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ABSTRACT

The use of waste heat from electrolysis can significantly increase process efficiency. Alkaline and
PEM electrolyzers, the most mature technologies, produce low-temperature waste heat. Most
studies focus on using this waste heat for low-temperature applications like district heating. Al-
ternatively, this waste heat can be upgraded to a temperature that can be usable in the chemical
industry, e.g., for steam generation. The combination of an alkaline electrolyzer with a heat pump
has been recently investigated to supply both hydrogen and medium-temperature heat. Optimiz-
ing electrolyzers for both hydrogen and heat production (combined design) has been shown to
have advantages over optimizing for hydrogen only and upgrading the waste heat a posteriori
(separate design). However, the effects of electrolyzer pressure and hydrogen compression were
not considered, and it remains unclear if similar benefits apply to PEM electrolyzers. This work
further analyzes the combined system (i.e., electrolyzer with a heat pump) by including hydrogen
compression and comparing alkaline and PEM electrolyzers. The results show that designing with
waste-heat utilization in mind benefits both alkaline and PEM at low and high pressures. The com-
bined design allows up to 10% cost reduction and up to fourfold reduction in CO2 emissions com-
pared to the separate design. However, this benefit is constrained by the maximum achievable
current density, particularly for PEM. Despite this limitation, the combined system can effectively
supply hydrogen and heat across various energy price scenarios, making it a promising solution
for hydrogen supply and industrial electric heating.
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INTRODUCTION

Waste-heat recovery from alkaline and PEM electro-
lyzers has been widely studied for low-temperature heat
applications (below 100°C), like district heating [1]. How-
ever, upgrading electrolyzer waste heat to meet medium-
temperature heat demand (e.g., up to 200°C) is less ex-
plored, despite recent advancements in heat pump tech-
nologies that enable reaching these temperature levels
[2]. Moreover, waste-heat utilization is usually added a
posteriori after optimizing the electrolyzer for hydrogen
production only, which may limit its benefits.

In our previous work [3], we recently explored the
advantages of designing an atmospheric alkaline electro-
lyzer for waste-heat utilization, optimizing for both hy-
drogen and heat production. This new design approach
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provided further benefits over using the waste heat a
posteriori. Additionally, upgrading waste heat to higher
temperatures via heat pumps was found to be preferable
over direct use at lower temperatures (e.g., district heat-
ing) when heat at both temperatures is required.

However, this previous study did not consider the
effects of electrolyzer pressure or the integration with
downstream processes: In most industrial applications,
hydrogen is required at high pressures (e.g., up to 250
bar for chemical synthesis [4]), requiring a compression
step and thus increasing cost and energy demand. More-
over, the same analysis should be extended to PEM elec-
trolyzers, another well-established technology that is
drawing increasing interest thanks to its potential for
flexible operation.

In this work, we thus further investigate the potential
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of combined systems to supply both hydrogen and me-
dium-temperature heat. To address the aforementioned
shortcomings, we analyze the impact of electrolyzer op-
erating pressure, incorporate hydrogen compression,
and compare alkaline and PEM electrolyzers.

SYSTEM DESCRIPTION

The combined system consists of three main units,
i.e., a water electrolyzer, a multi-stage compressor with
intercooling and a heat pump. The electrolyzer is com-
posed of 26 modules, each one capable of producing 72
kg/h of hydrogen [3]. The hydrogen is subsequently
compressed to the required pressure in the multi-stage
compressor. Finally, a closed-loop compression heat
pump is used to upgrade the electrolyzer waste heat to a
higher temperature level. Potential working fluids for
achieving the target temperature lift include COz, argon,
and air.

Such a combined system is able to supply around
1.9 t/h of hydrogen at 75 bar (suitable for methanol pro-
duction [4]) and heat at 120°C (capable of producing low-
pressure steam [2]), thus being an alternative to other
electric heating technologies, such as direct electric boil-
ers or air-source heat pumps.

For low-pressure (LP) electrolysis (alkaline and PEM
at 1 bar), a multistage compressor with 5 stages is used,
whereas for high-pressure (HP) electrolysis (PEM at 30
bar), a single-stage compressor is used. Intercooling to
35°C is considered between stages and before and after
the compression step.

METHODOLOGY

Model

The backbone of the mathematical model is based
on our previous work [3], which includes the polarization
curve of an alkaline electrolyzer, the thermal model of the
electrolyzer stack, and the efficiency-based model of dif-
ferent electric heating technologies (heat pump and di-
rect electric boiler). The heat pump, operating at 40% of
the maximum COP (i.e., Carnot cycle), achieves COP val-
ues ranging from 2.2 to 5.2.

For this work, the polarization curve [5] and Faraday
efficiency [6] of a PEM electrolyzer and a multi-stage
compressor model based on a fixed isentropic efficiency
per stage are added. The molar enthalpies and entropies
are computed using data from the CoolProp library [7].
Therefore, the effect of the pressure is captured in the
electrolyzer and the compression stage.

Performance evaluation

The performance is evaluated according to two in-
dicators: the levelized cost of hydrogen (LCOH) and the
net CO2 emissions (NetCOy).

The LCOH (Equation (1)) evaluates the total hydro-
gen production expenses over the system’s lifetime (20
years) considering revenue from heat sales. Electrolyzer
investment costs are taken from Cooper et al. [8], and
replacement costs at the end of the tenth year are con-
sidered. Electricity and heat prices are based on the av-
erage EU-27 prices (2016-2020) [9]. The rest of model
parameters are taken from our previous work [3].
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Figure 1. Design of the combined system (left), i.e., electrolyzer with a heat pump, using a separate design (gray)
and a combined design (blue), and superstructure diagram of the hydrogen and heat supply network (right). The
indicated areas refer to the system boundary considered in the optimization. The circled outputs are fixed.
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The NetCO: (Equation (2)) accounts for the emis-
sions due to electricity consumption of the different units
u (i.e., electrolyzer, compressors, etc.) and the emissions
avoided due to the heat output from electric heating
technologies (i.e., heat pump and direct electric boiler),
which is assumed to replace heating via natural gas.

Emele(ZuPu)_Emgas(ZuQu) (2)

MH2

NetCO, =

For simplicity, the cooling requirements in the com-
pression unit are excluded from the evaluation as they
are small compared to those of the electrolyzer (up to
14% of the waste heat). However, the higher temperature
level of the heat from compressor intercooling (140-
150°C) makes it a potentially valuable additional heat
source, which could further enhance system efficiency.

System design and optimization

We compare the conventional separate design of
the combined system, i.e., a posteriori coupling (see Fig-
ure 1 left, gray box), with the combined design approach
that explicitly incorporates waste-heat utilization (blue
box). In both design approaches, we optimize the system
for both cost and emissions.

Additionally, we use a superstructure optimization
problem to determine the optimal hydrogen and heat
supply network, considering various electric heating al-
ternatives, namely air-source heat pumps and direct
electric boilers (see Figure 1 right). A hydrogen-to-heat
demand ratio of one is considered, where the hydrogen
energy content is computed using the higher heating
value (HHV).

The electrolyzer optimization variables and the main
model parameters are given in Table 1 and Table 2, re-
spectively. Note that the COP of the heat pump is deter-
mined by the electrolyzer operating temperature and the
sink temperature [3].

Table 1: Electrolyzer optimization variables.

Variables Alkaline PEM
Temperature 50-90°C 50-90°C
Current density 0.2-1Acm?? 0.5-3 Acm™
Table 2: Summary of the main model parameters.
Variable Value
Compressor isentropic efficiency 0.8
Electric boiler efficiency 0.98
Discount rate 5%
Oo&M 2% of the CAPEX
Operating hours 8000 h/y
Electricity price 79.2 €/MWh
Heat price 30.7 €/MWh

Electricity emission factor
Heat emission factor

0.164 kg/MWh
0.244 kg/MWh
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RESULTS AND DISCUSSION

Designing for waste-heat utilization

Optimal combined system designs

The performance of combined systems optimized
using the different design approaches are shown in Fig-
ure 2. The results are consistent with our previous work
on atmospheric alkaline electrolyzers only [3]: also for LP
and HP PEM electrolyzers, the separate design leads to
suboptimal solutions, whereas the combined design al-
lows optimal trade-offs between cost and emissions, de-
pending on the heat output of the system.

In terms of the electrolyzer operating conditions, the
combined design leads to more compact electrolyzers
with higher current densities, because the additional
waste heat can be valorized. Moreover, operating at a
higher pressure increases the optimal current density.
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Figure 2. Trade-off between levelized cost of hydrogen
(LCOH) and net CO2 emissions for the combined system
with alkaline (top) and PEM (bottom) electrolyzers. Both
cost and emissions are given per kg of hydrogen and
consider sales revenues and avoided burden,
respectively, for the generated heat.

When minimizing costs, the combined systems
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Figure 3. Percentage cost reduction of the combined design over the separate design of the combined system
based on alkaline (left) and HP PEM (right) at different energy prices. The blue area indicates the area where both
designs have the same cost. The red area indicates an area of unlikely price combinations, in which the heat price
is higher than the electricity price. The squares indicate average price in different EU countries in 2016-2020 [9].

based on PEM are more expensive than those based on
alkaline, mainly due to their higher CAPEX. Remarkably,
HP PEM allows lower cost than LP PEM because (i) the
increase in CAPEX due to the pressure factor of 1.2 is off-
set by an 80% reduction in compression costs (saving
nearly 40 M€), and (ii) the higher waste heat available re-
sulting from operation at higher current density is valor-
ized via the heat pumps.

When minimizing emissions, the combined designs
allow significant emission reductions but are generally
more expensive than the separate designs (filled vs. un-
filled green triangles). This is because in the separate de-
signs, the optimizer selects an electrolyzer with the high-
est efficiency in terms of electricity consumption (highest
temperature and lowest current density), significantly re-
ducing the electrolyzer OPEX in exchange of a slight in-
crease in CAPEX. However, for HP PEM, the increase in
CAPEX is substantially higher due to the pressure factor,
making it more expensive than in the combined design.

Cost benefits over a posteriori coupling

The observed benefit of combined design over sep-
arate design holds across various energy price scenarios,
especially when electricity prices are low and heat prices
are high (see Figure 3). This is evident in the alkaline sys-
tem, where straight contour lines are observed. However,
for PEM systems, curved contour lines appear due to the
upper bound on current density.

The higher the current density in the combined de-
sign compared to the separate design, the higher the
benefit. For alkaline, optimal current densities are typi-
cally achieved in the middle of the allowable current den-
sity range. In contrast, for PEM, the optimal current den-
sities often reach the upper bound, limiting the system’s
Galvan-Cara et al. / LAPSE:2025.0484

Syst Control Trans 4:2063-2068 (2025)

heat output and, consequently, the heat sales. This limi-
tation is more pronounced in the HP PEM system, where
higher current densities are required (Figure 3 right). This
suggest that to fully unlock the potential of waste-heat
utilization from electrolysis, even higher achievable cur-
rent densities would be desirable.

Emission benefits over a posteriori coupling

The analysis across various CO2 emission factors
show similar results: The combined design outperforms
the separate design, especially at low electricity emission
factors and high heat emission factors (up to fourfold re-
duction). While designing with waste-heat utilization in
mind offers limited advantages at low heat emission fac-
tors (e.g., heat from biomass), heat is currently still mainly
supplied by fossil sources like natural gas. Thus, the com-
bined design remains beneficial in most current scenar-
ios.

Hydrogen and heat supply networks

Optimal supply networks

The cost-optimal hydrogen and heat supply net-
works to supply a methanol production process and gen-
erate steam are depicted in Figure 4. The combined sys-
tem is the main heat supplier in all the optimal networks,
which showcases the potential of the system to contrib-
ute to industrial electric heating.

There are no significant differences between the
different electrolyzer systems. In all optimal combined
systems, the electrolyzer operates at the highest tem-
perature and current density allowed. The slight discrep-
ancy in the amount of heat supplied is due to the different
polarization curve (alkaline vs. PEM) and the different
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Figure 5. Optimal hydrogen and heat supply networks based on PEM: Pareto front (left) and heat contribution of
the combined system in the Pareto-optimal solutions (right).
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operating pressure (LP vs. HP).

The air-source heat pump supplies the remaining
heat. This technology is preferred over the direct electric
boiler for better efficiency and cost advantages from
economies of scale.
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Figure 4. Cost-optimal heat supply networks when using
different electrolyzers.

In this work, different heat pumps are considered for
each heat source. However, utilizing a heat pump with
multiple heat sources (e.g., waste heat, compressor in-
tercooling, and ambient air), could further enhance effi-
ciency, reduce reliance on a single heat source, and in-
crease process reliability. Nonetheless, a cost analysis is
necessary to ensure an effective heat supply.

Contribution of the combined system

The cost of the supply network is significantly af-
fected by the amount of heat supplied by the combined
system (see Figure 5). While reducing its heat output (i.e.,
decreasing current density) can lower the net emissions,
it also substantially increases costs.
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The cost reduction potential compared to the mini-
mum emissions solution depends on the upper bound of
the current density. When considering a reduced upper
bound of current density (0.7 A/cm2 for alkaline and 2
A/cm2 for PEM), the cost-optimal solutions result in a
higher minimum cost (unfilled circles in Figure 5). There-
fore, further advances in electrolyzer development to op-
erate at higher current densities are desirable.

Sensitivity analysis
A sensitivity analysis is conducted to assess the im-
pact of electrolyzer investment costs and energy prices
(i.e., electricity and heat) on the optimal supply network
design and cost. The combined hydrogen and heat sup-

ply network is re-optimized for each parameter value.
1 PEM HP

PEM LP Alkaline

CAPEX electrolyzerf ]
Heat price| [ ]
Electricity price | —

CAPEX electrolyzert
Heat price
Electricity price

CAPEX electrolyzert
Heat pricer
Electricity price
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Figure 6. Influence of +30% changes in the electrolyzer
CAPEX, heat price and electricity price on the optimal
levelized cost of hydrogen.

The optimal combined system design remains unaf-
fected by these parameters, indicating the robustness of
the system across a wide range of scenarios. Nonethe-
less, the resulting cost varies depending on the specific
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parameter being considered (see Figure 6).

Electricity price has the biggest impact due to the
high contribution of OPEX in the cost breakdown. Con-
versely, investment cost has the lowest influence be-
cause of the lower contribution of CAPEX.

The influence of electricity and heat prices is similar
across the three electrolyzer systems. However, the in-
vestment cost has a greater influence on PEM compared
to alkaline systems, as PEM are more expensive.

CONCLUSIONS

The combined system, i.e., electrolyzer with a heat
pump, was analyzed for supplying hydrogen to a metha-
nol production process while producing heat suitable for
steam production. Waste-heat upgrading from alkaline
and PEM electrolyzers offer similar benefits, with the
choice depending on the hydrogen needs. Alkaline elec-
trolyzers are cost-effective for large-scale production,
while PEM electrolyzers, despite higher upfront costs,
provide higher hydrogen purity and flexibility.

Optimizing electrolyzers for both hydrogen and heat
production is more beneficial than using the waste heat
a posteriori from an electrolyzer optimized solely for hy-
drogen production. This new approach leads to more
compact electrolyzers with higher current densities, re-
ducing costs by up to 10% and CO2 emissions by four
times. Therefore, increasing the maximum achievable
current densities can improve waste-heat utilization. The
effect of the electrolyzer operating pressure is not signif-
icant, as the increase in CAPEX is offset by the reduced
compression requirements (about 80% cost reduction).

The combined system is always selected over alter-
native electric heating technologies in the optimal hydro-
gen and heat supply networks. Notably, its optimal de-
sign remains consistent despite uncertainty in electro-
lyzer investment cost and energy prices, with electricity
price having the biggest impact. Conversely, electrolyzer
investment cost has the lowest impact, being higher for
PEM than for alkaline.

Further research can investigate the detailed cou-
pling of electrolyzers and heat pumps using flowsheet
models. This analysis will help retrofit existing electro-
lyzer installations and contribute to the optimal waste-
heat utilization of future energy systems.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge
through Internal Funds KU Leuven (STG/22/060).

funding

REFERENCES

1. vander Roest E, Bol R, Fens T, van Wijk A.
Utilisation of waste heat from PEM electrolysers —

Galvan-Caraetal. /| LAPSE:2025.0484

Unlocking local optimisation. Int J Hydrogen Energy
48(72):27872-27891 (2023)
https://doi.org/10.1016/j.ijjhydene.2023.03.374

2. Klute S, Budt M, van Beek M, Doetsch C. Steam
generating heat pumps — Overview, classification,
economics, and basic modeling principles. Energy
Convers Manag 299:117882 (2024)
https://doi.org/10.1016/j.enconman.2023.117882

3. Galvan-Cara AL, Bongartz D. Rethinking
electrolyzer design for optimal waste-heat
utilization. Submitted for publication (2024).
Preprint: https://doi.org/10.1149/0SF.I0/BCVW4

4. Mucci S, Mitsos A, Bongartz D. Power-to-X
processes based on PEM water electrolyzers: A
review of process integration and flexible
operation. Comput Chem Eng 175:108260 (2023)
https://doi.org/10.1016/j.compchemeng.2023.1082
60

5. Chung DH, Graham EJ, Paren BA, Schofield L,
Shao-Horn Y, Mallapragada DS. Design space for
PEM electrolysis for cost-effective H2 production
using grid electricity. Ind Eng Chem Res 63 (2024)
https://doi.org/10.1021/acs.iecr.4c00123

6. Yodwong B, Guilbert D, Phattanasak M,
Kaewmanee W, Hinaje M, Vitale G. Faraday’s
efficiency modeling of a proton exchange
membrane electrolyzer based on experimental
data. Energies 13(18):4792 (2020)
https://doi.org/10.3390/en13184792

7. Bell, I. H., Wronski, J., Quoilin, S. & Lemort, V. Pure
and pseudo-pure fluid thermophysical property
evaluation and the open-source thermophysical
property library CoolProp. Ind Eng Chem Res 53,
2498-2508 (2014)
https://doi.org/10.1021/ie4033999

8. Cooper N, Horend C, Roben F, Bardow A, Shah N. A
framework for the design & operation of a large-
scale wind-powered hydrogen electrolyzer hub. Int
J Hydrogen Energy 47(14):8671-8686 (2022)
https://doi.org/10.1016/.ijjhydene.2021.12.225

9. Vieren E, Demeester T, Beyne W, et al. The
potential of vapor compression heat pumps
supplying process heat between 100 and 200 °C in
the chemical industry. Energies 16(18):6473 (2023)
https://doi.org/10.3390/en16186473

Syst Control Trans 4:2063-2068 (2025)

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

2068


https://doi.org/10.1016/j.ijhydene.2023.03.374
https://doi.org/10.1016/j.enconman.2023.117882
https://doi.org/10.1149/OSF.IO/BCVW4
https://doi.org/10.1016/j.compchemeng.2023.108260
https://doi.org/10.1016/j.compchemeng.2023.108260
https://doi.org/10.1021/acs.iecr.4c00123
https://doi.org/10.3390/en13184792
https://doi.org/10.1021/ie4033999
https://doi.org/10.1016/j.ijhydene.2021.12.225
https://doi.org/10.3390/en16186473

