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ABSTRACT

To effectively distribute power to a system of multiple electrolyzer stack units, control strategies
have been developed that now need to be applied to heterogeneous electrolysis systems. These
are the ‘segment principle’, the ‘slow start principle’ and the ‘start-stop principle’. As there are many
possible combinations to the system composition of a modular heterogeneous electrolysis system
together with the most suitable control strategy, a discrete multi-criteria optimisation problem can
be formulated. To solve this discrete multi-criteria optimisation problem, two discrete decision
variables are introduced. One is the electrolysis system composition, represented by the power
ratio/configuration (C). A total of 17 different configurations were used for this, consisting of dif-
ferent proportions of alkaline electrolysis (AEL) and proton exchange membrane electrolysis
(PEMEL). The other one are the control strategies (R). For the control strategies, the conventional
strategies, mentioned above, have been adjusted to deal with the heterogeneity of the electrolysis
system. Variations are made in the priorization of certain technologies for power distribution and
the availability of a base load operation. The objective function was designed to be the weighted
sum of the three highest ranked decision criteria in the categories ‘flexibility’, ‘cost’, and ‘process
engineering’ from an empirical expert survey, which led to the respective decision criteria LGC,
LCOH and the reciprocal of nsys. The weights were derived from the ranking, a global grid search
identified the combination of (R) and (C) which will be discussed in the paper together with a
detailed analysis of the optimization problem.

Keywords: Energy Systems, Hydrogen, Optimization, Multi-Criteria, Discrete, Modular Heterogeneous Sys-
tems

INTRODUCTION

The use of renewable energy leads to a volatile
power supply and fluctuating energy prices, which affect
energy-intensive industries (e.g., steel production).
Large-scale electrolysis systems can contribute to en-
ergy flexibility by consuming electricity when demand
and prices are low. Today, industrial concepts typically
focus on a single electrolysis technology per electrolysis
system. Alkaline electrolysis (AEL) is generally regarded
as cost-effective and well-suited for base-load opera-
tion, whereas proton exchange membrane electrolysis
(PEMEL) is regarded as more suitable for flexible opera-
tion. A heterogeneous plant layout could therefore com-
bine AEL for base load and PEMEL for peak load, exploit-
ing the strengths of each technology [1]. However, this
design space, together with operational control choices,
https://doi.org/10.69997/sct.135021
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naturally results in a multi-criteria optimisation problem.
This paper aims to close a methodological gap in the
design of modular heterogeneous electrolysis systems
by formulating the selection of technology shares and
operating concepts as a discrete multi-criteria optimiza-
tion problem. While heterogeneous layouts have been
discussed in prior work, the choice of technology frac-
tions is often predefined heuristically (e.g., “reasonable”
splits) or implicitly constrained by the authors’ available
system sizes, rather than being derived from a transpar-
ent, reproducible optimization procedure [2-4]. In con-
trast, we define the electrolysis configuration and the
control strategy as discrete decision variables and iden-
tify trade-offs between key engineering objectives such
as operational flexibility (LGC), hydrogen production cost
(LCOH), and system efficiency, aggregated through ex-
pert-informed weighting and evaluated across the full
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combinatorial design space.

METHOD OF DISCRETE MULTI-CRITERIA
OPTIMIZATION

Definition of a use case

The application should meet several requirements.
First, it should be equipped with a fluctuating power in-
put, as continuously operated electrolysis systems have
been state of the art for many years [5]. Furthermore,
more than one electrolysis stack unit is required for the
application in order to scale an electrolysis system con-
sisting of several electrolysis stack units in a modular,
heterogeneous way.

One application that meets the above requirements
is a green steel model presented in [3]. As a boundary
condition, the electrolysis system must be capable of
supplying hydrogen to produce approximately 125, 000
t/h of hot briquetted iron. This corresponds to a total
electrolysis capacity of approx. 400 MW. Since the larg-
est electrolysis stack unit available on the market has a
size of 5 MW, 80 such electrolysis stack units are re-
quired for a steel mill [6]. Since the LGC depends by def-
inition on the incoming input profile, a synthetic power in-
put profile was developed to ensure comparable power
consumption and to separate the LGC from the scenario.
In this way, the LGC can be applied to all electrolysis sys-
tems of different power ratings. [7].

Definition of the optimization Problem

The approach follows a decision-analytical struc-
ture: definition of (i) discrete decision variables (or crite-
ria), (i) objectives an the objective function that aggre-
gates objectives into a single scalar score for ranking the
proposed solutions, (iii) constraints, and (iv) the complete
mathematical formulation of the optimization problem
[8]. First, the design and operation of a modular hetero-
geneous electrolysis system are defined as discrete de-
cision variables as follows:

= Configuration (C): The system composition,
expressed by the power ratio of AEL to PEMEL.
Seventeen configurations (Conf. 0-16) cover edge
cases from fully PEMEL to fully AEL and include
variants with finer granularity. The power ratio is
introduced here to enable a comparison between
systems of different sizes, for example between
the large-scale electrolysis system shown here
and a small laboratory system. Another application
for this would be the comparability of
configurations with the same system power but
with individual electrolysis stack units of different
sizes.

= Control strategy (R): Control strategies adapted
from modular electrolysis operation, including
Lange et al. /| LAPSE:2026.0456
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‘start-stop’, ‘slow-start’ and ‘segment’ strategies,
each refined by variants to prioritise base load and
switching between AEL and PEMEL [9].

The decision variables are regarded as time-invari-
ant. The configuration (C) is not changed during opera-
tion, no electrolysis systems are connected or discon-
nected. The control strategy (R) is not changed during
operation, as changing the control strategy requires a
different system layout (in terms of sensors, actuators,
etc.) [10].

Secondly, objectives are defined by which the mod-
ular heterogeneous electrolysis system is to be opti-
mized. Multiple objectives are selected and weighted
base on an empirical expert survey [11]. In this paper,
these shall be the following:

= process engineering: performance, represented by
the reciprocal of system efficiency (1/nsys).

=  Flexibility: Flexibility for dynamic operation:
represented by the Lange-GroBe coefficient (LGC)
[2,12]

= Costs: Product costs, represented by the
Levelized Cost of Hydrogen (LCOH)

Based on these objectives the objective function
can be formulated as in formular (1), where (a, b, c) are
weighting factors derived from the survey. In the ana-
lysed case, a = 0.50, b =0.34 and ¢ = 0.16.

Z=a* 1 +b*LGC+c*LCOH "
T]sys

Thirdly, the constraints are defined. These are to be
defined for the LCOH for green hydrogen at 7.7€/kghz, as
this corresponds to the average value of currently esti-
mated costs by project developers in the field of green
hydrogen [13, 14]. The LCG is limited to a maximum of
2%, as already described in the literature. System effi-
ciency is not to be further restricted [15].

In the fourth step, the optimization problem M,
which is represented in formula (2), is defined. The pro-
posed solutions are evaluated using a weighted, normal-
ized sum with ideal point normalization.

min(a * ! +b* LGC + c * LCOH)
_JCeRT My 2
- s.t.LGC £ 2%

L s.t.LCOH < 7.7€/kgy,

This optimisation problem M is solved by a compre-
hensive grid search across the discrete space, combining
all configurations C with all control strategies R. After ap-
plying the constraints, the remaining solutions are evalu-
ated using the objective function and visualised as a heat
map to determine the weighted score for each (C, R) pair.

The illustration Figure 1 shows the basic structure of
the optimisation framework. This shows the two discrete
decision variables (C) and (R) (different shapes), which in

2030



this case consist of only two different discrete points
(white and black). Each discrete point of a decision vari-
able is then combined with all other decision variables,
resulting in four different discrete points in this case. Z
can now be calculated for each combination of the dis-
crete decision variables. The values nsys, LGC, and LOHC
can then be entered in a three-dimensional diagram. The
two constraints can now be entered on the axes for LGC
and LOHC (blue lines). The green point at the origin of the
coordinates represents the ideal point if all objectives
were perfectly reached at the same time.

Configuration (C) Control strategy (R)

B

(Composition of electrolysis
technologies or power ratio)
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(both Discret
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Figure 1. Schematic representation of the optimisation
framework

Description of the simulation models

The behavioural models used were developed to
determine the operability of connected heterogeneous
electrolysis systems [12, 16]. They simulate the lumped,
dynamic behaviour of a connected electrolysis system,
including stack-units, electrolyte circulation, gas separa-
tions and water supply. Internal control strategies enable
the evaluation of cold start-up, warm start-up, stationary
operation, load changes and shut-down to accurately
predict the dynamic behaviour and power consumption
of the systems. Operational setpoints in the models, such
as temperature, flowrate and pressure were held con-
stant across all simulation runs. The models were vali-
dated using literature data from [17].

Table 1 provides an overview of the stack unit pa-
rameters used, including their source in the literature. All
of these parameters are necessary included in behav-
ioural models, that form the basis for calculating the se-
lected objective of system efficiency, system flexibility
and the levelized cost of hydrogen for each combination
of (C) and (R).

Lange et al. /| LAPSE:2026.0456
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Table 1: List of stack unit parameters used for the simu-
lation runs

AEL PEMEL Source
Effi-
ciency@100% [%] 0.6345 0.5837 [6, 9]
Load
Start-Up o
(Cold) [%/s] 0,175 ~0,25 [6,9,17]
Flexibiliy o
(Ramp-Up) [%/s] 0, 25 5 [6,9,17]
Flexibiliy o
(Ramp-Down) [%/s] 0, 25 5 [6,9,17]
CAPEX [€/kwW] 850 1050 [18]
i;ad‘ durabil- ) 80000 60000 [19]
© Stackdegra-  [%/
o dation 1000h] 0.12 0.15 (161
£ Stack replace-
Q [%/
O ment CAPEX] 15 15 [19]
costs
[%/
Other OPEX CAPEX] 2 2 [19]
Average elec-
tricity [€/
costs +Grid MWh] 105.9 105.9 [20]
costs
- [€/
Electricity tax MWh] 11 11 [20]
Life span [a] 20 15 [19]
Operating time [h/a] 8000 8000 [-]
Total scenario
duration [h] 13.2347 13.2347 [-]
o
- EL/Block [-] 8 2 [6, 21]
o
c
8 EL-Power [MW] 5 2 [6]
©  EL/Block [-] 2 2 [6, 21]
§ EL-Power MW] 5 0.7 (6]

Definition of the configurations and the
control strategies

Once the use case, optimization problem, and mod-
els have been defined, the decision evaluation points of
the defined decision variables will be specified. Table 2
provides an overview of the composition of the individual
configurations (C). The number of electrolysis system
blocks and their block output are specified. The last col-
umn provides an overview of the power ratio between the
electrolysis technologies AEL and PEMEL.

The basic control strategies from [9] are used as the
control strategy (R). These are further refined by
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additions. A base load share has been defined, as the
minimum operational load of one electrolysis system, for
each strategy in order to always generate a minimum
amount of hydrogen. The opposite of this is a strategy
without base load (woBL), where the entire electrolysis
system does not produce any hydrogen as soon as the
power input falls below the minimum operational load. In
the segment principle, a further subdivision was made
based on the control strategy. AEL1 stands for AEL hav-
ing priority. First, all AEL blocks are started up to 80%,
then to 100%. This is followed by the PEMEL blocks,
which are started up to 80% and then to 100%. N stands
for a slightly different variant of this. Here, all AEL blocks
are first started up to 80%, then all PEMEL blocks to 80%.
Then the AEL blocks are first run at 100%, followed by the
PEMEL blocks at 100%. These strategies serve to make
the partial load efficiencies of the stack units usable for
longer [22].

Table 2: Comparison of the different configurations. No.
AEL/No. PEMEL represents the number of system blocks,
the specified power refers to the system power of the in-
dividual block, and the power ratio indicates the ratio of
AEL:PEMEL.

Config- No. AEL No. PEMEL Power
uration AEL [MW] PEMEL [MW] ratio
©)

Con. 0 0 40 109 4 0.000
Con. 1 1 40 98 4 0.102
Con. 2 2 40 87 4 0.230
Con. 3 3 40 76 4 0.395
Con. 4 4 40 66 4 0.606
Con. 5 5 40 55 4 0.909
Con. 6 6 40 44 4 1.364
Con. 7 7 40 33 4 2.121
Con. 8 8 40 22 4 3.636
Con. 9 9 40 11 4 8.182
Con.10 10 40 0 4 o
Con. 11 34 10 47 1.4 5.167
Con.12 35 10 40 1.4 6.250
Con.13 36 10 32 1.4 8.036
Con. 14 37 10 24 1.4 11.012
Con.15 38 10 16 1.4 16.964
Con. 16 39 10 9 1.4 30.952

The NewsS strategy was introduced specifically for
the start-stop strategy. This aims to distribute the load
by switching from PEMEL blocks to AEL blocks when all
PEMEL blocks are at 100% capacity and AEL blocks are
not yet fully utilized. This strategy is intended to help
make better use of the more efficient AEL blocks.

Evaluation of simulation results

First, the objectives of operational efficiency (in-
cluding increased efficiency during partial load operation
and energy loss, due to minimum load constraints), LGC
(taking into account the energy loss due to the control
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strategy and the minimum load constraints) and LCOH
are calculated for each configuration (C) in each control
strategy (R), using the simulation setup, described in [12],
and the standardized input profile, described in [7]. The
objective values are normalized using their global maxima
across the control strategy (R) and configuration (C)
area, to determine a weighted score comparable across
all configurations (C) and control strategies (R).

RESULTS

This section summarises the investigated configu-
ration space and the resulting weighted optima across all
combinations of configuration C and control strategy R.
Across all feasible configuration strategy pairs consid-
ered in the grid search, the global minimum of the
weighted score is achieved by Con. 16, which operates
under the segment strategy and achieves a weighted
score of 0.801. In general, the optimal combinations of
(C) and (R) are located in the right area of the heat map,
which means a ratio of AEL to PEMEL of 11.012-30.952.
This shows that a minimally added amount of PEMEL
technology in a large-scale AEL system offers ad-
vantages over a pure AEL system, as the configurations
become worse with increasing AEL share. Furthermore,
the results show that exploiting the partial load efficien-
cies of the individual stack units, such as in the ‘segment’
or ‘slow-start’ strategy, offers an advantage over pure
‘start-stop’ operation.

Finally, finer configurations across all evaluated (C)
and (R) have a more consistent weighted score, suggest-
ing that the sensitivity of system performance to the op-
erating concept decreases with increasing modular res-
olution. This still needs to be confirmed in further re-
search.

DISCUSSION

The optimisation results highlight the central cou-
pling between design (configuration/technology mix) and
operation (control strategy) in modular electrolysis sys-
tems. Even within a relatively small discrete design
space—defined here by 17 configurations and 10 control
strategies—the ranking of configurations is not invariant
to the chosen operating concept. This observation is
consistent with process-systems intuition: control strat-
egies influence transient loading, start-stop events, and
part-load operation, which in turn affect flexibility met-
rics, efficiency, and ultimately the levelized hydrogen
cost.

A key outcome is that PEMEL-only concepts do not
emerge as optimal under the selected objective and con-
straints. This indicates that, for the examined use case
and weighting, economic and efficiency advantages as-
sociated with AEL can dominate the aggregated
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Configuration (C)|Con. 0 Con.1 Con.2 Con.3 Con.4 Con.5 Con.6 Con.7 Con.8 Con.11 Con. 12 Con. 13 Con.9 Con. 14 Con. 15 Con. 16 Con. 10
Power Ratio| 0.000 0.102 0.230 0.395 0.606 0.909 1.364 2.121 3636 5.167 6.250 8.036 8.182 11.012 16.964 30.952 100.000
Slow-Start_woBL 0.907 0.895 0.882 0.870 0.857 0.823 0.820 0.816 0.844 0.812 0.809 0.806 0.839
_ Slow-Start_BL 0.902 0.895 0.891 0.880 0.869 0.856 0.823 0.819 0.816 0.844 0.812 0.809 0.806 0.839
[ Segment_woBL N 0.894 0.885 0.876 0.867 0.858 0.849 0.816 0.813 0.810 0.840/ 0.806 0.804 0.801 0.842
%5 Segment BL_N 0.896 0.891 0.883 0.874 0.866 0.858 0.849 0.815 0.812 0.809 0.841 0.806 0.803 0.801 0.834
§ Segment_ woBL AEL1 0.901 0.891 0.881 0.872 0.862 0.853 0.845 0.814 0.811 0.809 0.838 0.805 0.803 0.801 0.842
% Segment_BL_AEL1 0.901 0.891 0.881 0.872 0.862 0.853 0.845 0.814 0.811 0.809 0.838 0.805 0.803 0.801 0.842
‘E Start-Stop_woBL 0.843 0.840 0.837 0.833
S Start-Stop_BL 0.843 0.840 0.837 0.833
Start-Stopp_woBL_NewS 0.922 0.907 0.880 0.878 0.868 0.862 0.825 0.825 0.822 0.855 0.819 0.818 0.816
Start-Stopp_BL NewS 0.922 0.907 0.880 0.878 0.868 0.862 0.825 0.825 0.822 0.855 0.819 0.818 0.816

be lower.

Figure 2. Heat Map: The color spectrum reflects the distribution from the global minimum (dark green) through a
mid-range (yellow) to the global maximum (dark red). The empty cells represent all combinations of (C) and (R)
that failed to meet a constraint (LGC or LCOH) and are therefore not displayed, even if the weighted score would

objective. Importantly, this is not a universal statement
about technology superiority; rather, it reflects the nor-
malization, the constraint set (especially the LCOH).

The reported benefit of finer granularity—more uni-
form weighted score across strategies—has a clear en-
gineering interpretation. Smaller module sizes increase
combinatorial resolution in the feasible operating region,
enabling closer matching of the demand profile while re-
specting gradient constraints. This can reduce the pen-
alty associated with a suboptimal control choice. How-
ever, finer granularity may increase balance-of-plant
complexity, footprint, and maintenance burden. There-
fore, granularity should be assessed jointly with effi-
ciency, flexibility and LCOH considerations.

Several limitations should be considered when inter-
preting the results. First, the analysis excludes energy
storage and focuses on direct load-following. Storage
can decouple electrolysis operation from renewable var-
iability and may change the trade-off between flexibility
and cost. Second, cost and efficiency parameters are
taken from literature and technology assessments; un-
certainty ranges and learning-curve effects are not prop-
agated through the optimisation. Third, the electrolysis
models used were validated using literature data rather
than actual operating data. Since the model from [17] was
validated using real operating data, the significance of
the model used is considered to be high. Despite these
caveats, the discrete grid-search framework is valuable
for decision making because it is transparent, reproduci-
ble, and directly compatible with modular design spaces.
It also provides a consistent basis for comparing large-
scale and laboratory-scale electrolysis systems, pro-
vided that decision criteria and constraints are defined in
a scale-aware manner.

CONCLUSION
A discrete multi-criteria optimisation framework was
applied to identify favourable combinations of
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technology composition (AEL/PEMEL ratio) and control
strategy for a modular heterogeneous electrolysis sys-
tem in a green-steel use case. Using survey-derived
weights and constraints on flexibility (LGC) and hydrogen
cost (LCOH), the results show that (i) the optimal config-
uration depends on the operating strategy, (ii) PEMEL-
only systems are not optimal under the applied objective,
(iii) homogeneous AEL systems can be more optimal than
homogeneous PEMEL systems when used in conjunction
with suitable control concepts., and (iv) finer-granularity
configurations tend to reduce sensitivity to the chosen
control strategy.

OUTLOOK

Future work should extend the configuration space
to include additional technologies (e.g., high-tempera-
ture electrolysis) and heterogeneous layouts with three
or more technology types. Integrating hydrogen and
electrical storage, as well as grid services, would enable
assessing system flexibility under broader operational
paradigms beyond direct load-following. Finally, experi-
mental validation on small-scale heterogeneous systems
can support model calibration and help translate the op-
timisation framework to practical control implementation
in modular electrolysis plants.
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