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Abstract: The demand for hydrogen as a green energy carrier grows as energy sources are
shifting towards sustainable solutions. Alkaline electrolysers are a clean path to provide
hydrogen, but with an efficiency of 60 to 80 % a significant portion of the electricity input is lost.
Therefore, there is considerable interest in increasing an electrolyser’s overall efficiency by
waste heat recovery. This study investigates the technical and economic prospects of
harnessing waste heat from an alkaline electrolyser powered by surplus renewable energy and
using it as a feed-in source for a district heating system. Utilizing an existing simulation
framework for renewable power plants, this work integrates an electrolyser model, which is
validated against established literature. The analysis focuses on the impact of heat extraction
and of heat sales on system efficiency, economic viability and hydrogen pricing. Findings
reveal enhanced efficiency with heat supply, particularly for smaller electrolyser configurations
with an improvement of around 10.5 percentage points. The Levelized Cost of Hydrogen
(LCOH) is only minimally reduced by heat sales and varies greatly with electrolyser and
renewable capacity. These estimated LCOH values range from 1.3 to 2.6 €/kg and can rival
non-sustainable hydrogen prices given certain conditions, due to assuming cost-free surplus
electricity in this study. Findings further show viable heat sales for the more ideal smaller
electrolyser sizes. Concurrently, the necessity of a more complex cooling strategy is revealed
to better evaluate larger systems. Overall, results highlight the potential of synergizing
electrolysis with district heating, providing valuable insights for the integration of renewable-
powered electrolysis into future energy systems.

Keywords: Alkaline Electrolysis, Waste Heat Recovery, Techno-Economic Analysis,
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1 Introduction

1.1 Background

The fluctuating nature of renewable energy generation poses a challenge worldwide in the fight
against fossil fuel energy sources. Hydrogen as a future energy carrier represents a possible
solution by utilising and storing excess electric energy in times of abundance. It can be used
in various sectors like transport, industrial processes, heat and electricity production and
consequently, sustainable hydrogen is essential for a decarbonized, integrated and connected
energy system of the future [4, 6, 22].

In 2020, the EU has released their Hydrogen Strategy, which includes the goal of implementing
a minimum of 40 GW electrolysers for green hydrogen production until 2030. Up to 10 million
tons of H; are targeted to be manufactured, but substantial hydrogen production also comes
with an undisputed drawback [4, 9].
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Electrolysis, the process of splitting water into hydrogen and oxygen without direct carbon
emissions, has considerable energy losses. Alkaline water electrolysis (AEL), currently the
most mature technology, has an efficiency of about 60-80 % regarding the higher heating value
(HHV) of hydrogen, while the majority of the rest electricity input is transformed to heat and
usually lost to the environment [6, 16].

As electrolyser capacities rise, there is a growing interest in utilizing their considerable excess
heat and increasing the overall efficiency of the system. Waste heat generated by electrolysers
has the potential to supply heat to a diverse number of applications like low-temperature
industry processes, heating of buildings or district heating networks [22].

1.2 Purpose

This thesis aims to analyse the potential of utilizing waste heat from an alkaline electrolyser
for the supply of a district heating network. The studied system consists of a wind park and
various photovoltaic capacities that supply excess electrical energy to an electrolyser.
Subsequent to a system simulation, a techno-economic assessment of this project focusing
on the effects of re-using generated heat on system efficiency and Levelized Cost of Hydrogen
(LCOH) is conducted. Additionally, the process of selling heat is checked for viability.

In order to be able to closely investigate the plant, a previously developed, python-based
simulation tool for renewable power plants is used, for which an AEL-Model is developed and
integrated.

1.3 Delimitations

Within the analysed system, a storage component of either hydrogen or heat is not examined
as well as a heat pump for an elevated output temperature. Generated, usable excess heat
and its maximised temperature is compared to a thermal load profile of the district heating
network at each moment specifically for a resulting supply energy. The chosen heating network
is hereby geographically close to the system in the north-east of Austria.

Moreover, the simulation itself is kept simple with no optimization regarding the fluctuating
energy market and a simple straightforward hydrogen and heat production, during times when
the grid limit of the power plant is exhausted. The grid limit specifies the maximum power that
can be supplied to the electricity network at any given time. For economic considerations in
terms of heat, a lump feed-in rate is assumed.

2 Methods

2.1 Scenario(s) and System Overview

To evaluate this system, the scope needs to be defined and justified assumptions need to be
made. In this case, the analysed system (visualized in Figure 1) consisted of the following
components: a wind park in the north-east of Austria, photovoltaic (PV) modules, an alkaline
electrolyser as well as necessary converters and a grid connection. Hereby, this study
assesses the impact of PV and electrolyser sizing on a range of KPIs when varying PV and
electrolyser capacities. The wind park has a constant size of 16.5 MW, a profile is generated
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using Meteonorm [14]. Five different PV capacities from 0 to 20 MW and three electrolysers,
namely with a nominal power of 2, 4 and 6 MW, are investigated. It is assumed that the
renewables primary task is to generate electricity for grid supply, which is limited to 12 MW.
Only if, due to the intermittency of these sources, more energy is produced than can be injected
into the grid, the surplus of electricity is utilized to power the electrolyser.
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Figure 1: System Boundaries and Visualisation

The electrolyser system itself is organised in serially connected stacks, which consist of
individual cells. Additionally, utility equipment essential for operation (pumps, water purification
system, ...) is part of the overall electrolyser system. As this study aims to extract useful heat
from the electrolyser a heat exchanger is a crucial component as well.

For simulating the chosen system, several input parameters are needed. Besides the basic
sizing parameters of PV, wind and electrolyser, additional input parameters and assumptions
had to be selected for the newly integrated electrolyser model - these are listed in Table 1.

Parameter Unit Value Source
Operational Temperature °C 80 [22, 29]
Number of Cells per Stack N, - 230 [20, 23]
Stack Power MW 2.13 [20, 23]
Electrode Area m? 2.6 [20, 23]

Stack Lifetime a 30 [3]
Pressure bar 6 [16, 29]
Electrolyte % KOH 30 [16, 29]

Current Density Limit Alcm? 0.4 [27]

Stack Thermal Capacity Cy, MJ/K 55 [21]

Stack Thermal Resistance Ry, K/W 0.004 [21]

Initial Cooling Flow Rate kg/h 6000 [29]

Table 1: Characteristics of Electrolyser System
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2.2 Electrolyser Model

The integrated electrolyser cell model, which is meant to accurately predict the behaviour and
output of the electrolyser, is largely based on four literature sources: [2, 25, 29, 30]. Itis divided
in three main parts: the thermodynamic, the electrochemical and the thermal model.

2.2.1 Thermodynamic Model

First, the goal of the thermodynamic model is to determine the reversible and thermoneutral
voltage with the inputs of temperature, pressure and concentration of potassium hydroxide
(KOH) in the electrolyte.

First, since the reversible voltage is temperature and pressure dependent a rather complex
expression, the Nernst-Equation, is adapted for the model [25, 30]:

(P PVKOH) 21

Viev = Vr?ev + _l
aH,0,kOH

The first term estimates the reversible voltage V2, at a certain temperature, which is
determined with an empirical expression. The second part of the equation accounts for the
influence of pressure on the reversible potential, which depends on the water vapour pressure
P, kon and the water activity ay,o xon Of the KOH solution. The values of these are calculated
using empirical expressions listed in [30] that depend on the temperature and pressure
independent molality m of the solution. The molality of a solution is the ratio of the number of
moles of the solute and the mass of the solvent [26]. Knowing the mass concentration of KOH
in the solution as well as the molar mass of KOH [17], the molality can be calculated.

Since the thermoneutral voltage only varies minimally with T and P, the thermoneutral voltage
Vi, Was kept constant at 1.482 V [29] in this model due to simplicity.

2.2.2 Electrochemical Model

Following the thermodynamic model, the electrochemical model is an integral part of the
electrolyser model, as it calculates the cell voltage, the hydrogen output and the corresponding
efficiency of the system based on the thermodynamic results, the stack characteristics and the
provided current from renewables. The majority of it follows Ulleberg's approach [29].

In a real electrolyser the water splitting process is not ideal, which leads to voltage drops mainly
due to slow kinetics at the electrodes and ohmic losses in the electrolyte. Consequently,
overvoltages need to be applied to the system to counteract these phenomena: the activation
overvoltage V,.; and the ohmic overvoltage V,y,,, which — together with V;..,, — add up to the
total cell voltage V... Often an empirical model is used to determine the relation between
voltage and current (U-I) or current density (U-i). This results in equation 2.2 with r as the ohmic
resistance parameter and overvoltage coefficients t and s (values according to [25]).

Vonm = (1 +1,T) - i and Vact=s-ln[< +T+T2) i+1] 2.2

In equation 2.3 formulas for relevant efficiencies of the electrolyser are shown. Faraday
Efficiency ny of an electrolyser cell is the ratio between the real hydrogen output and the
theoretical one. The losses related to this efficiency are due to parasitic current losses, which
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increase with cell voltage. In this case an empirical expression is given [29]. Additionally,
electrical losses are represented by the energy efficiency 7., which depends on the cell
voltage. The product of these two efficiencies makes up the total efficiency of an electrolyser
without considering auxiliary losses.

2 Vin

l
= —— = 23
T fl +i? fz ! Te Vcell

Faraday's law states that hydrogen generated at the electrode is directly proportional to the
current flowing in the electrolyser. As a result, the molar hydrogen flow rate produced, per
stack, is determined as follows:

NI

leZ :TIF'F

2.4

2.2.3 Thermal Model

A thermal model is crucial for an analysis of the generated heat of an electrolyser since the
temperature of both the electrolyser and the cooling fluid are estimated and also regulated
throughout the simulation. Additionally, various heat instances are calculated with a special
focus on the usable thermal energy.

For this model, a lumped thermal capacitance model for the whole electrolyser stack is used,
the same as in Ulleberg's [29] and Adibi's [2] approaches. The total heat balance in the
electrolyser stack consequently is given as:

Qst = CthE = Qgen - Qloss - Qexch - Qcool 2.5
Hereby, Q,; is the stored energy in the electrolyser, which is the generated heat Qge, Minus
heat loss to the ambient Q,,ss, thermal energy invested in sensible and latent heat transfers

Qexch @nd cooled heat Q... The calculation of these heat variations follows the approach in
[29] and [2].

Cooling System Integration

The management and calculation of Q.. is directly connected to the implementation of the
cooling system for the simulation, which is part of the thermal model [2, 29]. Since no additional
heating component is part of the overall system, the electrolyser temperature is equal to the
ambient temperature at first, which is assumed at 25 °C. So initially, the electrolyser is not
cooled and its generated heat is utilized to heat itself up. Once the desired operation
temperature is reached, the cooling is activated.

The thermal energy that can be extracted via cooling is estimated using the mass flow of the
cooling water m.y,, heat capacity of water €, ., and the temperature difference Ty;¢ between
in- and out-flowing cooling liquid.

Qcool = mCWCp,HZOTdiff 2.6

For the calculation of Tyi¢, the heat transfer coefficient UAy x of the heat exchanger, specifically
the cooling coil, is essential.
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Tdiff = (T — TCW,in) <1 — exp <— f)) 2.7
Mcwlp,H,0
Subsequently, the new temperatures after a timestep are estimated via the following
expressions:

At
T(t) =T(t—A4t) + C_hQst and Teoor = Tew,in + Tairr 28
t

For the electrolyser temperature a relatively simple method has been applied. With the
assumption of a constant heat production and thermal energy transfer a quasi steady-state
model can be used (equation 2.8).

Since the supply temperature of Austrian District Heating networks needs to be above 65 °C
[13], the outlet cooling temperature needs to fulfill these constraints. Therefore, if the
electrolyser is cooling, the initial cooling flow rate in a specific timestep is adjusted within the
simulation until the cooling water temperature is at least 65 °C. This is possible because a
reduced cooling flow rate results in a higher temperature of the fluid, but nevertheless, it can
not be decreased too far as reduced cooling flow also translates directly to a decreased amount
of thermal energy removed from the system.

2.3 Technical Components and Analysis

2.3.1 Components and Simulation Framework

The utilized simulation tool is organised in components that make up the whole system. Firstly,
the electricity suppliers, wind and PV, are each a component of their own. Then converters are
needed, to generate AC and DC electricity for grid supply and the electrolyser respectively.
Ultimately, the electrolyser is the central component of the system and it is largely constructed
as described above.

2.3.2 Integrating Heat into District Heating Network

In order to analyse the potential of integrating the waste heat of an electrolyser into a district
heating system, the extracted cooling energy Q.,, Was compared to a thermal load profile
from a District Heating (DH) network [28], which is located geographically close to the Wind
Park. The heat demand peaks at 0.9 MW during the winter and is considerably lower around
a few hundred kW during the summer. The comparison between both profiles is done timestep
by timestep, which is chosen to be 10 min. This also means that if the cooling is deactivated,
even momentarily, because no power is fed to the electrolyser, no heat can be supplied to the
heating network.

2.3.3 Technical KPIs

To evaluate the technical performance of the system, several KPIs are defined, calculated and
determined for each combination of PV and electrolyser capacity for a profound analysis (see
Table 2).
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KPI Symbol Formula Description
Full Load Hours ] En, Characterises how efficiently the
ProminalH, system runs throughout the year
Overall efficiency of the established
Overall Efficiency . En, electrolyser system
Einput (including auxiliary losses estimated
at 2.5 % of supplied energy [19])
Efficiency considering Ey, + Qcoot Enhanced efficiency regarding
cooling potential coot Einput theoretically usable cooling output
Efficiency considering - En, + Qtopn Enhanced Efficiency regarding
DH supply Einput supplied heat to the DH network
Shere of Usalle ) | Ey, + Qeopn Percentage of curtailment energy
Curtailment Energy curtailed —Ecurmiled from the renewables that can be
repurposed as hydrogen or heat
Fulfiled DH Demand Uoad QtopH Share of thermal energy demand
Qroaa that can be fulfilled

Table 2: List of Technical KPlIs

2.4 Economic Evaluation

In order to calculate the Levelized Cost of Energy of a system, the relevant capital and
operational expenditures (CAPEX and OPEX) need to be defined. Table 3 lists all the CAPEX
values that are necessary to determine economic KPls. The Electrolyser CAPEX hereby
includes auxiliary equipment like the water deioniser [20]. The operating costs of the
components are assumed to be about 2 % of the CAPEX [1].

Capital Expenditures [€/kW]
Electrolyser System 750 [15, 20]
AC/DC Converter 150 [10, 11]
Heat Exchanger 90 [24]

Table 3: Relevant CAPEX values

The focus of the economic analysis is the Levelized Cost of Energy. It represents the cost to
produce energy within the system over an assumed lifetime. Equation 2.9 shows the
expression for determining the levelized cost. Besides CAPEX and OPEX values, also the
weighted average cost of capital (wacc) needs to be set and it is estimated to be 6 % [7].

CAPEXt + OPEXt - Rheat,t
(1 + wacc)t
A
) (1 + wacc)t

X

LCOE = 29

The Levelized Cost of Hydrogen is a measure for determining how competitive the hydrogen
price of this system is, compared to other forms of hydrogen production. In this scenario, as
the electricity used for the electrolyser is only excess energy from the renewables it is
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considered to be free of charge. Therefore, only the expenditures for the electrolyser system
itself and the connected AC/DC converter are used for the calculation. In a first step, the LCOH
is calculated without considering the revenues from providing heat to the district heating
network: Ryeat= 0. Secondly, the impact of selling heat on the price of hydrogen is investigated
for which the potential income from supplying heat to the DH network has to be defined. Based
on values found in literature, a pessimistic and an optimistic scenario, at 25 and 40 €/ MWh
respectively, is defined [8].

An analysis of the Levelized Cost of Heat (LCOHeat) is crucial to determine if it is even feasible
for this system to sell the provided thermal energy at the prices listed above. The assumption
was made that the electrolyser is built to provide hydrogen first and foremost and consequently,
only the expenditures of the additional heat exchanger are considered for LCOHeat.

3 Results and Discussion

3.1 Model Validation

In the polarisation curve of the implemented model and electrolyser stack is shown. Different
to standard operation, the pressure was elevated to 16 bars and the KOH concentration in the
electrolyte was 25 %. This was done to create a validation for the integrated model as
measurement points from Sakas et al. [25] at 70 °C were utilized. Additionally, the reversible
voltage of the established system at 6 bar, 30 % KOH and 80 °C is 1.231V, which is
reasonable as V,,, at standard conditions (1 bar and 25 °C) is 1.229 V. Pressure as well as
electrolyte concentration have the effect of elevating the reversible voltage, while increased

temperature decreases it [29].
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Figure 3: Simulated Polarisation Curve Figure 2: Efficiency of the investigated
including measurement points from [25] system at 80 °C

To further validate the implemented electrolyser model, the hydrogen production per hour at
maximum power for 1 stack (= 2.13 MW) was determined and compared to Rizwan et al.' and
Qi et al.' values [21, 23]. With 480.6 Nm3h the result from this simulation is perfectly
reasonable for the lower MW electrolyser scales, the direct correlation to the production rate
in [23] is especially fitting as the same stack size is utilised in both cases.

The typical efficiency curve of the electrolyser stack is presented in Figure 3. The behaviour of
energy and faraday efficiency depending on the power load is visualised and as described in
section 4, the product is the Electrolyser Efficiency. The Overall System Efficiency n is the
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essential one and the difference to the modelled efficiency originates in the auxiliary losses.
The operation of the electrolyser is limited to a minimum of 15 % partial load due to gas
contamination [5, 31], which is beneficial when looking at the drop in efficiency below roughly
20 %. Moreover, the efficiency of the electrolyser peaks at around 25-30 %, but afterwards it
does not decrease significantly either, which is favorable for regular operation.

3.2 Seasonal Simulation Analysis

In order to analyse the operation of the electrolyser more detailed, a seasonal insight into the
simulation step-by-step is given in Figure 4. For the following examples, a PV capacity of 5 MW
and a single electrolyser stack was selected (16.5 MW wind and 12 MW grid limit). It is
noticeable that there is a tendency for less hydrogen production during the colder months of
the year, which is in correlation to the solar-powered electricity production. The middle plot
visualises the temperature profile of both the cooling liquid and the electrolyser. The cooling
liquid is always at 14.5 °C before the cooling process, which aids the visualisation of an
(in)active cooling system in the graphic. At nominal power, largely presented in the autumn
graphic, the temperature stays constant at approximately 80 °C, while it shows small
variations, when the power is not constant as can be seen in the middle of summer.
Additionally, the heat profile is shown in the bottom plot of the three displayed, where Q;ys:
entails both the heat lost to the ambient and exchange heat. At beginning of an operation
phase for the electrolyser, as seen in the two top graphics, the generated heat peaks first,
while the cooling is not yet activated. What follows is an increase in operational temperature
due to this stored heat and only once the desired temperature setpoint is reached, the cooling

starts.
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Figure 4: Typical results of selected parameters for different seasons of the year
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3.3 KPI Results

3.3.1 Impact Evaluation of PV and Electrolyser Capacity

Figure 5 shows the dependency of three KPIs on PV and electrolyser size. The first one is
Neool» Which considers the electrolyser’s excess heat and is highest for a single stack system.
The choice of PV capacity, added to the fixed wind park size, does not seem to have a big
impact on this parameter, although it becomes more important with increasing electrolyser
size. Due to a simplified cooling strategy at non-nominal and fluctuating electrolyser loads (best
seen in the autumn plot), the efficiency including the cooling potential is comparatively quite
low for a 6.39 MW system. The bigger the electrolyser the fewer consecutive hours at nominal
power can be observed. In general, the efficiency for a single electrolyser stack can be
enhanced by about 12 % points if all the extracted heat were to be utilized compared to an
electrolyser only producing hydrogen.
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Figure 5: Analyses of KPIs depending on the combination of PV and electrolyser capacity

The LCOH calculations without considering selling heat are presented in the middle graphic
and portray hydrogen costs between 1.5 and 2.6 €/kg, which is relatively low and presumably
due to the fact that it is assumed that there are no additional costs for the used electricity in
this scenario. According to a report from IEA in 2021, the cheapest hydrogen prices from fossil
fuels are between 0.5 and 1.7 $/kg [12]. Consequently, the cheapest price from this report has
the potential to compete with non-sustainable hydrogen prices. The LCOH heatmap
additionally shows that a higher PV capacity is beneficial for the price, while more stacks result
in a higher LCOH. This is directly correlated to the full load hours of the electrolyser system.
Due to the grid limit, more renewable production brings surplus energy to the AEL and a bigger
electrolyser requires more energy to operate at nominal power. For a 5 MW PV and single
stack system the electrolyser full load hours are equal to roughly 1820 h on average per year.

Since the electrolyser only operates, when there is excess renewable energy, it is additionally
relevant to know, which percentage of the otherwise curtailed electricity can be converted to
usable energy, namely hydrogen and heat. This is a value that, as can be seen in heatmap to
the right, is below 50 % for a single stack system, but rises to almost 80 % with more. An
increased PV capacity results in a lower share of re-used curtailment.
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3.3.2 District Heating Demand Influence

One of the analysed KPIs was the efficiency in regard to heat supplied to the DH network. In
short, npw for a single stack is approximately 88.2 %, which is lower by about 1.6 percentage
points than neol. This percentage gets worse with higher electrolyser capacity, which can be
seen in Table 4. The DH demand using a single stack can be fulfilled to about 15.4 %, when it
is connected to a 5 MW PV plant in addition to the wind park. This number rises considerably
with higher renewable capacity, but also an increased stack number is at an advantage. It is
contradictory that apaq is lowest for the biggest electrolyser, but this is a result of the simplified
cooling strategy.

Electrolyser Capacity

1 Stack 2 Stacks | 3 Stacks
Ncool [%0] 89.9 89.4 88.4
Nox [%0] 88.2 84.7 82.3
Ojoad [%0] 154 18.5 14.1

Table 4: Technical KPI Results in connection to DH network for 5 MW PV; 1 stack = 2.13 MW

3.3.3 LCOH Reduction with Heat Revenues

As explained before, the LCOH is also calculated considering the profit from the heat sales. In
Figure 6 the results for the 5 MW PV scenario are displayed and compared to the original
Levelized Cost of Hydrogen. The graphic shows that the improvement is only moderate, the
maximum improvement is 11.4 % for one stack in the optimistic case and the minimum
enhancement is only 1.8 % for the pessimistic scenario for three stacks. The tendency is
therefore towards a lower price reduction with increasing electrolyser size, although increased
renewable production can enlarge the relative improvement of the hydrogen price. The total
LCOH values are listed in Table 5.
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| LCOHpEs5imfs(i'(
. LCOHoptimistic
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Figure 6: Improvement of LCOH considering optimistic and pessimistic heat revenues
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Electrolyser Capacity
1 Stack 2 Stacks 3 Stacks

LCOHoptimistic [€/kg] 1.6 1.9 2.3
LCOHpessimistic [€/kg] 1.7 2.0 2.3
LCOHeat [€/MWh] 8.8 15.6 314

Table 5: Economic KPI Results for 5 MW PV; 1 stack = 2.13 MW

3.3.4 Viability for Heat Supply

It is crucial to verify if it is feasible to sell heat, especially in the case of no major LCOH
improvement. The resulting LCOHeat is considerably below the pessimistic heat selling price
for one or two stacks in the case of 5 MW PV — see Table 5. The LCOHeat for three stacks is
considerably higher and even results in a non-viable heat sale in an optimistic case for lower
PV capacities. However, the simplified cooling mechanism has to be considered, which has a
big impact on the sold heat amount for the biggest system.

4 Conclusion

In this project work, a simulation-based techno-economic analysis of an alkaline electrolyser
powered by excess energy from renewables has been executed. A possible utilization of the
electrolyser's excess heat and resulting effects on the technical performance as well as the
hydrogen price were investigated. For the simulation, an electrolyser model including heat
extraction from the system has been implemented and verified against literature values.

The polarisation curve of the integrated electrolyser model aligns reasonably with existing
experimental data, affirming its accuracy. Further validation, involving a comparison of
hydrogen production rates and a justification of efficiency curves, supports the MW-scale of
electrolyser operation.

Regarding the heat generation during electrolysis and the cooling system, a peak in heat
generation within the electrolyser is observed at the beginning of an operational period due to
initial temperature levels. This is used to heat up the electrolyser and once the desired
temperature is reached, the cooling mechanism is activated. However, issues in regard to the
simplified cooling strategy are revealed as well with an oscillating cooling system during non-
consistent and partial load operation.

The largest (3 stack) electrolyser system is most affected by these problems, as it shows large
periods where the electrolyser cannot operate at its nominal power. This affects all KPIs related
to the heat output.

Results show that a bigger electrolyser system leads to a slightly reduced efficiency including
the cooling potential and increased LCOH, while a higher PV capacity supports a lower LCOH
and better fulfillment of the DH demand profile. For one of the most promising scenarios of the
study (5 MW PV and one electrolyser stack) - the efficiency is enhanced by over 10 % points
with heat provision, while the LCOH is 1.6 €/kg in an optimistic heat sale scenario.

The effect of selling heat only results in marginally improved LCOH values: For the optimal
single stack system only around 11.4 % improvement can be achieved and this change in price
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varies greatly with stack number and renewable capacity. The analysis further indicates a good
economic basis for heat sales with one or two electrolyser stacks, whereas the viability
diminishes for larger electrolyser configurations.

These results indicate that an electrolyser powered by surplus renewable energy has future
potential in heat and hydrogen generation under the right conditions. Simultaneously, the
analysis motivates a closer examination of the cooling mechanism. To additionally improve the
synergy with district heating, the consideration of some form of heat storage could pay off due
to high heat demand during winters.
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