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ARTICLE INFO ABSTRACT

Keywords: Proton exchange membrane (PEM) electrolysers are promising technologies for electrolysis due to their fast

PEM electrolyser dynamic response to electricity fluctuations and their lower spatial footprint compared to alternative options.

Flexibility . However, the high costs associated with green hydrogen production remain a key challenge for the large-scale

;ec(;mo'emn_omlc deployment of PEM electrolysers within the energy system. This article therefore compares three operational
ydrogen price

Ancillary services modes of PEM electrolysers: continuous operation at full capacity, price-responsive operation, and combined

FCR price- and frequency-responsive operation providing ancillary services. Accordingly, future hourly electricity
prices in Belgium, which represents the case study of this article, are estimated based on three potential
evolutions of the Belgian energy system and are subsequently applied to the defined operational scenarios. The
results show a reduction in the hydrogen break-even price of 11.39-13.10% for the price-adaptive scenario
and 18.06-19.38% for the combined price- and frequency-adaptive scenario compared to the full-capacity
operation mode across the three electricity price trajectories. Furthermore, a sensitivity analysis is conducted
to identify the most influential parameters affecting the hydrogen break-even price, indicating that efficiency
is the dominant factor due to the energy-intensive nature of electrolysers. This study provides a globally
applicable framework for determining suitable electrolyser operation strategies across a range of power system
configurations.

1. Introduction

In line with the European Union’s (EU) target of achieving net-zero
carbon emissions by 2050, European countries are rapidly transitioning
to renewable energy sources (RESs) [1]. However, the intermittency of
RESs poses challenges for power system operators in maintaining grid
stability [2]. As the share of RESs in the power system increases, grid
frequency becomes more unstable. Therefore, the transmission system
operator (TSO) is responsible for ensuring the availability of a set of
services from voluntary producers and consumers that can generate or
consume energy in real time to correct any imbalances in the grid.

When electricity supply exceeds demand, chemical energy stor-
age, such as in the form of hydrogen (H,) or other molecules like
methane and methanol, enables the grid operator to avoid power
curtailment [3]. That is, the surplus electricity can be converted into
hydrogen using an electrolyser and later utilised for various purposes,
including industry, transportation, electricity generation, heating, or

conversion into other molecules. For instance, the authors in Ref. [4]
showed that, in isolated wind-PV-hydrogen systems, integrating elec-
trolysers enabled the recovery of up to 21.3% of otherwise curtailed
renewable generation. In addition, the authors in Ref. [5] investigated
direct PV-electrolyser integration without intermediate power convert-
ers. Their study highlighted that direct coupling can reduce conversion
losses and system costs by up to 18% while enabling efficient hydrogen
production through adaptive electrolyser operation.

Furthermore, based on the development of the artificial energy
island in Denmark, the authors in Ref. [6] concluded that using surplus
electricity for hydrogen generation by integrating an electrolyser can
reduce the levelised cost of electricity (LCOE) by up to 13% compared
to scenarios without electrolyser integration.

Electrolysers can also contribute to power system stability when
electricity supply is lower than demand by reducing their power con-
sumption [7]. In addition, they can enhance grid flexibility by deliver-
ing ancillary services, primarily frequency containment reserve (FCR),
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operate at their minimum load, while below a specific point, when
the electricity price falls, they operate at their rated power. This
scenario is directly motivated by the additionality criterion in the RED
II legislation, which allows electrolysers to consume grid electricity,
while the resulting hydrogen is still considered green, if the entity
can demonstrate renewable generation capacity within the installation
equivalent to the hydrogen produced. Therefore, operating electrolysers
as a function of electricity prices represents a highly relevant case for
green hydrogen production.

While the cash flow equation for this scenario is the same as in
the FCO scenario, presented in Eq. (2), the governing equation for the
power consumption of the electrolysers is expressed as:

Prated C; < CL
Py = Prarea —kC, CL <C[ <Cy Q)
Poin Cé > Cy

where C; denotes the lower percentile threshold of the electricity price
distribution within which the electrolysers are assumed to operate
continuously at full load. In contrast, Cy is the upper percentile thresh-
old within which the electrolysers operate at their minimum load. In
this article, a minimum operational capacity of 10% is maintained
for the electrolysers in the PAO scenario to avoid start-up and shut-
down delays associated with nitrogen purging [8]. The parameter
k, expressed in MW?2.h/€, determines the sensitivity of the response
of the electrolysers to electricity price variations between these two
thresholds. Thus, in this scenario, three parameters are optimised: C;,
Cy, and k.

In the PAO scenario, the predicted hourly electricity price values,
C!, are scaled to the range 0.5-5, corresponding to the minimum and
rated power of each electrolyser over its lifetime, based on the maxi-
mum predicted price of each electricity price pathway. This formulation
allows the parameter k to vary between 0 and 1, since values of k below
0 or above 1 would yield power outputs exceeding the rated capacity or
falling below the minimum capacity of the electrolysers, respectively,
as defined in Eq. (4). The percentile thresholds C; and Cy; are adjusted
in 5% increments, while k is incremented in steps of 0.2, resulting
in 2565 investigated cases across the future electricity price pathways
described in Section 2.4. The selected step sizes provide an effective
trade-off between computational efficiency and adequate resolution for
optimisation.

An overview of the electrolyser operation in this scenario is shown
in Fig. 1(b).

Frequency containment reserve. As a complement to the PAO scenario,
the last scenario considers electrolyser participation in the ancillary
services market by providing FCR, hereafter referred to as the FCR
scenario. In this case, the optimal values of C;, Cy, and k derived from
the PAO scenario are kept constant, while in the shaded segment shown
in Fig. 1(b), hereafter in this article referred to as the linear decreasing
region, the electrolysers provide FCR whenever the required minimum
free capacity is available.

This scenario is motivated by the operational requirements of the
power grid, which necessitate maintaining a continuous balance be-
tween the mechanical driving generation and the net electrical con-
sumption. As this study focuses on Belgium, given that since July 2020
the symmetric 200 mHz FCR product has been the sole FCR product
supplied by Elia, only this type is analysed in this article. For this
product, a deadband of +10 mHz around 50 Hz, within which no
primary control action is permitted by the electrolysers, is authorised.
Furthermore, when the frequency deviation remains within +200 mHz
of 50 Hz, the electrolysers adjust their power consumption to help
restore the nominal frequency. Similar to the PAO scenario, a minimum
operational capacity of 10% is maintained for the electrolysers in this
scenario.

Energy Conversion and Management: X 31 (2026) 102037

APpeq [MW]

P

Tes

-200 -10

10 200 Af [mHz]

Fig. 2. Activation principle of the symmetric 200 mHz FCR product.

The annual cash flow, CF(y), as shown in Eq. (1), is calculated as:

8760

CF0) = X, [(Have) - Higen ) + (Chex Ph) = (CL-P)] 10 )
t=1
where C[ . is the hourly FCR price, and P is the hourly reserved

electrolyser capacity dedicated to grid support via FCR provision. The
reserved electrolyser capacity, P! _, can be expressed as a share of the

res’
rated capacity of the electrolysers, P. as follows:

ated>

P! =a- Pyeq (6)

res

where « is a dimensionless constant between 0 and 1. The governing
equation for the power of the electrolysers in this scenario is given as:

Pin Af < -200 mHz,
7 P —10 mHz < Af < 10 mHz,
P, = , —200 mHz < Af < —10 mHz, )
v Praled + PFCR
10 mHz < Af <200 mHz,
P iea Af > 200 mHz.

where y determines the baseload at which the electrolysers operate, Af
is the deviation of the frequency from its nominal value of 50 Hz, and
Pl is the power adjusted by the electrolysers to contain frequency
deviations, which can be expressed for the symmetric 200 mHz FCR
product as:

P}ZCR = Prtes x ﬁ (8)

Moreover, the relationship between y and a can be described as:
a<y<l-a )

It is worth noting that Eq. (7) describes the operation of the elec-
trolyser in the linear decreasing region, as shown in Fig. 1(b).

The activation mechanism, which includes the correlation between
Pycr and P, as well as the +10 mHz frequency deadband, is illustrated
in Fig. 2.

While in the PAO scenario the electrolysers operate solely as a
function of the electricity price, adjusting their power consumption
on an hourly basis, in the FCR scenario, they operate in the linearly
decreasing region as a function of both electricity price and grid
frequency, adjusting their power consumption every 10 s according to
the measured frequency.

An overview of the operation of the electrolysers in the FCR scenario
is depicted in Fig. 1(c).

In addition to the specific characteristics of each scenario, the
following assumptions are applied to all scenarios:

+ Given that the Belgian energy island is expected to become op-
erational in 2030, this study assumes that the electrolysers will
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become operational in that year and continue for 20 years, con-
sistent with the typical lifetime of current electrolyser plants [29].
It is assumed that the electrolyser plant is owned by an entity
with sufficient renewable capacity in its portfolio to match the
amount of hydrogen produced. Therefore, in all scenarios, a
variable electricity price based on the day-ahead market clearing
price is assumed, consistent with the additionality criterion in EU
legislation. This assumption is further motivated by the fact that,
in the FCO scenario, the electrolysers operate continuously at full
load throughout their 20-year lifetime. Consequently, operating
the electrolysers in off-grid mode would not represent a realistic
case.

Considering the temporal correlation requirement, which man-
dates a net-zero balance within the same hour starting from 2030,
it is assumed that the electrolysers are directly supplied with
electricity generated by the associated entities. Consequently, no
electrical storage systems, such as batteries, are considered in the
system configuration.

The end of life of the electrolysers is defined as the point at which
the stack voltage has degraded by 10% relative to the beginning
of life, measured at the same current density [33].

Hydrogen gas crossover mechanisms, which influence safety is-
sues and affect efficiency, particularly at partial loads such as
in the PAO and FCR scenarios, have not been considered. Since
this study focuses on techno-economic and system-level analysis
rather than membrane-physics-related phenomena, hydrogen gas
crossover is beyond the scope of this study. Nevertheless, hy-
drogen crossover in polymer electrolyte membrane electrolysis
cells has been investigated in other studies, such as Ref. [34] and
Ref. [35].

A summary of the technical parameters and the economic pa-
rameters applied to the electrolysers is provided in Tables 1 and 2,
respectively. The parameters associated with the internal structural
characteristics of the electrolyser are detailed in Ref. [36]. In this study,
commercially available parameters and component specifications were
adopted wherever possible. However, alternative materials and elec-
trolyser configurations have also been explored in the literature. For
example, Ref. [37] investigated the application of titanium felt (TF) as
a flow diffuser in PEM electrolysers to mitigate challenges related to
the oxygen evolution reaction.

Regarding the thermal management of the electrolysers, in this arti-
cle, the temperature difference between the inlet and outlet substances
has been controlled. Typically, this temperature difference is main-
tained below 10 °C. Avoiding significant temperature gradients within
the cell is essential, since such gradients not only accelerate ageing
and degradation mechanisms but also lead to non-homogeneous cell
loading, thereby affecting the overall performance of the electrolyser.
A detailed description of the adopted cooling method is provided in
Ref. [26].

As stated, the case study presented in this article is based on an off-
shore energy island. Consequently, considering oxygen as a by-product
of electrolysis in such an offshore environment would require dedicated
pipelines or transport vessels, which could significantly reduce or even
negate the associated revenue stream. However, converting the pro-
duced hydrogen into other green molecules is a commonly considered
approach for offshore energy islands, where the island is intended to
operate as a self-sustaining hub.

There are ongoing projects, such as the one described in Ref. [38],
in which the produced oxygen can be locally utilised to generate renew-
able carbon dioxide. Subsequently, the generated hydrogen and carbon
dioxide can be further combined to produce other green molecules.
Moreover, considering the challenges associated with oxygen trans-
portation costs in the offshore case study investigated in this article,
a conservative oxygen price of 24.5 €/ton, as shown in Table 2,
was assumed [8]. This value is lower than reported levelised costs
in the literature, such as 40-59 €/ton for oxygen as an electrolysis
by-product [39], in order to avoid an excessive influence of oxygen
revenue on the obtained hydrogen prices in this study.
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Table 1

Technical and operational specifications of the PEM electrolysers.
Parameter Value Unit
Electrolyser type PEM -
P 5 MW
Efficiency at rated capacity 65 %
Number of electrolysers 7 -
P 0.5 MW
Operating temperature 80 °C
Operating pressure 30 bar
Cell active area 0.25 m?
Number of cells 510 -

Table 2

Economic and performance parameters of the PEM electrolysers.
Parameter Value Unit Ref.
Capital expenditure (CapEx) 1300 €/kW [40]
Operating expenditure (OpEx) 2% of CapEx €/kW [40]
Degradation 1% per year - [41]
End of lifetime 10% voltage loss - [42]
Stack replacement cost 50% of CapEx - [8]
Discount rate 3% - [43]
Connection costs to power grid 500,000 € [8]
Connection costs to gas grid 2,250,000 € [8]
Availability 98% - [8]
Oxygen price 245 €/ton [8]

2.4. Electricity price in Belgium

As described in the scenario definitions, variable electricity prices
are applied across all three scenarios. Since the Belgian energy island
is expected to become operational in 2030, this study uses estimated
hourly electricity prices from 2030 onwards, covering a 20-year period
until 2050, corresponding to the assumed lifetime of the electrolysers.

In this article, the hourly day-ahead market prices for the Belgian
system are estimated based on the historical annual, monthly, daily,
and hourly price correlations observed in the Belgian grid, as published
by Elia [45]. To account for electricity price uncertainty, three distinct
pathways for Belgium’s energy transition towards 2050, as proposed
by EnergyVille and ENGIE, are considered [44]. The three projected
electricity price trajectories, namely the central pathway, the clean
molecules pathway, and the electrification pathway, each reflect a
different evolution of the Belgian energy system.

Under the central pathway, in order to reach carbon neutrality,
the involved sectors can invest in energy efficiency measures such as
building renovation, more efficient vehicles, and efficiency gains in
space heating systems, without additional investments in new offshore
wind or nuclear plants. In this pathway, the option of carbon capture
and storage (CCS) is not limited. Although Belgium does not have its
own storage facilities for carbon dioxide (CO,), it is assumed that the
country will have unlimited access to the commercial phase of cross-
border carbon storage in the North Sea and Norway. By contrast, in the
clean molecules pathway, the main assumption is the large-scale import
of synthetic molecules. As in the central pathway, no new nuclear
or offshore wind projects are considered, but access to cross-border
CO, storage is limited to 5 Mt/year, mainly in the Netherlands and
Norway. Finally, the electrification pathway assumes investment in a
high voltage direct current (HVDC) connection to unlock an additional
16 GW of offshore wind potential in other parts of the North Sea,
outside Belgian territorial waters. Furthermore, new investments in
nuclear technologies, primarily small modular reactors, are assumed,
with operation starting from 2045. In this pathway, no restrictions on
CCS are considered. A comparison of the three pathways is presented
in Table 3.

In summary, the central pathway represents a balanced approach
through a mix of decarbonisation options, with electricity costs mainly
driven by CO, pricing. This pathway leads to the highest predicted
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Table 3
Comparison between the electricity price pathways in Belgium [44].
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Parameter Central

Clean molecules Electrification

Achieves net-zero emissions
through a mix of efficiency
enhancement measures,
including building renovation,
more efficient vehicles,

and carbon capture

Not considered

2050 climate goal

New nuclear power technologies

Additional offshore wind power Not considered

Unlimited cross-border
access to CO, storage in
the North Sea and Norway

Carbon capture and storage

Achieves net-zero emissions
primarily through investments
in large-scale electrification
with offshore wind power

and nuclear power technologies

Achieves net-zero emissions
with greater reliance

on imported synthetic
molecules from locations
outside the EU

Investments in

small modular reactors,
operational from 2045
Investments in access to
16 GW offshore wind
outside of the Belgian
territorial waters
Unlimited cross-border
access to CO, storage in
the North Sea and Norway

Not considered

Not considered

Limited cross-border
access of 5 Mt/year to
CO, storage, mainly in the
Netherlands and Norway
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Fig. 3. Comparison of the predicted electricity prices in Belgium under the
central, clean molecules, and electrification pathways.

electricity prices compared to the clean molecules and electrification
pathways. In the clean molecules pathway, lower imported synthetic
fuel costs reduce dependency on high electricity prices, but at the
expense of greater import reliance, resulting in prices lower than those
in the central pathway but higher than in the electrification pathway.
Lastly, the electrification pathway appears most suitable for long-term
energy independence through wind and nuclear energy, leading to
the lowest projected electricity prices compared to the central and
clean molecules pathways. Fig. 3 shows a comparison of the esti-
mated annual electricity prices for the three pathways over the period
2030-2050 [44].

To translate the average annual prices shown in Fig. 3 into hourly
electricity prices, essential for this study for the reasons stated earlier,
historical hourly electricity prices in Belgium from 2016 to 2023, pub-
lished by Elia, were collected and analysed [45]. The years 2016-2023
are selected for the analysis due to the availability of data at the time
this research was carried out.

Subsequently, the correlations between annual, monthly, daily, and
hourly prices in Belgium over the past years were determined. Using
these correlations, the annual prices in each electricity price pathway,
i.e., the central, clean molecules and electrification pathways, were
mapped into hourly prices for each pathway over the period 2030
to 2050. This correlation-based method preserves realistic intra-year
variability by allowing hourly fluctuations around the fixed annual
average, ensuring that not every hour has the same value.

The three-dimensional and averaged two-dimensional monthly-to-
annual ratios for the years 2016 to 2023 are shown in Fig. 4(a) and Fig.
4(b), respectively. Likewise, the three-dimensional hourly-to-monthly
and averaged two-dimensional hourly-to-monthly ratios for the same
years are presented in Fig. 5(a) and Fig. 5(b), respectively.

As shown in Fig. 4, in Belgium from 2016 to 2023, November had
the greatest influence on the annual electricity price, while May had
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Fig. 4. Correlation between monthly and annual electricity prices in Belgium
from 2016 to 2023.

the least impact. The same trend observed in Fig. 4(b) was applied to
the annual prices presented in Fig. 3 to convert the yearly prices into
monthly prices for the period 2030 to 2050. Fig. 5(a) and Fig. 5(b)
illustrate the expected daily pattern, characterised by two peaks: one in
the morning and another in the evening. The morning peak shifts ear-
lier during months with longer daylight, while the evening peak moves
closer to midnight in those same months. This pattern clearly indicates
that electricity prices are largely driven by demand, as the temporal
distribution of prices aligns closely with typical demand profiles. Since
no specific justification exists for the daily-to-monthly ratios, which
primarily serve as a randomiser to distribute the calculated monthly
price across the corresponding month, these ratios are not depicted. It is
worth noting that the minimum error in annual prices among the three
electricity price trajectories described in this section is only 2.56% and
5.33% for 2024 and 2025 in Belgium, respectively, demonstrating that
the trajectories achieve high predictive accuracy [46].
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3. Results

This section analyses the operation of the electrolysers, taking into
account the defined scenarios in Section 2.3 and the estimated hourly
electricity prices from Section 2.4.

3.1. FCO scenario

In the FCO scenario, the hydrogen break-even price is calculated
over the 20-year lifetime of the electrolysers using Egs. (1)-(3). For
the 35 MW electrolyser plant, the hydrogen break-even prices were
calculated at 5.57 €/kgy,, 5.41 €/kgy,, and 4.65 €/kgy, under the
central, clean molecules, and electrification pathways, respectively.
These results align with expectations, as the average electricity price
is lowest under the electrification pathway, followed by the clean
molecules pathway, and highest under the central pathway. The con-
tribution of each factor to the total cost over the 20-year lifetime of the
electrolyser plant is illustrated in Fig. 6.

As shown in Fig. 6, electricity costs remain the dominant expense
driver in all three scenarios, accounting for 86.73%, 86.28%, and
83.93% of total costs in the central, clean molecules, and electrification
pathways, respectively, followed by the CapEx. This outcome supports
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Fig. 7. Effect of £50% parameter variations on the hydrogen break-even price
in the FCO scenario.

the definition of the PAO scenario, in which electrolysers adjust op-
eration to electricity prices and reduce consumption during high-price
periods.

Thereafter, a sensitivity analysis is conducted to identify the most
influential parameters affecting the hydrogen break-even price in the
FCO scenario. To this end, each parameter, namely electrolyser plant
capacity, efficiency, oxygen value, CapEx (including connection costs to
the power and gas grids), OpEx, stack replacement, discount rate, and
degradation rate, was varied by +50% relative to their chosen ranges
specified in Tables 1 and 2. It must be noted that the end-of-life of the
electrolyser, specified in Section 2.3, was kept constant when varying
the degradation rate. Thus, the effect of this parameter on the number
of stack replacements has also been considered. Also, although the
upper bound of some parameters, such as efficiency, exceeds current
technological limits, it is included for sensitivity analysis purposes.

Fig. 7 illustrates the effect of variations of the aforementioned
parameters on the derived hydrogen break-even prices in the FCO
scenario, based on the central, clean molecules, and electrification
pathways.

Across all three electricity pathways, efficiency is the most influen-
tial parameter, as it determines the amount of electricity required for
a given hydrogen output, which accounts for the largest share in the
electrolysis cost breakdown, as shown in Fig. 6. This was followed by
CapEx and degradation rate. In contrast, plant capacity, OpEx, and the
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Fig. 9. Variation of the hydrogen break-even price (€/kgy,) in the clean
molecules electricity price pathway.

discount rate were found to have the least influence on the derived
hydrogen break-even price.

3.2. PAO scenario

Regarding the scenario in which the electrolysers adjust their power
consumption based on electricity market prices, the three parameters
introduced in Section 2.3, namely C;, Cy, and k, were varied within
their respective ranges. For each parameter combination, the dynamic
power consumption and hydrogen production of the electrolysers were
calculated. Figs. 8, 9 and 10 present the results for the central, clean
molecules, and electrification pathways, respectively. As shown, the
lowest hydrogen break-even price in the PAO scenario is obtained with
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the parameter set Cp = 35, Cy = 40, and k = 1 at 4.84 €/kgy, for
the central pathway, C;, = 35, Cy; = 40, and k = 1 at 4.71 €/kgy, for
the clean molecules pathway, and C; = 45, Cy = 30, and k = 1 at
4.12 €/kgy, for the electrification pathway.

Compared to the FCO scenario, the hydrogen break-even price is
reduced in the PAO scenario by 13.10%, 12.93%, and 11.39% for
the central, clean molecules, and electrification pathways, respectively.
This indicates that the PAO scenario is effective in lowering hydrogen
production costs. The effect is most significant in the central pathway,
where higher electricity prices allow the algorithm to achieve greater
cost reductions. Furthermore, obtaining the lowest price at k = 1
in all three pathways shows that the algorithm tends to allocate the
maximum number of hours to the C; and Cy regions, while in the
linearly decreasing region with slope k, illustrated in Fig. 1(b), the
algorithm forces the electrolysers to respond strongly to electricity
prices, thereby achieving the lowest hydrogen break-even price.

The differences in the optimal thresholds C; and Cy across the three
electricity price pathways are directly attributable to the shape of the
respective price distributions, depicted in Fig. 11, which presents the
electricity price distribution curves for each pathway from 2030 to
2050.

The shape of the price distribution curve, depicted in Fig. 11,
reflects the trend of the predicted electricity prices for the three path-
ways, as shown in Fig. 3. While the projected prices for the central
pathway increase from 2040 onwards, those for the electrification
pathway decrease consistently and sharply from 2030 to 2050. A
similar downward trend is observed in the clean molecules pathway,
although its average prices remain higher than those in the electrifica-
tion pathway. As a result, the electrification trajectory exhibits a higher
concentration of hours at lower prices compared to both the central and
clean molecules pathways.

In Fig. 11, for the central scenario, the curve is right-shifted and
exhibits a fatter tail compared to the other two scenarios, indicating a
greater number of hours with higher electricity prices. The PAO algo-
rithm therefore enables maximum power utilisation in the lowest 35%
of price hours (C; = 35%,) and limits electrolyser power consumption
in the highest 40% of price hours (Cy = 40%), resulting in a hydrogen
break-even price of 4.84 €/kgy, .

In the clean molecules pathway, the price distribution shifts mod-
erately downward and to the left relative to the central pathway, with



S. Asiaban et al.

15000
Central

lean molecules|
Electrification

10000

5000

Frequency (Number of hours)

100 150
Electricity price (€/MWh)

200 250

Fig. 11.
fication

Price distribution curves for the central, clean molecule and electri-
electricity pathways.

Clean molecules  Electrification
Electricity price pathway

Central

Fig. 12. Cost breakdown of the PAO scenario.

fewer hours at high prices. Given the similarity in the shapes of the
price distribution curves for the central and clean molecules pathways,
the algorithm converges to the same thresholds, with C; = 35%,
Cy = 40% and k = 1, yielding a hydrogen break-even price of
4.71 €/kgy,. However, it should be noted that although C; and Cy
are equal in both the central and clean molecules pathways, the higher
concentration of hours within the C; range and the lower concentration
within the Cy range in the clean molecules pathway enable the elec-
trolyser to operate for a greater number of hours, resulting in a higher
capacity factor than in the central pathway.

Regarding the electrification pathway, the distribution curve is
more strongly left-shifted than in the central and clean molecules path-
ways, with a substantial concentration of hours at relatively low prices
and fewer hours in the expensive tail. Hence, the algorithm extends
the maximum operation region to C; = 45%, and sets the minimum
power operation region at Cy = 30%. This larger share of low-price
hours allows for greater utilisation at reduced electricity costs, leading
to a hydrogen break-even price of 4.12 €/kgy, .

The contribution of each parameter to the overall cost of hydrogen
production at the optimised points for the central, clean molecules,
and electrification pathways is shown in Fig. 12. As in the FCO sce-
nario, electricity remains the dominant contributor to overall costs,
followed by CapEx. However, comparing Fig. 6 and Fig. 12, it can be
observed that the PAO algorithm reduces the share of electricity costs to
73.42%, 73.06%, and 71.90%, corresponding to decreases of 15.34%,
15.32%, and 14.33% relative to the FCO scenario for the central, clean
molecules, and electrification pathways, respectively.

Finally, a sensitivity analysis was conducted for the optimal cases of
the central, clean molecules, and electrification pathways by varying
the electrolyser plant rated capacity, efficiency, oxygen value, CapEx
(including the connection costs to the gas and power grids), OpEx,
stack replacement cost, discount rate, and degradation rate. Each of
these parameters was varied by +50% relative to the values specified
in Tables 1 and 2, and the results are shown in Fig. 13. When compared
with the FCO scenario sensitivity analysis in Fig. 7, efficiency remains
the most influential parameter. However, the effects of CapEx and
degradation rate become more pronounced due to their higher shares in
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Fig. 13. Effect of +50% parameter variations on the hydrogen break-even
price in the PAO scenario.

hydrogen production costs in the PAO scenario. Plant capacity, OpEx,
and the discount rate remain the least influential parameters.

3.3. FCR scenario

In the FCR scenario, as described in Section 2.3, the electrolysers
provide the symmetric FCR 200 mHz product within the shaded area
shown in Fig. 1(b), responding linearly to frequency deviations within
+200 mHz, except for the +10 mHz deadband around 50 Hz. Therefore,
generating frequency time-series data is required for this scenario. In
well-structured power systems, the annual frequency distribution typ-
ically exhibits a bell-shaped profile, since the frequency remains close
to 50 Hz for most of the time, with deviations becoming increasingly
rare as they move further from 50 Hz. As a result, strong power systems
are characterised by a centred bell-shaped distribution with low prob-
abilities in the tails, whereas weaker power systems may exhibit right-
or left-shifted distributions [47]. In Belgium, the interconnection of its
power system with neighbouring countries such as the Netherlands,
Germany, and France provides strong system support. Accordingly, the
historical frequency data published by Elia confirms the presence of a
bell-shaped distribution [48].

Since only the symmetric FCR 200 mHz product is available in
Belgium, random frequency values between 49.80 and 50.20 Hz are
generated in this article, with the average values following a centred
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bell-shaped distribution. Frequency deviations beyond +200 mHz are
assumed to be rare events and are thus disregarded in this study.
The generated frequency distribution curve used for the FCR scenario
is presented in Fig. 14. This bell-shaped curve provides a balanced
and realistic basis for comparison with the FCO and PAO scenarios.
In addition, consistent with real-world applications, frequency signals
are sampled every 10 s over the 20-year lifetime of the electrolysers.
It is worth noting that, to ensure a fair comparison among the three
electricity price pathways, the same frequency time series is applied
for the central, clean molecules, and electrification trajectories.

In this scenario, priority is given to the PAO algorithm. First, the
price-adaptive algorithm is applied in the linear decreasing region.
Then, based on the operating power determined for the electrolysers,
while accounting for the minimum allowed power of 0.5 MW, the rated
power of 5 MW, and minimum FCR increments of 1 MW, the available
power is calculated, and the corresponding FCR bid is submitted to the
TSO. Using these values, any operating power derived from the PAO
algorithm in the linear decreasing region between 1.5 MW and 4 MW
can serve as the baseload of the electrolyser for FCR provision. After
determining the baseload and P/, the electrolysers adjust their power
consumption based on the measured instantaneous frequency to restore
frequency deviations.

It is worth noting that the remuneration of FCR covers only the
reservation of the capacity dedicated to FCR (P!,), with no remuner-
ation foreseen for the energy supplied, either upward or downward
(Picg) [491.

To avoid complexity, an average price is considered for FCR provi-
sion over the lifetime of the electrolysers. For the same year range as
considered in Section 2.4, the average FCR price in Belgium was found
to be 20.5 €/MWh [50]. Nevertheless, this parameter is also included
in the sensitivity analysis.

By applying the abovementioned constraints, hydrogen break-even
prices of 4.49 €/kgy,, 4.38 €/kgy,, and 3.81 €/kgy, are obtained,
corresponding to reductions of 19.38%, 19.03%, and 18.06% compared
to the FCO scenario in the central, clean molecules, and electrification
electricity price pathways, respectively. These results demonstrate that
combining FCR provision with price-adaptive operation of electrolysers
can not only reduce hydrogen production costs compared to both
the FCO and PAO scenarios, but also contribute to grid stability and
facilitate the integration of additional RESs into the power system.

The cost breakdown of the FCR scenario is presented in Fig. 15.
Similar to the FCO and PAO scenarios, electricity remains the largest
contributor to overall costs, followed by CapEx, across all electric-
ity price pathways. In the FCR scenario, the electricity shares are
73.49%, 73.13%, and 71.98% for the central, clean molecules, and
electrification pathways, respectively. These correspond to reductions
of 15.26%, 15.24%, and 13.77% relative to the FCO scenario for the
central, clean molecules, and electrification pathways. Although the
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Fig. 15. Cost breakdown of the FCR scenario.

reduction in the share of electricity cost is smaller than in the PAO sce-
nario, the additional revenue from FCR provision enables the electrol-
ysers to achieve a lower hydrogen break-even price compared to that
scenario.

A sensitivity analysis was also conducted in which the parameters
plant capacity, efficiency, oxygen value, CapEx (including the connec-
tion costs to the gas and power grids), OpEx, stack replacement costs,
discount rate, and degradation rate, in addition to the FCR price, were
varied by +50% relative to their corresponding ranges in Tables 1
and 2. The results of the sensitivity analysis for the FCR scenario are
shown in Fig. 16. Similar to the FCO and PAO scenarios, the electricity
price has the greatest impact on the hydrogen break-even price. By
contrast, the FCR price has only a minor effect on the hydrogen break-
even price for two reasons. First, given the C; and Cy values in
the three electricity price pathways, the linear decreasing region in
which the electrolysers can provide FCR is relatively small. Second,
considering the rated capacity, minimum capacity, and minimum FCR
step dictated by the TSO, not all operating points within this region are
eligible for FCR provision, particularly since priority is given to the PAO
scenario.

3.4. Comparison of scenarios

Based on the analysis of the 35 MW PEM electrolyser plant under
the FCO, PAO, and FCR scenarios, the lowest hydrogen break-even
price is obtained in the FCR scenario across all electricity price path-
ways, derived from historical and projected Belgian power system data.
This indicates that operating the electrolysers at their rated load may
not be the optimal strategy when the objective is maximising plant
revenue. However, in both the PAO and FCR scenarios, the electrolysers
do not produce hydrogen at their maximum potential output, despite
achieving lower break-even prices. For the most optimal cases across
the three scenarios, the share of produced hydrogen relative to the full
production capacity, along with the corresponding break-even prices,
is shown in Fig. 17. As illustrated, in the PAO scenario, the algorithm
reduces the capacity factor to as low as 55% in the central pathway,
owing to higher electricity prices compared to the other pathways.
In the FCR scenario, because the linearly decreasing region is small
and not all operating points are eligible for FCR provision, and since
the symmetric product can either increase or decrease the power con-
sumption of the electrolyser, nearly the same capacity factors as in the
PAO scenario are obtained across the three pathways. Consequently,
in applications where maximising hydrogen output is the priority, the
PAO and FCR scenarios may be less relevant, and the FCO scenario
becomes the preferred option.

Conversely, the PAO scenario has the potential to make the price of
green hydrogen competitive with hydrogen produced from fossil fuels,
particularly under higher electricity price conditions such as those in
the central pathway. The comparison of cost breakdowns in Figs. 6
and 12 clearly demonstrates that the PAO algorithm nearly equalises
the costs in the central pathway with those in the clean molecules and
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Fig. 16. Effect of +50% parameter variations on the hydrogen break-even
price in the FCR scenario.

electrification pathways. As noted, this effect is achieved by decreasing
the capacity factor from 63.4% in the electrification pathway to 55.0%
in the central pathway. Consequently, when the objective is to produce
green hydrogen at a competitive price with other technologies, the PAO
scenario represents the most favourable option.

On the other hand, in the FCR scenario, besides lowering the
hydrogen break-even price compared to the FCO and PAO scenarios,
electrolysers also support the power system operator in integrating
more intermittent RESs. This is achieved by contributing to grid fre-
quency balancing on short time scales through the provision of ancillary
services. Such an operation mode is particularly valuable in low-inertia
power systems where conventional generators are increasingly being
replaced by RESs. However, the control systems of the electrolyser
become more complex, which may subsequently lead to higher costs
for the associated systems.

Finally, as shown in the sensitivity analyses of all three scenarios,
efficiency is the most influential parameter. This implies that, for
instance, compared with the effect of stack replacement, developing
materials that enhance electrolyser efficiency, such as more conductive
membranes, rather than durability, results in a lower hydrogen produc-
tion cost per kilogramme. This is directly driven by electricity prices,
and in regions with higher electricity costs, such as those represented
by the central pathway, improvements in electrolyser efficiency have
an even more significant impact.
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4. Conclusion

In this article, three operational modes of PEM electrolysers are
investigated: continuous operation at full capacity, operation based on
day-ahead market electricity prices, and operation based on both day-
ahead market electricity prices and grid frequency to provide ancillary
services. Furthermore, considering the characteristics of the Belgian
power system, three future electricity price pathways were analysed
to address uncertainties in electricity price trends, namely the cen-
tral, clean molecules, and electrification pathways. The analysis also
accounted for degradation effects, including the increased power con-
sumption of electrolysers over their lifetime. In addition, EU legislation
for green hydrogen production was considered, which allows electrol-
yser operation based on variable grid electricity prices, provided that
the responsible entity could demonstrate sufficient renewable capacity
in its portfolio. Finally, a sensitivity analysis was conducted for each
scenario to identify the most influential parameters and to decouple
the results from uncertainties associated with parameter selection.

In the FCO scenario, hydrogen break-even prices of 5.57 €/kgy,,
5.41 €/kgy,, and 4.65 €/kgy, were calculated for the central, clean
molecules, and electrification electricity price pathways, respectively,
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with the electrolyser plant operating at a 100% capacity factor through-
out its lifetime.

In the PAO scenario, the algorithm effectively reduced the hydrogen
break-even price to 4.84 €/kgy,, 4.71 €/kgy,, and 4.12 €/kgy, for
the central, clean molecules, and electrification pathways, respectively.
This reduction was achieved by lowering the share of electricity in
the total costs by 15.34%, 15.32%, and 14.33% compared to the
FCO scenario for the respective electricity price trajectories. However,
this optimisation was achieved by lowering the capacity factor of the
electrolysers over the 20-year plant lifetime to 55.0%, 56.2%, and
63.4% for the three electricity price pathways, respectively.

In the FCR scenario, hydrogen break-even prices of 4.49 €/kgy,,
4.38 €/kgy,, and 3.81 €/kgy, were calculated for the central, clean
molecules, and electrification pathways, respectively. In this case, elec-
trolysers supported the grid by providing the symmetric FCR 200 mHz
product, enabling system operators to facilitate the integration of vari-
able RESs generation. The corresponding capacity factors of 55.1%,
56.3%, and 63.4% were observed across the respective electricity price
pathways, which are similar to those obtained in the PAO scenario.
The results demonstrated that, thanks to their fast dynamic response,
PEM electrolysers were capable of delivering FCR while simultaneously
increasing revenues and thereby reducing the hydrogen break-even
price.

Based on the obtained results, it can be concluded that the selected
operational strategy of the electrolysers strongly depends on both the
accurate prediction of future electricity prices and the intended appli-
cation. Although the PAO and FCR scenarios reduced the hydrogen
break-even price across all three electricity price pathways, this re-
duction was achieved at the expense of a lower capacity factor and,
consequently, a lower hydrogen output. Both the reduction in break-
even price and the reduction in capacity factor, relative to the FCO
scenario, were more pronounced under higher electricity prices, as in
the central pathway, where price reductions of 13.10% (PAO scenario)
and 19.38% (FCR scenario) were accompanied by a capacity factor
of approximately 55.0% for both scenarios. In contrast, under lower
electricity prices, as in the electrification pathway, the reductions were
less substantial, with price decreases of 11.39% (PAO scenario) and
18.06% (FCR scenario), and a capacity factor of around 63.4% for
both scenarios, since the algorithm restricted electrolyser operation less
frequently than in the central pathway.

Additionally, based on the sensitivity analysis conducted for the
three scenarios, it can be deduced that investing in materials that
enhance electrolyser efficiency would have a more pronounced impact
on the hydrogen production cost, given the high sensitivity of the
results to efficiency compared to durability-related parameters such as
degradation rate and stack replacement costs.

For future work, modelling the ageing behaviour of PEM electroly-
sers more accurately and integrating it with the approach presented
in this study could improve the reliability of the results. Since the
ageing rate depends on several factors, such as ramp rate, frequency
of power fluctuations, and operating current density, a detailed ageing
model of the PEM electrolyser was excluded to avoid additional com-
plexity and computational burden. Nevertheless, this phenomenon is
important because, for instance, in the FCO scenario, the electrolysers
always operate at full load, which may exhaust critical components
more quickly and increase the degradation rate compared to the PAO
and FCR scenarios, where the units are not continuously at full load.
On the other hand, frequent ramping up and down in the PAO and
FCR scenarios may accelerate ageing relative to the FCO scenario. In
addition, by mimicking the inertial response of PEM electrolysers, the
extent to which they can enhance grid flexibility could be assessed,
helping to determine whether the reduction in hydrogen break-even
price compared to the FCO and PAO scenarios justifies the associated
decrease in electrolyser capacity factor and the increased complexity of
the control systems. Finally, at partial loads, such as those occurring in
the PAO and FCR scenarios, gas crossover and its effects on safety and
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efficiency can be considered. This is important because electro-osmotic
drag scales with proton transport and current density and therefore
decreases at partial load, whereas diffusion is much less sensitive to
current density. Consequently, the impact of diffusion-driven crossover
on efficiency can also be incorporated into the study.

CRediT authorship contribution statement

Siavash Asiaban: Writing — original draft, Visualization, Software,
Methodology, Formal analysis, Conceptualization. Dimitar Bozalakov:
Writing — review & editing, Supervision, Software, Methodology. Arash
E. Samani: Writing — review & editing, Methodology, Conceptualiza-
tion. Lieven Vandevelde: Writing — review & editing, Supervision,
Funding acquisition.

Declaration of generative Al use

During the preparation of this work, the authors used ChatGPT only
to improve the readability and language of the manuscript, not for any
scientific purposes. After using this tool, they reviewed and edited the
content as needed and take full responsibility for the content of the
published article.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
Siavash Asiaban reports financial support was provided by FPS Econ-
omy, Belgium. If there are other authors, they declare that they have
no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Acknowledgements

This work was supported by the MuSE project, funded by the
Energy Transition Fund of the Belgian federal government, managed
by the FPS Economy. The authors would like to gratefully acknowledge
Dr. Simon Vanhove from the Department of European, Public and
International Law, Faculty of Law and Criminology, Ghent University,
for his valuable insights regarding European Union legislation on green
molecules.

Data availability

Any utilised data is appropriately cited in the article.

References

[1] European Commission: Directorate-General for Climate Action, Going climate-
neutral by 2050: A strategic long-term vision for a prosperous, modern,
competitive and climate-neutral EU economy. Publications Office. 2019, https:
//data.europa.eu/doi/10.2834/02074.

Onodera H, Delage R, Nakata T. Systematic effects of flexible power-to-x
a case study from Japan. Energy

[2]
operation in a renewable energy system -
Convers Manag: X 2023;20:100416.

Niroula S, Kafle N, Chitrakar S, Thapa BS. Green hydrogen production from
surplus hydroelectric power: A case study in Nepal. Int J Hydrog Energy
2024;92:527-34.

Yang J, Chi H, Cheng M, Dong M, Li S, Yao H. Performance analysis of hydrogen
supply using curtailed power from a solar-wind-storage power system. Renew
Energy 2023;212:1005-19.

Fabre A, Farivar G, Chambers A. Power system architecture and control for
green hydrogen production via power converter-less photovoltaic-electrolyser
integration. 2024, arXiv preprint arXiv:2407.10075.

Singlitico A, @stergaard J, Chatzivasileiadis S. Onshore, offshore or in-turbine
electrolysis? Techno-economic overview of alternative integration designs for
green hydrogen production into offshore wind power hubs. Renew Sustain Energy
Transit 2021;1:100005.

[3]

[4]

[5]

[6]


https://data.europa.eu/doi/10.2834/02074
https://data.europa.eu/doi/10.2834/02074
https://data.europa.eu/doi/10.2834/02074
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb2
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb2
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb2
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb2
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb2
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb3
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb3
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb3
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb3
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb3
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb4
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb4
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb4
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb4
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb4
http://arxiv.org/abs/2407.10075
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb6
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb6
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb6
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb6
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb6
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb6
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb6

S. Asiaban et al.

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Asanova S, Safaraliev M, Zicmane I, Suerkulov S, Kokin S, Asanova D. Improving
the reliability of the energy balance management process in hybrid power
complexes with green hydrogen and energy storage. Int J Hydrog Energy
2024;61:1485-94.

Samani AE, D’Amicis A, M. De Kooning JD, Bozalakov D, Silva P, Vandevelde L.
Grid balancing with a large-scale electrolyser providing primary reserve. IET
Renew Power Gener 2020;14(16):3070-8.

Gusain D, Cvetkovi¢ M, Bentvelsen R, Palensky P. Technical assessment of large
scale PEM electrolyzers as flexibility service providers. In: 2020 IEEE 29th
international symposium on industrial electronics (ISIE), delft, netherlands. IEEE;
2020, p. 1074-8.

Crespi E, Guandalini G, Mastropasqua L, Campanari S, Brouwer J. Experimental
and theoretical evaluation of a 60 kW PEM electrolysis system for flexible
dynamic operation. Energy Convers Manage 2023;277:116622.

Buttler A, Spliethoff H. Current status of water electrolysis for energy storage,
grid balancing and sector coupling via power-to-gas and power-to-liquids: A
review. Renew Sustain Energy Rev 2018;82:2440-54.

Fell HJ, Chladek P, Wallevik O, Briskeby ST. Flexible production of hydrogen
from sun and wind: challenges and experiences. In: Proc. 18th world hydrogen
energy conf.(WHEC 2010). 2010, p. 112-8.

d’Amore Domenech R, Santiago O, Leo TJ. Multicriteria analysis of seawater
electrolysis technologies for green hydrogen production at sea. Renew Sustain
Energy Rev 2020;133:110166.

Mohammed-Ibrahim J, Moussab H. Recent advances on hydrogen production
through seawater electrolysis. Mater Sci Energy Technol 2020;3:780-807.

Wan L, Moan T, Gao Z, Shi W. A review on the technical development of
combined wind and wave energy conversion systems. Energy 2024;130885.
Egeland-Eriksen T, Sartori S. Techno-economic analysis of the effect of a novel
price-based control system on the hydrogen production for an offshore 1.5 GW
wind-hydrogen system. Energy Rep 2024;11:2633-55.

Zhang Y, Zhang Y, Li Z, Yu E, Ye H, Li Z, Guo X, Zhou D, Wang C, Sha Q, et al.
A review of hydrogen production via seawater electrolysis: Current status and
challenges. Catalysts 2024;14(10):691.

Franco BA, Baptista P, Neto RC, Ganilha S. Assessment of offloading pathways
for wind-powered offshore hydrogen production: Energy and economic analysis.
Appl Energy 2021;286:116553.

Calado G, Castro R. Hydrogen production from offshore wind parks: Current
situation and future perspectives. Appl Sci 2021;11(12):5561.

Luo Z, Wang X, Wen H, Pei A. Hydrogen production from offshore wind power
in South China. Int J Hydrog Energy 2022;47(58):24558-68.

Rettig E, Fischhendler I, Schlecht F. The meaning of energy islands: Towards a
theoretical framework. Renew Sustain Energy Rev 2023;187:113732.

Liith A, Keles D. Risks, strategies, and benefits of offshore energy hubs: A
literature-based survey. Renew Sustain Energy Rev 2024;203:114761.

Zeng Y, Luo M, Qin C, Liu C, Chen B. Investigation on the performance of
proton exchange membrane water electrolyzer coupled with a catalyst layer pore
network model. Energy Convers Manag: X 2024;100523.

Abdin Z, Webb C, Gray EM. Modelling and simulation of a proton exchange
membrane (PEM) electrolyser cell. Int J Hydrog Energy 2015;40(39):13243-57.
Patonia A, Poudineh R. Cost-competitive Green Hydrogen: How to Lower the
Cost of Electrolysers?. (47). The Oxford Institute for Energy Studies; 2022.
Asiaban S, Bozalakov D, Vandevelde L. Development of a dynamic mathematical
model of PEM electrolyser for integration into large-scale power systems. Energy
Convers Manag: X 2024;23:100610.

Hernéndez-Gémez A, Ramirez V, Guilbert D, Saldivar B. Development of an
adaptive static-dynamic electrical model based on input electrical energy for
PEM water electrolysis. Int J Hydrog Energy 2020;45(38):18817-30.

Khan M, Al-Attas T, Roy S, Rahman MM, Ghaffour N, Thangadurai V, Larter S,
Hu J, Ajayan PM, Kibria MG. Seawater electrolysis for hydrogen production: a
solution looking for a problem? Energy & Environ Sci 2021;14(9):4831-9.

14

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Energy Conversion and Management: X 31 (2026) 102037

The Princess Elisabeth artificial energy island. 2025, [Accessed 8 August 2025],
https://www.elia.be/en/infrastructure-projects/princess-elisabeth-island.

Vision and strategy, hydrogen - Belgian Federal Government. 2022, https://
economie.fgov.be.

Cummins using hydrogen technology to enable renewable energy for public
utilities in Washington with the largest PEM electrolyzer in the United States.
2025, Accessed: [Accessed 20 November 2025], https://www.cummins.com/
news/releases.

Erbach G, Svensson S. EU rules for renewable hydrogen delegated regulations on
a methodology for renewable fuels of non-biological origin, European Parliament
(2023). 2023.

Elizetxea-Navarro A, Aizpuru J, Pefa-Sanchez Y, Centeno-Telleria M,
Goikoetxea A, Penalba M. Assessing the impact of PEM electrolyser degradation
for green hydrogen production: Power variability and ageing effects. Energy
Convers Manage 2026;353:121142.

Franz T, Papakonstantinou G, Sundmacher K. Transient hydrogen crossover in
dynamically operated PEM water electrolysis cells — a model-based analysis. J
Power Sources 2023;559:232582.

Zhang J, Li W, Qu Z, Fu J, Zhang G. A general numerical method for cross-
component gas-liquid transport in proton exchange membrane water electrolysis.
Energy Convers Manage 2026;348:120758.

Asiaban S, Bozalakov D, Cornelissen E, Vandevelde L. Offshore hydrogen pro-
duction via the PEM electrolyser coupled with the reverse osmosis system. IEEE
Access 2025;13:161685-708.

Wang C-K, Huang C-H, Shen M-Y, Kuan Y-D. Investigation of five flow
channel designs in PEM electrolysis with titanium felt. Int J Hydrog Energy
2025;139:956-62.

NexantECA, Making money out of thin air: Valorizing the oxygen byproduct
of green hydrogen production. 2024, [Accessed D:20260612], https://www.
nexanteca.com/blog.

Assuncdo R, Eckl F, Ramos CP, Correia CB, Neto RC. Oxygen liquefaction
economical value in the development of the hydrogen economy. Int J Hydrog
Energy 2024;62:109-18.

Hesel P, Braun S, Zimmermann F, Fichtner W. Integrated modelling of European
electricity and hydrogen markets. Appl Energy 2022;328:120162.

EPRI, Technology brief: Water electrolyzer stack degradation. 2022, https://
www.epri.com/research/products.

Technical targets for proton exchange membrane electrolysis - U.S. Department of
Energy. 2025, [Accessed 13 July 2025], https://www.energy.gov/eere/fuelcells/
technical-targets-proton-exchange-membrane-electrolysis.

Lenaerts E, Nijs W, Valkering P. Scenario towards a climate neutral Belgium by
2050. 2024, EnergyVille - VITO.

Laguna JC, Moglianesi A, Vingerhoets P, Lodewijks P. Description of the
EnergyVille TIMES BE model. EnergyVille (2022) 2022.

Elia - Belgian bidding zone day-ahead reference price. 2025, [Accessed 21 Au-
gust 2025], https://www.elia.be/en/grid-data/transmission/day-ahead-reference-
price.

ENTSO-E, Transparency Platform - Electricity generation, transportation and
consumption for the European market. 2026, [Accessed: 20 March 2026], https:
//transparency.entsoe.eu/market.

Zhang Y, Yao W, You S, Yu W, Wu L, Cui Y, Liu Y. Impacts of power grid
frequency deviation on time error of synchronous electric clock and worldwide
power system practices on time error correction. Energies 2017;10(9):1283.
Elia, Frequency and FCR demand. 2025, [Accessed: 20 September 2025], https:
//opendata.elia.be/explore/dataset/ods057.

Elia, Balancing services: FCR - The design for frequency containment reserves
(FCR). 2025, [Accessed: 20 September 2025], https://www.elia.be/en/electricity-
market-and-system/system-services/keeping-the-balance/fcr.

CREG, Study on the functioning and price evolution of the Belgian wholesale
electricity market - Monitoring Report 2023. 2024, [Accessed D:20260612],
https://www.creg.be/nl/publicaties/studie-f2747.


http://refhub.elsevier.com/S2590-1745(26)00520-9/sb7
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb7
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb7
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb7
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb7
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb7
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb7
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb8
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb8
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb8
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb8
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb8
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb9
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb9
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb9
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb9
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb9
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb9
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb9
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb10
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb10
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb10
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb10
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb10
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb11
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb11
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb11
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb11
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb11
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb12
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb12
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb12
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb12
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb12
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb13
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb13
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb13
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb13
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb13
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb14
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb14
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb14
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb15
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb15
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb15
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb16
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb16
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb16
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb16
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb16
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb17
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb17
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb17
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb17
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb17
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb18
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb18
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb18
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb18
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb18
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb19
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb19
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb19
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb20
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb20
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb20
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb21
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb21
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb21
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb22
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb22
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb22
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb23
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb23
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb23
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb23
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb23
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb24
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb24
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb24
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb25
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb25
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb25
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb26
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb26
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb26
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb26
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb26
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb27
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb27
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb27
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb27
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb27
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb28
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb28
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb28
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb28
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb28
https://www.elia.be/en/infrastructure-projects/princess-elisabeth-island
https://economie.fgov.be
https://economie.fgov.be
https://economie.fgov.be
https://www.cummins.com/news/releases
https://www.cummins.com/news/releases
https://www.cummins.com/news/releases
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb32
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb32
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb32
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb32
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb32
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb33
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb33
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb33
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb33
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb33
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb33
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb33
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb34
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb34
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb34
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb34
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb34
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb35
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb35
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb35
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb35
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb35
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb36
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb36
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb36
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb36
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb36
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb37
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb37
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb37
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb37
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb37
https://www.nexanteca.com/blog
https://www.nexanteca.com/blog
https://www.nexanteca.com/blog
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb39
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb39
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb39
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb39
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb39
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb40
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb40
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb40
https://www.epri.com/research/products
https://www.epri.com/research/products
https://www.epri.com/research/products
https://www.energy.gov/eere/fuelcells/technical-targets-proton-exchange-membrane-electrolysis
https://www.energy.gov/eere/fuelcells/technical-targets-proton-exchange-membrane-electrolysis
https://www.energy.gov/eere/fuelcells/technical-targets-proton-exchange-membrane-electrolysis
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb43
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb43
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb43
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb44
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb44
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb44
https://www.elia.be/en/grid-data/transmission/day-ahead-reference-price
https://www.elia.be/en/grid-data/transmission/day-ahead-reference-price
https://www.elia.be/en/grid-data/transmission/day-ahead-reference-price
https://transparency.entsoe.eu/market
https://transparency.entsoe.eu/market
https://transparency.entsoe.eu/market
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb47
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb47
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb47
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb47
http://refhub.elsevier.com/S2590-1745(26)00520-9/sb47
https://opendata.elia.be/explore/dataset/ods057
https://opendata.elia.be/explore/dataset/ods057
https://opendata.elia.be/explore/dataset/ods057
https://www.elia.be/en/electricity-market-and-system/system-services/keeping-the-balance/fcr
https://www.elia.be/en/electricity-market-and-system/system-services/keeping-the-balance/fcr
https://www.elia.be/en/electricity-market-and-system/system-services/keeping-the-balance/fcr
https://www.creg.be/nl/publicaties/studie-f2747

	Techno-economic comparison of PEM electrolyser operation modes under future electricity prices: A Belgian case study
	Introduction
	Methodology
	PEM electrolyser model
	EU legislation
	Defined scenarios
	Electricity price in Belgium

	Results
	FCO scenario
	PAO scenario
	FCR scenario
	Comparison of scenarios

	Conclusion
	CRediT authorship contribution statement
	Declaration of generative AI use
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


