulation-
Based Operability Analysis of Modular
Electrolysis Plants,” in 2024 IEEE 29th
International Conference on Emerging
Technologies and Factory Automation (ETFA),
Padova, Italy: IEEE, Sep. 2024, pp. 1-4. doi:
10.1109/ETFA61755.2024.10711068.

[13] G. Sakas, A. Ibafez-Rioja, V.
Ruuskanen, A. Kosonen, J. Ahola, and O.
Bergmann, “Dynamic energy and mass balance
model for an industrial alkaline water
electrolyzer plant process,” Int. J. Hydrog.

Syst Control Trans 4:53-59 (2025) 58


https://github.com/orgs/p2o-lab/teams/ap2_external/repositories
https://github.com/orgs/p2o-lab/teams/ap2_external/repositories

Energy, vol. 47, no. 7, pp. 4328-4345, Jan.
2022, doi: 10.1016/j.jhydene.2021.11.126.
14. G. Sakas et al., “Dynamic Mass and Energy
Balance Model of a 50 Kw Proton Exchange
Membrane Electrolyzer System,” 2024. doi:
10.2139/ssrn.4799709.

© 2025 by the authors. Licensed to PSEcommunity.org and PSE
Press. This is an open access article under the creative com-
mons CC-BY-SA licensing terms. Credit must be given to creator
and adaptations must be shared under the same terms. See
https://creativecommons.org/licenses/by-sa/4.0/

GroBe et al. / LAPSE:2025.0159 Syst Control Trans 4:53-59 (2025)

59



