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ABSTRACT 
"Green" hydrogen production via polymer electrolyte membrane (PEM) electrolyzers must over-
come significant energy penalties and high costs to become competitive in renewables-based 
energy systems. Adaptive operating strategies for PEM electrolyzers—by dynamically adjusting 
current density, pressure, and temperature—have demonstrated efficiency improvements in sim-
ple energy systems. However, their effectiveness in the context of complex power-to-X energy 
systems featuring variable downstream synthesis processes remains unclear. This work shows 
that integrated optimization of PEM electrolyzer operating parameters in conjunction with down-
stream methanation processes (MP) delivers substantial system-wide efficiency and cost benefits 
under dynamic hydrogen demand and pressure conditions. To demonstrate this, an equation-ori-
ented process model of a PEM electrolysis system is embedded within a higher-level energy sys-
tem model to compare sequential optimization (where the electrolyzer adapts to predetermined 
MP operating decisions) against integrated optimization (where electrolyzer and MP operating de-
cisions are determined simultaneously). Sequential optimization delivers 7.3% operating cost sav-
ings compared to conventional fixed-parameter operation. In comparison, integrated optimization 
achieves 9.9% cost reductions and 7.8% decreases in electrolysis system electricity consumption. 
Operating pressure emerges as the most critical parameter, with electrolyzer electricity consump-
tion exhibiting markedly higher sensitivity than MP electricity consumption. The analysis reveals 
fundamental trade-offs between component-level and system-level efficiency, demonstrating 
that prioritizing electrolyzer efficiency optimization yields superior system-wide performance. 
These findings establish that system-wide coordination through integrated optimization ap-
proaches substantially enhances the economic viability of "green" hydrogen supply in complex 
power-to-X energy systems.  
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INTRODUCTION 
Polymer electrolyte membrane (PEM) electrolyzers 

enable dynamic integration of hydrogen production into 
renewables-based energy systems [1]. However, en-
ergy-intensive operation and high production costs con-
tinue to impede the competitiveness and large-scale de-
ployment of "green" hydrogen technologies [2]. 

Intelligent operating strategies offer substantial po-
tential to improve both energy and cost efficiency of PEM 
electrolyzers [3]. Two key mechanisms enable these 

improvements: (1) dynamic adjustment of operating pa-
rameters (i.e., current density, pressure, temperature) to 
select the most energy-efficient operating point for each 
load, and (2) information exchange between the electro-
lyzer and downstream hydrogen applications (e.g., end-
use pressure requirements), allowing the electrolyzer to 
adapt its operation accordingly. While these strategies 
may temporarily reduce electrolyzer stack efficiency, 
they yield net system-level gains by reducing hydrogen 
compression energy demand and lowering operating 
cost. 
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These benefits have been demonstrated primarily in 
relatively simple energy systems comprising photovoltaic 
units, a PEM electrolyzer, and hydrogen storage to meet 
a constant hydrogen demand [3]. In contrast, in broader 
power-to-X applications, PEM electrolyzers are coupled 
with various downstream synthesis processes (e.g., 
methanation, Fischer-Tropsch synthesis, Haber-Bosch 
synthesis), which impose time-varying hydrogen de-
mands and variable pressure requirements [4]. Whether 
adaptive operating strategies can deliver comparable 
system-wide efficiency and cost benefits under these 
complex, dynamic conditions remains unclear. 

This work addresses this research gap by extending 
a previously developed electrolyzer process model to ac-
count for downstream methanation process (MP) re-
quirements with variable hydrogen demand and adjusta-
ble operating pressures. Two optimization approaches 
are applied: sequential optimization (where the electro-
lyzer adapts to predetermined methanation process op-
erating decisions) and integrated optimization (where 
electrolyzer and methanation process operating deci-
sions are determined simultaneously). The analysis in-
vestigates how flexible management of electrolyzer cur-
rent density, pressure, and storage utilization affects hy-
drogen production, electricity consumption, and overall 
system operating costs. The specific contributions are 
threefold: (1) characterization of optimal electrolyzer op-
erating strategies in integrated power-to-X energy sys-
tems with dynamic synthesis requirements, (2) quantita-
tive comparison of sequential versus integrated optimi-
zation approaches, and (3) identification of trade-offs 
between component-level efficiency and system-level 
performance, providing insights into the practical poten-
tial of adaptive operating strategies in complex renewa-
ble hydrogen-based energy systems. 

METHODOLOGICAL APPROACH 
The optimal operating strategy of a PEM electro-

lyzer is determined through integrated energy system 
and process optimization. An equation-oriented process 
model of a PEM electrolysis system forms the methodo-
logical core, quantifying the effects of operating param-
eter selection (i.e., current density, temperature, pres-
sure) on electricity consumption. This process model is 
embedded within a higher-level energy system model to 
derive an operational strategy that satisfies hydrogen 
demand from methanation processes, which impose both 
pressure and quantity requirements. The electrolyzer op-
erating strategy encompasses time-variable hydrogen 
production and dynamic operating pressure adjustment.  

Two optimization approaches are analyzed: se-
quential optimization, in which the electrolyzer adapts to 
predetermined methanation requirements, and inte-
grated optimization, in which electrolyzer and 

methanation pressures are determined simultaneously to 
achieve system-level coordination. 
Electrolysis system 

A process model of a PEM electrolysis system [3] 
forms the methodological foundation. The system com-
prises the PEM electrolyzer itself and a multi-stage com-
pressor. Throughout this work, 'electrolyzer' denotes the 
standalone electrolyzer unit, whereas 'electrolysis sys-
tem' encompasses both the electrolyzer and the associ-
ated compressor.  

The operational sequence begins with preheating of 
process water to the target stack operating temperature 
𝑇𝑇�����, followed by the electrolysis reaction within the cell. 
Hydrogen and oxygen, the reaction products, are sepa-
rated through the membrane and subsequently directed 
to the positioned flash units. The separated hydrogen 
stream can be delivered through two outlets. The low-
pressure (LP) outlet supplies hydrogen directly at the op-
erating pressure 𝑝𝑝��� for immediate use, while the high-
pressure (HP) outlet enables compression to elevated 
pressure levels for storage and later use. Both outlets can 
operate simultaneously, allowing flexible allocation be-
tween direct supply and storage.  

 Electrical energy input occurs via the applied cell 
voltage 𝑈𝑈���� and current 𝐼𝐼 to the electrolyzer, as well as 
through compression work 𝑃𝑃���� to the compressor. The 
electrolysis reaction generates waste heat 𝑄̇𝑄�����, which 
can be recovered for preheating process water and ex-
ternal heat-integration applications. When the available 
waste heat proves insufficient for preheating require-
ments, supplementary heating 𝑃𝑃ℎ��� must be provided by 
an electric heating element. 

Cell voltage 𝑈𝑈���� consists of three components: the 
open-circuit voltage 𝑈𝑈���, activation overvoltage 𝑈𝑈���, and 
ohmic overvoltage 𝑈𝑈���. Reduced current densities 𝑗𝑗, de-
creased operating pressures 𝑝𝑝���, and increased temper-
atures 𝑇𝑇����� contribute to lower cell voltage (Eq. (1) [3]).  

𝑈𝑈����(𝑗𝑗,𝑇𝑇�����,𝑝𝑝���) = 
𝑈𝑈���(𝑇𝑇�����,𝑝𝑝���) + 𝑈𝑈���(𝑗𝑗,𝑇𝑇�����) +𝑈𝑈���(𝑗𝑗,𝑇𝑇�����) (1) 

Aggregating all electrical input components yields 
the total electrical energy input to the electrolysis system 
(Eq. (2) [3]). 

𝐸𝐸�̇��� = 𝑈𝑈����𝐼𝐼 + 𝑃𝑃ℎ���(𝑗𝑗,𝑇𝑇�����,𝑝𝑝���) + 𝑃𝑃����(𝑝𝑝���) (2) 

The electrolysis system efficiency 𝜂𝜂�� (Eq. (3) [3]) 
quantifies the ratio of usable hydrogen energy to total 
electrical energy input. Hydrogen energy content is eval-
uated based on the lower heating value 𝐿𝐿𝐿𝐿𝑉𝑉�2

. Diffusion 
and recombination losses 𝑛𝑛̇�2

���� reduce the total hydrogen 
production 𝑛𝑛̇�2

���. Beyond the previously discussed influ-
ences, the electrolysis system efficiency exhibits 
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conflicting parameter dependencies: elevated pressures 
decrease compression work 𝑃𝑃����, whereas decreased 
pressures and elevated current densities minimize hy-
drogen losses 𝑛𝑛�̇2

����. 

𝜂𝜂�� =
����2��̇�2

���(�)−�̇�2
����(�,����)�

�̇��
��

   (3) 

Power-to-X energy system 
The optimal electrolyzer operating strategy is ana-

lyzed within a higher-level energy system configuration 
(Figure 1). This energy system comprises a photovoltaic 
(PV) unit and a grid connection, enabling bidirectional 
electricity exchange (i.e., grid withdrawal during short-
ages and feed-in during PV surplus conditions), the elec-
trolysis system and a hydrogen storage. 

The primary objective of this energy system is to 
satisfy the electricity and hydrogen demands of two 
methanation processes. Hydrogen must be delivered at 
pressure levels between 1 and 20 bar (cf. Scenario defi-
nition). Direct supply via the low-pressure (LP) outlet 
without additional compression can be achieved by 
maintaining an electrolyzer operating pressure suffi-
ciently elevated. Alternatively, hydrogen can be pressur-
ized to 200 bar via the high-pressure (HP) outlet for tem-
porary storage and subsequent withdrawal. This storage 
pathway provides operational flexibility to respond to 
time-variable electricity prices and fluctuating PV gener-
ation patterns. Depending on the optimization mode (cf. 
Scenario definition), direct hydrogen supply via the HP 
outlet is also possible. 

Optimization problem 
Determination of the electrolyzer operating strategy 

requires solving an energy system optimization problem 
(Eqs. (4) [3]). The objective function minimizes total op-
erating costs 𝐶𝐶, representing the balance between elec-
tricity procurement expenditures and feed-in revenues 
(Eq. (4a)). Cost calculation incorporates electricity pur-
chase prices 𝑐𝑐��,�

���, feed-in tariffs 𝑐𝑐��,�����, and corresponding 
energy quantities 𝐸𝐸�̇�,�

���/����, scaled by the time step dura-
tion 𝛥𝛥𝛥𝛥 and the number of aggregated period occurrences 

𝑛𝑛�
� (i.e., scaling aggregated time series costs to annual 

values). 
 min

�,�̇
 𝐶𝐶 = 𝛥𝛥𝛥𝛥 � 𝑛𝑛�

�

�∈�
�𝑐𝑐��,�
���𝐸𝐸�̇�,�

��� − 𝑐𝑐��,�����𝐸𝐸�̇�,������ (4a) 

s.t. 
∑ �𝐸𝐸�̇,�,���� − 𝐸𝐸�̇,�,��� ��∈� + 𝐸𝐸�̇,�

��� − 𝐸𝐸�̇,����� = 𝐸𝐸�̇,�� ,  

∀𝑒𝑒 ∈ ℰ,∀𝑡𝑡 ∈ 𝒯𝒯 
(4b) 

 𝐸𝐸�̇��,H2,�
��� = 𝑛𝑛Ḣ2,�𝐿𝐿𝐿𝐿𝑉𝑉H2

,     ∀𝑡𝑡 ∈ 𝒯𝒯 (4c) 
 𝐸𝐸�̇��,��,��� = 𝑈𝑈����,�𝐼𝐼� + 𝑃𝑃ℎ���,� + 𝑃𝑃����,�,∀𝑡𝑡 ∈ 𝒯𝒯 (4d) 
 

𝐸𝐸�̇�,��,��� = 𝐸𝐸�̇�,��,�
��,��� +

��̇��,��
�� ��̇��,H2,�

�� �

����
�𝑝𝑝��,� −

𝑝𝑝��,�
��� �,            ∀𝑡𝑡 ∈ 𝒯𝒯 

(4e) 

 𝑝𝑝���,� ≥ 𝑝𝑝��,�,         ∀𝑡𝑡 ∈ 𝒯𝒯 (4f) 
 𝐠𝐠�𝐝𝐝, 𝐄̇𝐄� ≤ 𝟎𝟎,  (4g) 
 𝐝𝐝 ∈ 𝒟𝒟 = {𝑇𝑇�����,�,𝑝𝑝���,�, 𝑗𝑗�,𝑝𝑝��,�},  ∀𝑡𝑡 ∈ 𝒯𝒯 (4h) 
 𝐄̇𝐄 ∈ �𝐸𝐸�̇,�,���� ,𝐸𝐸�̇,�,��� ,𝐸𝐸�̇�

���,𝐸𝐸�̇������.  
         ∀𝑘𝑘 ∈ 𝒦𝒦,∀𝑒𝑒 ∈ ℰ,∀𝑡𝑡 ∈ 𝒯𝒯 

(4g) 

Energy balance constraints must be satisfied for all 
energy system components (∀𝑘𝑘 ∈ 𝐾𝐾), energy carriers 
(∀𝑒𝑒 ∈ 𝐸𝐸), and time steps (∀𝑡𝑡 ∈ 𝑇𝑇) through input/output 
power flows 𝐸𝐸�̇,�,�

��/���, ensuring demand requirements 𝐸𝐸�̇,��  
are met (Eq. (4b)). 

Integration of the PEM electrolysis system into the 
energy system model occurs through its input/output 
power flows 𝐸𝐸�̇��,�2,�

��/���  (Eqs. (4c) and (4d)). 
Methanation pressure variation (i.e., hydrogen de-

mand pressure; hereafter termed methanation pressure 
for brevity) is governed by Eq. (4e). The methanation 
process operates at a characteristic curve, which is ob-
tained through a pre-processing step (cf. System as-
sumptions). This characteristic curve provides electricity 
demand changes 𝛥𝛥𝐸𝐸�̇�,����  in relation to methanation pres-
sure changes 𝛥𝛥𝑝𝑝�� for each hydrogen demand level. 
Within the optimization, time-dependent hydrogen de-
mand 𝐸𝐸�̇�,�2,�

��  serves as an exogenous input parameter, 
associated with the corresponding reference electricity 

 
Figure 1. Energy system structure (E: Electricity, LP: Low-pressure, HP: High-pressure, MP: Methanation 
processes, PEM: Polymer electrolyte membrane electrolyzer, PV: Photovoltaic unit). 
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demand 𝐸𝐸�̇�,��,�
��,���  and reference methanation pressure 

𝑝𝑝��,�
��� . By applying linear interpolation, Eq. (4e) determines 

actual electricity demand through the adjustment of 
methanation pressure 𝑝𝑝��,� relative to the reference 
pressure 𝑝𝑝��,�

��� . 
Eq. (4f) ensures that electrolyzer pressure 𝑝𝑝���,� is at 

least equal to the methanation pressure at the low-pres-
sure outlet. 

The constraint vector 𝐠𝐠 encompasses all additional 
restrictions (e.g., energy storage capacities, load limita-
tions, material balances). Decision variables include elec-
trolyzer operating parameters (i.e., temperature 𝑇𝑇�����,�, 
pressure 𝑝𝑝���,�, current density 𝑗𝑗�), methanation pressure 
𝑝𝑝��,�, and input/output power flows 𝐄̇𝐄 of all system com-
ponents. 

Solution of the resulting nonlinear programming op-
timization problem employs the open-source solver 
IPOPT, obtaining a local optimum. Identical initialization 
values are applied across all optimizations to ensure reli-
able, reproducible results and maintain consistency be-
tween different operating modes (cf. Scenario definition). 

SYSTEM ASSUMPTIONS AND SCENARIO 
DEFINITION 

System assumptions 
Weather data from Hamburg, Germany, serves as 

time-dependent input for calculating PV system power 
availability [5]. Additionally, day-ahead electricity market 
prices are utilized, with both data sets based on the year 
2023. Electricity prices comprise purchase prices and 
feed-in tariffs, with feed-in tariffs corresponding directly 
to day-ahead market prices [6]. Purchase prices include 
additional charges for non-household customers (i.e., 
grid fees and taxes) [7]. Hourly year-round data are ag-
gregated into seven representative typical days (24 h 
each) using a hierarchical clustering method [8], yielding 
168 time steps. To account for long-term storage, the 
storage formulation from [9] is applied.  

Based on these temporal input data, pre-processing 
employs the energy system model and optimization ap-
proach from [4] to derive the methanation process oper-
ating strategy and generate an operating characteristic 
curve. The operating strategy provides time-dependent 

hydrogen 𝐸𝐸�̇�,H2,�
��  and electricity demands 𝐸𝐸�̇�,��,�

��,��� , along 
with corresponding methanation pressures 𝑝𝑝��,�

��� , as ex-
ogenous input time series. The operating characteristic 
curve relates methanation pressure variations to electric-
ity consumption across different load levels, enabling 
pressure adjustment according to Eq. (4e).  

Table 1 presents the nominal capacities of all energy 
system components. The sizing of the PEM electrolysis 
system, PV unit and hydrogen storage reflect a cost-op-
timal hydrogen supply configuration [3], while methana-
tion process capacities are derived from [4] with adjust-
ments to match the electrolyzer capacity. The electro-
lyzer is assumed to operate at a maximum current density 
of 2 A/cm² at its nominal capacity of 1 MW [3]. 

Table 1: Nominal capacity of energy system components 
based on [3, 4]. 

Component Nominal capacity 
PEM electrolysis system  MWH2 
PV unit  MW 
Hydrogen storage  MWh 
Methanation processes x  MWCH4  

Scenario definition 
Four optimization modes are defined to investigate 

the influence of integrated operating strategies (Table 2). 
These modes distinguish between the electrolyzer's in-
trinsic operational flexibility and its coordination with 
downstream methanation processes.  

Regarding the electrolyzer, a distinction is made be-
tween fixed state-of-the-art operating parameters (i.e., 
80 °C, 30 bar [3]; 'Ref' cases) and dynamically adjustable 
temperature and pressure within specified limits ('pT-opt' 
cases). The electrolyzer operating range spans 20 to 80 
°C and 1 to 30 bar. 

The optimization modes further differentiate the co-
ordination approach. In the sequential approach ('seq'), 
the methanation process operating strategy (i.e., elec-
tricity demand, methanation pressure) is predetermined 
(𝐸𝐸�̇�,��,��� = 𝐸𝐸�̇�,��,�

��,��� ;𝑝𝑝��,� = 𝑝𝑝��,�
��� ), and the electrolyzer sub-

sequently determines its operating strategy accordingly. 
In the integrated approach ('int'), the electrolyzer operat-
ing strategy and methanation pressure (and conse-
quently electricity demand) are determined 

Table 2: Optimization modes (LP: Low-pressure, MP: Methanation process, EL: Electrolyzer). 

Mode EL LP outlet MP pressure EL temperature EL pressure 
Ref-seq  Fixed  °C  bar 
Ref-int   to  bar  °C  bar 
pT-opt-seq  Fixed  to  °C  to  bar 
pT-opt-int   to  bar  to  °C  to  bar 
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simultaneously, enabling coordinated system-level opti-
mization. Methanation pressure can be adjusted between 
1 and 20 bar [4]. Lower pressure selection necessitates 
additional hydrogen compression within the methanation 
process to achieve the desired reaction pressure. These 
effects are captured in the operating characteristic curve 
derived from the methanation process model [4]. The 
time-dependent hydrogen demand of the methanation 
processes remains fixed across all optimization modes.  

RESULTS AND DISCUSSION 

Operational planning 
Figure 2 illustrates the electrolyzer operating strat-

egies across the four optimization modes, based on cur-
rent density (i.e., load indicator) and operating pressure. 

Current density. The current density of all modes is 
presented as solid lines in the upper part in Figure 2. Cur-
rent density profiles—and thus hydrogen production tim-
ing and quantities—remain largely consistent across all 
optimization modes. High current densities (i.e., high op-
erating loads) predominantly occur during periods of low 
electricity prices (e.g., at 32 h, 100 h) and/or high PV gen-
eration (e.g., at 84 h, 156 h).  

The 'pT-opt-int' (cf. red line) mode exhibits minor 
deviations compared to other modes, with slightly lower 
current densities at certain times (e.g., at 50 h, 124 h) and 
higher values at others (e.g., at 134 h). This reduction 

stems from the electrolyzer's higher electrical efficiency 
at lower loads. Unlike other operating modes, operation 
at these lower loads is enabled by reducing diffusion 
losses through lower pressure, allowing the same usable 
hydrogen production to be maintained despite a lower 
current density. 

Pressure. The lower part in Figure 2 illustrates elec-
trolyzer and methanation pressure as solid and dotted 
lines, respectively.  

The electrolyzer operates at a constant pressure of 
30 bar in both 'Ref-seq' and 'Ref-int' modes by definition 
(cf. blue and orange lines, respectively). In the 'pT-opt-
seq' mode (cf. green lines), pressure is reduced to match 
the methanation pressure within a variable range of ca. 
10 to 20 bar. In all three modes, methanation pressure is 
prescribed exogenously and not optimized. In the 'Ref-
seq' and 'pT-opt-seq' modes, this constraint results from 
the sequential optimization approach, whereas in the 
'Ref-int' mode, the electrolyzer pressure necessarily ex-
ceeds the methanation pressure. Adjusting the electro-
lyzer pressure would not yield efficiency gains in this 
configuration (i.e., the methanation pressure already cor-
responds to the energetically optimal operating point 
from a methanation perspective). 

Pressure optimization behavior differs in the 'pT-
opt-int' mode (cf. red lines). Here, the electrolyzer oper-
ates predominantly at substantially lower pressures be-
tween 1 and 2 bar, with the methanation pressure ad-
justed accordingly. The reduced electrolyzer pressure 

 
Figure 2: Temporal progression of current density, electrolyzer (EL) pressure, and methanation (MP) pressure 
across the four optimization modes. Electricity price (EP), photovoltaic (PV) output, and methanation hydrogen 
input are shown for reference, normalized to their respective maximum values. The blue, orange, and green MP 
pressure curves overlap. 
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increases electrolyzer efficiency, while the lower 
methanation pressure leads to higher electricity con-
sumption in the methanation process. Overall, the abso-
lute electricity savings of the electrolyzer outweigh the 
additional electricity demand of methanation during 
these periods. However, this trade-off is not universally 
beneficial. At isolated times when the electrolyzer oper-
ates at minimum load (e.g., at 20 h, 44 h), no pressure 
reduction is applied. Under these conditions, the abso-
lute electricity savings of the electrolyzer are insufficient 
to compensate for the potential increase in methanation 
electricity consumption, particularly when methanation 
operates at elevated load. 

Hydrogen production and storage. Figure 3 illus-
trates the temporal profiles of hydrogen inflows and out-
flows for production and utilization across all four optimi-
zation modes. Consistent with the current density pro-
files, electrolyzer hydrogen production remains nearly 
identical across all optimization modes (cf. orange and 
blue). As hydrogen demand from the methanation pro-
cesses is additionally inflexible (cf. red and violet), hydro-
gen storage utilization exhibits very similar patterns 
across all modes (cf. green). 

Consistent with current density patterns, the elec-
trolyzer operates highly dynamically, switching between 
full load under favorable conditions (e.g., high PV output 
or low electricity prices) and minimum load under less 

favorable conditions. Full-load periods serve both direct 
methanation supply and hydrogen storage, whereas min-
imum-load periods rely primarily on storage discharge to 
meet methanation demand. This strategy ensures a sta-
ble and continuous hydrogen supply to the methanation 
processes over the entire time horizon. 

All optimization modes except 'Ref-seq' allow the 
electrolyzer to supply hydrogen via both the low-pres-
sure (LP) and high-pressure (HP) outlets. Hydrogen is ei-
ther provided exclusively via the LP outlet (i.e., for direct 
methanation supply) or simultaneously via both outlets 
(i.e., for methanation supply and storage). At no point is 
hydrogen supplied solely via the HP outlet. This indicates 
that compression to 200 bar for storage is energetically 
unfavorable compared to direct supply at lower pressure 
levels, leading to a clear preference for maximizing direct 
hydrogen utilization. 

Nevertheless, hydrogen storage remains economi-
cally attractive during periods of high PV availability 
and/or low electricity prices. The additional energy de-
mand for compression is accepted during these periods, 
even though the electrolyzer capacity would, in principle, 
be sufficient to supply the methanation processes con-
tinuously without storage reliance. 

The 'pT-opt-int' mode exhibits minor storage differ-
ences compared to other modes. At isolated time steps, 
less hydrogen is supplied via the HP outlet and thus 

 
Figure 3: Temporal profiles of hydrogen inflows and outflows for production and utilization across all four 
optimization modes (EL: Electrolyzer, LP: Low-pressure outlet, HP: High-pressure outlet, MP: Methanation 
process). 
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stored (e.g., at 60 h, 74 h). Over the entire period, only 
21.3% of the produced hydrogen is provided via the HP 
outlet in the 'pT-opt-int' mode, compared to 23.3% in the 
'Ref-int' mode and 24.2% in the 'pT-opt-seq' mode. As 
the 'pT-opt-int' mode operates the electrolyzer at signif-
icantly lower pressures, the subsequent compression ef-
fort is correspondingly higher. For specific time steps, the 
benefits of storage don’t outweigh this increased com-
pression energy demand, rendering high-pressure oper-
ation economically unattractive more frequently com-
pared to the other modes. 

Discussion. The optimization mode does not funda-
mentally influence the electrolyzer operating strategy 
with respect to current density. Instead, electrolyzer op-
eration is primarily driven by cost-optimal production 
conditions, such as low electricity prices or high PV avail-
ability, rather than by temporal hydrogen demand. As a 
result, hydrogen production profiles and storage utiliza-
tion remain largely consistent across all optimization 
modes, ensuring a stable hydrogen supply to the 
methanation processes despite highly dynamic electro-
lyzer operation. 

Regarding pressure, the results indicate that the 
electrolyzer tends toward the lowest feasible operating 
pressure when sufficient flexibility is available. When in-
tegrated optimization is applied, information exchange 
between the electrolyzer and the methanation processes 
enables the determination of an energy- and cost-effi-
cient hydrogen pressure at the overall system level. This 
leads not only to increased electrolyzer efficiency but 
also to changes in hydrogen routing, with a clear prefer-
ence for direct low-pressure supply and a reduced reli-
ance on energy-intensive high-pressure storage. 

Consequently, integrated optimization approaches 
can yield substantial deviations from sequential ap-
proaches in optimal operating parameters, including 
pressure levels and storage usage. Although such ap-
proaches require increased planning effort and infor-
mation exchange, they can enhance system-wide effi-
ciency and contribute to a more cost-effective hydrogen 
supply and overall energy provision from an integrated 
energy system perspective. 

Costs and electricity consumption 
The economic and energetic implications of these 

operational strategies are quantified through operating 
cost and electricity consumption. Figure 4 presents the 
operating cost of the overall energy system as well as the 
electricity consumption of the electrolysis system and 
the methanation processes for all modes. 

Compared to the reference case 'Ref-seq', the 'Ref-
int' mode achieves operating cost savings of 2%. These 
savings are primarily attributable to the availability of the 
low-pressure outlet, which eliminates the need to com-
press the entire hydrogen output. As a result, the 

electricity consumption of the electrolysis system is re-
duced by 2.7%, while the electricity demand of the 
methanation processes remains unchanged. 

The 'pT-opt-seq' mode enables 7.3% savings in total 
operating cost. These savings mainly result from reduc-
ing the electrolyzer operating pressure to the methana-
tion pressure and optimizing the operating temperature. 
Both adaptions increase electrolyzer efficiency and re-
duce the electrolysis system's electricity consumption by 
5.3%. As in the previous case, no impact on the electricity 
consumption of the methanation processes is observed.  

Figure 4. Operating cost and electricity consumption of 
the electrolysis system (EL) and methanation processes 
(MP) across all optimization modes. 

The 'pT-opt-int' mode yields the highest operating 
cost savings, amounting to 9.9%. A further decrease in 
operating pressure drives the additional reduction com-
pared to the 'pT-opt-seq' mode, as the methanation 
pressure is also adjusted under integrated optimization. 
While this results in a 7.8% reduction in the electricity 
consumption of the electrolysis system, the lower 
methanation pressure leads to an increase in the electric-
ity demand of the methanation processes. In absolute 
terms, however, the electricity savings achieved by the 
electrolyzer outweigh the additional electricity consump-
tion of the methanation processes. 

Discussion. No single operating strategy is uni-
formly optimal for all energy system components within 
the analyzed energy system configuration. Instead, 
achieving a system-wide optimum requires balancing the 
differing sensitivities of the involved processes. In the 
considered optimization modes, electrolyzer electricity 
consumption is markedly more sensitive to operating 
pressure than methanation process electricity consump-
tion. Consequently, operating strategies that prioritize 
electrolyzer performance—while accepting minor effi-
ciency losses in methanation processes—prove advanta-
geous from a system perspective. While sequential opti-
mization approaches already enable noticeable cost and 
energy savings, the results demonstrate that additional 
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benefits can be realized through integrated planning by 
explicitly accounting for interactions between electro-
lyzer and methanation operation. 

CONCLUSIONS 
"Green" hydrogen production via PEM electrolyzers 

remains energy- and cost-intensive, limiting the compet-
itiveness of renewable hydrogen-based energy systems. 
While adaptive operating strategies have demonstrated 
efficiency improvements in simple systems with constant 
hydrogen demand, their effectiveness in complex power-
to-X configurations with dynamic downstream synthesis 
processes and variable pressure requirements has re-
mained unclear. This study addresses this research gap 
by analyzing integrated optimization of PEM electrolyzer 
parameters in conjunction with downstream methanation 
processes, demonstrating that operating cost reductions 
of up to 9.9% are achievable compared to conventional 
fixed-parameter operation, with electrolysis system elec-
tricity consumption reduced by 7.8%. 

Sequential optimization approaches, which adjust 
electrolyzer parameters independently based on prede-
termined downstream requirements, achieve 7.3% oper-
ating cost savings. In contrast, integrated optimization 
approaches that simultaneously coordinate electrolyzer 
and methanation operating conditions achieve an addi-
tional 2.6%-point reduction. This superior performance 
stems from the bidirectional information exchange be-
tween system components, enabling the determination 
of system-wide optimal operating pressures rather than 
component-specific set points. The operating pressure 
emerges as the most critical parameter, with electrolyzer 
electricity consumption exhibiting markedly greater sen-
sitivity to pressure variation than methanation process 
electricity consumption. This results indicates that sys-
tem-level optimization should prioritize electrolyzer effi-
ciency, even at the cost of minor electricity consumption 
penalties in downstream synthesis processes. 

These findings demonstrate the significant potential 
of system-wide optimization approaches for enhancing 
the cost-competitiveness of "green" hydrogen supply. 
Implementing control architectures that enable real-time 
coordination between electrolyzers and downstream 
synthesis units offers substantial economic benefits, par-
ticularly when electrolysis systems are designed for wide 
operating pressure ranges to fully exploit efficiency opti-
mization potential. Future research should extend this 
analysis to additional synthesis pathways (e.g., Fischer-
Tropsch synthesis and Haber-Bosch synthesis) to further 
enhance the system-level efficiency and economic via-
bility of renewable hydrogen-based energy systems. 

DIGITAL SUPPLEMENTARY MATERIAL 

The model code and input data will be made availa-
ble later in an online repository. 

ACKNOWLEDGEMENTS 
This work is funded by dtec.bw – Digitalization and 

Technology Research Center of the Bundeswehr. The 
support is gratefully acknowledged. dtec.bw is funded by 
the European Union – NextGenerationEU. 

REFERENCES 
1. Majumdar A, Haas M, Elliot I, Nazari S. Control and 

control-oriented modeling of PEM water 
electrolyzers: a review. International Journal of 
Hydrogen Energy 48:30621-30641 (2023). 
https://doi.org/10.1016/j.ijhydene.2023.04.204 

2. Balcombe P, Chatenet M, Deseure J, Schäfer H, 
Staffell I. Markets and costs for hydrogen 
electrolysis. Green Energy and Technology :235-
256 (2024). https://doi.org/10.1007/978-3-031-
62411-7_9 

3. Bornemann L, Lange J, Kaltschmitt M. Optimizing 
temperature and pressure in PEM electrolyzers: a 
model-based approach to enhanced efficiency in 
integrated energy systems. Energy Conversion and 
Management 325:119338 (2025). 
https://doi.org/10.1016/j.enconman.2024.119338 

4. Wang Y, von der Assen N, Zhang Q. A 
decomposition method for optimizing the operation 
of power-to-X energy systems with detailed 
process models. (2025) 
https://doi.org/10.2139/ssrn.5421994 

5. Pfenninger S, Staffell I. Long-term patterns of 
european PV output using 30 years of validated 
hourly reanalysis and satellite data. Energy 
114:1251-1265 (2016). 
https://doi.org/10.1016/j.energy.2016.08.060 

6. Bundesnetzagentur, SMARD.de. Market data. 
(2024) . 

7. Eurostat. Electricity prices for non-household 
consumers - bi-annual data (from 2007 onwards). 
(2024) https://doi.org/10.2908/NRG_PC_205 

8. Hoffmann M, Kotzur L, Stolten D. The pareto-
optimal temporal aggregation of energy system 
models. Applied Energy 315:119029 (2022). 
https://doi.org/10.1016/j.apenergy.2022.119029 

9. Kotzur L, Markewitz P, Robinius M, Stolten D. Time 
series aggregation for energy system design: 
modeling seasonal storage. Applied Energy 
213:123-135 (2018). 
https://doi.org/10.1016/j.apenergy.2018.01.023 

© 2026 by the authors. Licensed to PSEcommunity.org and PSE 
Press. This is an open access article under the creative com-
mons CC-BY-SA licensing terms. Credit must be given to creator 

https://doi.org/10.1016/j.ijhydene.2023.04.204
https://doi.org/10.1007/978-3-031-62411-7_9
https://doi.org/10.1007/978-3-031-62411-7_9
https://doi.org/10.1016/j.enconman.2024.119338
https://doi.org/10.1016/j.energy.2016.08.060
https://doi.org/10.1016/j.apenergy.2022.119029
https://doi.org/10.1016/j.apenergy.2018.01.023


 

Technology et al. / LAPSE:2026.0248 Syst Control Trans 5:369-377 (2026) 377  

and adaptations must be shared under the same terms. See 
https://creativecommons.org/licenses/by-sa/4.0/ 

 


