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Abstract: Renewable hydrogen is considered as one of the key technologies that may be needed to fully
decarbonise our economies, providing the high-temperature heat, fuels and feedstock that might not be possible
to electrify. Several pilot projects are underway, and some assessments of the economics of green hydrogen have
been published. However, most of them have assessed the costs of producing renewable hydrogen in large-scale,
grid-connected units. Another option, pointed by many as a robust strategy in the early stages, is to produce
hydrogen locally, in “hydrogen valleys”, to serve industrial demand. In this paper, the economics of the different
technical configurations and strategies that might be used for this decentralised, variable-demand option are
analysed, accounting for the impact that a non-constant operation may cause on the operational efficiency of
electrolysers, and for the potential benefits of local hydrogen storage. Our results show that when hydrogen
demand is variable, production costs are higher compared to the constant demand case, due to the higher
electrolyser size required. Electricity price optimisation plus hydrogen storage can be a valuable option in some
cases, although the cost benefit is negligible (about 1%) unless price volatility in the market increases with higher
RES shares, or investment costs decrease significantly. Sourcing electricity exclusively from a dedicated renewable
power plant can only become competitive if electricity market prices rise as observed recently or triggered by
increasing CO:z prices.
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1. Introduction

The Paris Agreement climate goals define the pathway to decarbonise energy consumption towards
2050, demanding to restructure the current energy system, implying new requirements and challenges.
Whereas several applications in the end-consumption sectors such as transport, industry and
residential heating and cooling can be adapted to the direct use of green electricity, others will need to
rely on decarbonised gaseous or liquid fuels as an energy carrier or feedstock. Power-to-X technologies
enable the transformation of renewable electricity (wind and solar power) into gas or liquids.
Renewable gas may provide long-term renewable energy storage and, more critically, provide an
energy source or feedstock to many industrial processes that cannot be electrified directly (Rissman et
al., 2020). It may therefore represent an essential element for decarbonising CO:-intensive processes
through sector coupling, which allows more flexible use of renewable electricity in all end-consumption
sectors (Ramsebner, Haas, et al., 2021; Tang et al., 2021).

Some relevant industrial processes already heavily rely on hydrogen as an input, such as oil refining
or ammonia production, with an expected growing trend in the coming years (International Energy
Agency (IEA), 2019). However, so far, 96% of this hydrogen is produced from fossil fuels (natural gas
48%, fossil oil 30%, coal 18%), causing a substantial amount of CO2 emissions (830 Mt COz/a in the
industrial sector (Tang et al., 2021)). Green hydrogen, produced through the electrolysis of water with
renewable energy, is a promising alternative to decarbonise these processes.

In addition, green hydrogen can supply high-temperature heat to other industrial processes (Gerres,
Chaves Avila, et al., 2019; Rissman et al., 2020). For example, in the steel industry, several projects
consider replacing the coke-driven blast furnace with an electric arc furnace and the direct reduction of
iron ore by green hydrogen (Tlili et al., 2020). The large-scale introduction of green hydrogen in the
industry will depend on its cost competitiveness, not only with natural gas but also with other low-
carbon alternatives (such as biogas or blue hydrogen). Currently, the cost of green H2 production
mainly depends on the electrolyser investment cost, the cost of electricity consumption, and the system
efficiency, and usually accounts for about $2.5-6/kg or 76-181$/MWh H: (Rissman et al., 2020). Natural
gas, for example, had an average market price in Europe of 24 $/MWh in 2019 (IEA, 2022). A continuous
cost reduction for renewable H2 needs to be promoted by supportive policies to achieve market
penetration (Gerres et al., 2019; Linares et al., 2008; Neuhoff et al., 2019, 2020, 2021).

Several studies, such as Bristowe & Smallbone (2021), Frischmuth & Hartel (2022) and Weidner et al.
(2018), have assessed the potential H2 cost reduction with upscaling of capacities in a central European
context. Brandle et al. (2020) estimate the global H> production development and supply cost from
renewables and natural gas until 2050. Their results show that a substantial cost decrease could drive
green H: towards competitiveness. The authors expect a hydrogen cost decrease for PV and wind
connected electrolysis from about 4.0 $/kg in 2020 down to 1.8 $/kg in 2050 in a not too optimistic
scenario. Hydrogen production from Qatar or Russia-sourced natural gas is expected to reach 0.4-
0.6 $/kg for pyrolysis and 0.95-1.2 $/kg for natural gas reforming (NGR) with carbon capture and
storage (CCS) in 2025. If a gas price of 40 $/MWh is assumed this could increase up to about 2.8-3.2 $/kg
for pyrolysis or NGR with CCS.

However, these studies mainly focus on large-scale, grid-connected electrolysers. While this centralised
production benefits from high production volumes and the pooling of many varying demand profiles,
it also relies on an appropriate hydrogen transport and distribution infrastructure, which entails
significant costs. For example, a Hydrogen Backbone could be built in Europe using existing and new
dedicated H: pipelines (Wang et al., 2020).

An alternative option, which would prove to be more robust in the early stages, would be to produce
hydrogen locally in what is termed “hydrogen valleys” or industrial hubs (Tu et al., 2021; Di Micco et
al, 2023). Hydrogen refueling stations (or HRS) are also interesting decentralised possibilities
(Barhoumi et al, 2022a; 2022b; 2023). This decentralised H2 production might be beneficial due to the
elimination of distribution infrastructure requirements and associated cost as well as the possibility to
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optimise electricity consumption according to specific demand situations. On the other hand, it poses
several challenges, such as coupling Hz production with industrial demand or optimising the cost of
electricity supply, which in turn will affect the cost of the hydrogen produced. Although Matute et al.
(2019) observe that a large part of the cost of green hydrogen depends on the cost of electricity, the
potential need for hydrogen storage, the definition of the capacity of the electrolyser and the operation
regime will also influence the final cost of the hydrogen delivered to industry to a large extent.

In this paper, we assess the different technical configurations and strategies that may be used to provide
renewable hydrogen for the industry by looking at different on-site operation strategies and storage
and electrolyser configurations and the implications that these may have for the cost of producing
hydrogen in industrial hubs. While the importance and potential of a deep decarbonisation of the
industrial sector is evident, the knowledge among companies, analysts and policy makers lags behind
the ambitions and specific goals for decarbonisation of other end-consumption sectors such as transport
and heating (Bataille, Fischedick et al., 2014b; Loftus et al., 2015).

When it comes to the electricity source, Schlund & Theile (2021) define three possibilities of electricity
procurement that are applicable. A direct connection with a renewable power plant, an additional link
to the public grid for risk management and supply balancing purposes, and a purely grid-connected
electrolyser. Sourcing from the grid is convenient due to constant electricity availability, allowing for
several H> deployment strategies. However, the electricity consumption from the grid requires
certification of the consumed amount as green electricity, and grid fees need to be considered unless
regulations exempt Hz production plants from paying them. Sourcing electricity from a dedicated
renewable power plant would avoid these fees but implies substantial supply variability for the
electrolyser and low flexibility in Hz production (El-Emam & Ozcan, 2019). According to Gahleitner
(2013), balancing the supply variability requires additional battery storage to match demand reliably.
This investment, of course, increases the total cost of H2 production.

If a high capacity utilisation of the electrolyser is achieved, meaning high full load hours, the capacity
cost per MWh is lower, and electricity consumption becomes the larger share of the levelised cost of
hydrogen (LCOH). This significant part of the green hydrogen cost is increasingly exposed to market
price variability (Machhammer et al.,, 2016; Schlund & Theile, 2021). However, full load operation
requires a constant hydrogen demand or substantial storage capacities, which are not necessarily
feasible for industrial hubs. In these cases, hydrogen may be produced in a more “passive” way,
following demand requirements (Just in Time, JIT), or trying to optimise the cost of electricity (which
would, in turn, require storing the electricity purchased or the hydrogen! produced to fit demand). In
both cases, the variable operation of the electrolyser means that the conversion efficiencies may be
affected. As a result, the capacity optimization of the electrolyser is not trivial and subject to uncertainty.

We aim to assess the cost implications of these different configurations: just-in-time (JIT) production
without storage?, electricity price optimisation plus storage, and RES island configurations. To better
showcase the effect of the different strategies this work focuses on the two more extreme options
defined by Schlund & Theile (2021) and does not provide a case in which renewable and grid feed-in
are mixed3. We do this for two different types of industrial hubs: a variable demand scenario,

1 For Hz storage, Gahleitner (2013) finds that the best option is pressure tanks (CHG), characterised by
low cost and high capacities without the necessity of spending cost and losing efficiency through
compression.
2 A potential outcome of price optimisation would be the JIT solution, that is, a zero storage. That would
be the case when the benefits of optimising electricity prices are not enough to pay for the added cost
of storage. However, we still keep an exogenously-determined JIT solution to represent the more
“passive” strategy and compare it explicitly to the price optimization strategy.
3 Since this mix would have many possible values, we believe that considering it would add complexity
without adding much to the basic messages of our research. One possible extension of our work would
be to find the optimal mix of grid and renewable feed-in.
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representing a hydrogen valley, and a full-load, constant demand case, which can represent either a
constant demand industrial facility or a centralised production scenario. We acknowledge that a
constant demand scenario has already been studied extensively by the previous literature both for
centralised and decentralised generation, but in this case we use it as a reference to compare against
the other alternatives, under the same assumptions and parameters. We also compare the performance
of two electrolyser technologies, alkaline (ALK) and proton-exchange membrane (PEM), given their
different Faraday efficiencies under variable operation.

The novelty of our contribution lies in assessing different strategies for producing hydrogen to supply
a variable demand, in comparing them to constant demand options, and in doing this while considering
the Faraday efficiency of the electrolyzers, which can significantly affect the cost with variable
generation or demand. The cost assessment for these options has not yet been undertaken in the
literature but may contribute to making better decisions in deploying green hydrogen in industrial
hubs.

The structure of the paper is as follows: After reviewing the state of the art on this topic, we describe in
detail the different configurations assessed, in particular the assumptions about operation efficiency
and the optimization model. We then apply these configurations to the two types of hydrogen demand
and discuss the implications on costs, choice of electrolyser technology, and system capacity. Finally,
we analyse the sensitivity of our results to changes in our assumptions and provide some conclusions
and recommendations.

2. State of the art

2.1. Hydrogen supply in industry

Scientific literature already covers many aspects of green Hz production and its competitiveness with
conventional Hz from the present to the long-term future. Jacobasch et al. (2021) evaluate the long-term
economic aspects of low-carbon steelmaking in an industrial context. They name similar studies by
Abdul Quader et al. (2016), Fischedick et al. (2014), Joas et al. (2019), and Otto et al. (2017), mainly
focusing on the technological development for and competitiveness of green steelmaking processes.

Several studies analyse the suitability and cost of different electricity input sources for centralised H-
production: hydro, PV, wind power plants, or the grid. Mohammadi & Mehrpooya (2018) find that
hydropower achieves low production costs, but wind and solar energy are available more widely and
support an increase in Hz production. Timmerberg et al. (2020) consider a combined wind and
photovoltaic (PV) system without grid connection as well as gas combined cycle power plants. The cost
of electricity is defined as the LCOE and is input to the model as a constant value. Bhandari & Shah
(2021) analyse the cost of decentralised Hz production in Germany for a set of refuelling stations with
a PV power plant as an electricity source. They consider a grid-connected PV power system in which
the grid functions as a buffer at times of low solar PV availability. Additionally, an isolated system with
additional battery storage to balance feed-in to the electrolyser is analysed. The refuelling station
demand already functions as a sort of storage, balancing the PV system's variable electricity supply.
Due to the electricity supply from a dedicated plant, there is no electricity price optimisation possible.

Gorre et al. (2020) optimise Hz storage and methanation capacity by evaluating three different electricity
sources to use otherwise curtailed renewable electricity: a PV power plant, grid electricity and a wind
power plant. They aim to optimise H: storage and methanation capacities to minimise levelised
synthetic natural gas (SNG) production costs. Bertuccioli et al. (2014) point out that the electricity
market price variability represents a promising characteristic for electricity consumption optimisation.
Low electricity prices usually coincide with low demand or large amounts of renewable feed-in. In
Austria, the correlation in 2018 between wind and PV power feed-in and electricity prices accounted
for -0.28. Therefore, optimising industrial processes according to electricity prices seems to be a feasible
balancing method. A broad range of work focuses on centralised applications of Hz production
optimization according to electricity prices. However, such optimisation can only be carried out with a
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continuous electricity supply from the grid. The economic performance is much more uncertain if the
RES plant's variable input needs to be balanced through additional battery storage.

Larscheid et al. (2018) optimise a grid-connected electrolyser for Hz revenue maximisation and use it
for grid congestion management. Fragiacomo & Genovese (2020) allow the P2G plant to receive
electricity from local RE plants and the public grid while considering H: feed-in into the gas grid and
supply for the transport sector. In their study, the authors also apply a power purchase agreement*
(PPA) within a range of 50-1006/MWh for electricity from renewable power plants and the electricity
grid cost for grid consumption. They state that the potential of PPAs lies in hedging against market
fluctuations.

As may be seen, most studies have focused on large-scale, centralised production of H, assuming a
constant demand for hydrogen. However, decentralised, on-site production of H: is also an interesting
possibility, mainly to avoid the upgrading or new construction of hydrogen transport infrastructure.
On-site production, or production limited to “hydrogen valleys”, has been proposed by Agora
Energiewende et al. (2021) as a non-regret, robust way of starting the deployment of this technology
and achieving higher production scales to decrease the cost.

There are, however, few investigations into decentralised supply strategies to fulfil local industrial
demands. On the decentralised H> production level, research offers a selection on the potential of
industrial DSM (iDSM) concerning industrial electricity consumption. DSM requires a shift of
production schedules according to electricity prices. These approaches are electricity focused and do
not consider storage due to its cost. Arnold & Janssen (2016) define the electrolysis of ammonia as a
suitable process for electricity DSM. In a study investigating the potential of iDSM for electricity
markets in Germany, Paulus & Borggrefe (2011) identified that electric arc furnaces in steel
manufacturing could provide a significant positive reserve capacity by decreasing demand when the
electricity system falls short of capacity. Castro et al. (2013) investigate the economic potential of iDSM
according to fluctuating energy prices. They find that large-scale, energy-intensive processes may play
an important role. Chen et al. (2021) confirm the potential of industrial load shifting.

Apart from the price-based approach where customers respond to the electricity price by exploiting
low-priced periods and avoiding production in high-priced periods, Castro et al. (2013) describe an
incentive-based program. In that case, electricity can be bought at a lower price if the electricity
consumption is contracted ahead of time and the agreed consumption curve is followed as closely as
possible. Potential demand-side load shifting could provide additional flexibility to decentralised H>
production and electricity price optimisation. Arnold & Janssen (2016), however, find that the
willingness of industry players to participate in DSM is low due to adverse effects on the industrial
process. iDSM is an electricity-focused approach that does not allow for the benefit of storage due to
the cost. Electricity price optimization for Hz production in the industrial sector may harm the
production performance but could still represent a cost-competitive scenario.

Another relevant study that should be cited is Di Micco et al (2023), where a techno-economic analysis
is performed of an off-grid multi-energy system for the co-production of green hydrogen, renewable
electricity, and heat. The input energy is provided by wind energy and biogas, and hydrogen is used
mostly for a HRS. In this case, however, hydrogen demand is assumed to be constant, contrary to our
study.

+ Power purchase agreements define the delivery of a specific amount of renewable electricity, in this
case from a dedicated renewable power plant at a defined price, still with the option to source this
amount from the grid and enable certification of green electricity at continuous supply. PPAs
furthermore act as a funding support towards investors.
5 There are however many studies of hydrogen refueling stations (HRS), see e.g. Barhoumi et al (2022a;
2022b; 2023). These studies however assume constant demand, and high storage pressures (because of
the need to fuel vehicles at these higher pressures).
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2.2. Electrolyser efficiency and operating range

Current commercially relevant technologies for electrolysis are alkaline (ALK) and proton exchange
membrane (PEM) electrolysers. While the ALK electrolyser has already reached technology readiness
level 9, the PEM electrolyser has not yet achieved this level for larger capacities (Wulf et al., 2018). The
ALK technology is based on a liquid electrolyte to achieve electrochemical reactions, while the PEM
electrolyser uses a solid polymer electrolyte conducting positive ions such as protons (Caparros
Mancera et al., 2019).

The ALK electrolyser has advantages such as its maturity, lower investment cost and a higher lifetime
of the stack, and has downsides in the longer time response and longer cold start time. The PEM
electrolyser has benefits in dynamic operation and partial load performance facing variable operation
and disadvantages such as the stack's lower lifetime, the need for platinum group metals and a backlog
of maturity (Matute et al., 2019; Wulf et al., 2018). The ALK electrolyser can operate down to 20% of its
installed capacity. The lowest operating range of a PEM electrolyser lies between 0-10% due to a higher
current density achieved with the PEM technology and the solid electrolyte (Caparrés Mancera et al.,
2019; Pascuzzi et al., 2016; Tom Smolinka et al., 2010).

The theoretical maximum conversion efficiency of ALK and PEM electrolysers is estimated by several
references under different conditions (Table 1). Experiments with relatively small PV-connected
systems described by Zini & Tartarini (2009) reveal an efficiency of 62% for a 5kW ALK electrolyser
and 70% for a PEM electrolyser. Pascuzzi et al. (2016) carry out an analysis with an ALK electrolyser of
2.5 kW, which achieves a maximum energy efficiency of 67%. Since this study assumes rather large
electrolysers for industrial use, maximum efficiency of 70% is considered appropriate.

Tom Smolinka et al. (2010) point out that the electrolyser efficiency increases to a maximum at a specific
size of about 100Nm?3/h. Assuming a higher heating value of hydrogen of 3.54kWh/m? and a conversion
efficiency of about 65%, this represents a 0.5 MW electrolyser (Kopp et al., 2017). The authors claim that
this maximum can represent about 85% system efficiency. Nguyen et al. (2019) decide to assume one
average efficiency each for the ALK (62%) and PEM (64%) electrolyser irrespective of the implemented
size. Kopp et al. (2017) analyse a 6 MW PEM electrolyser and observe a maximum conversion efficiency
of 64%.

Due to its characteristics, the PEM electrolyser provides better performance in the case of electricity
price optimization implying variable electricity feed-in. It may be worth the additional cost, while the
ALK electrolyser is favourable for continuous operation ranges with higher load factors.

Table 1 Theoretical efficiency of PEM and alkaline electrolysers

ALK PEM Reference
62% 70% Zini & Tartarini (2009)
67% Pascuzzi et al. (2016)
<85% Tom Smolinka et al. (2010)
62% 64% Nguyen et al. (2019)

64% Kopp et al. (2017)

Nevertheless, load changes affect temperature and pressure levels and may negatively affect the actual
conversion efficiency (Tjarks et al., 2016; Wulf et al., 2018). Specifically, loads below 30% lead to a much
higher energy demand per kWh of hydrogen produced (Bourasseau & Guinot, 2015; Wulf et al., 2018).
After a complete shutdown of the electrolyser, the ramp-up causes substantial efficiency losses and
takes up to several tens of minutes (Bourasseau & Guinot, 2015). The actual efficiency may differ from
the theoretical maximum efficiency in Table 1, depending on the load factor. The actual efficiency is a
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major aspect modelled in this work and described in Section 3.3.1, determining to a large extent the
economic performance of the Hz production strategies and technology decisions.

2.3. Techno-economic characteristics

2.3.1. Electrolyser investment cost

Available research includes a broad range of estimations for the investment cost per kW electrolyser
capacity, especially for short-term development. Figure 1 shows the investment costs gathered from
literature for alkaline and PEM electrolysers between 2020 and 2050. For 2020, different types of
literature estimated costs for alkaline electrolysers between 370 €/kW in the most optimistic case and
2,600 €/kW in the most pessimistic one. Currently, this is the more established technology, while PEM
electrolysers are more expensive, leading to cost estimates between 700 €/kW and 3,700 €/kW in 2020.
The data for long-term projections is scarce in literature, for both the ALK and PEM technology. While
for 2020 there were about 10 different estimates available, this number decreases down to one or two
in 2040 and 2050.

The development towards substantial cost decreases due to technological learning and increasing
production volumes is replicated in the estimations found in literature for specifically for the ALK but
also the PEM technology. The average estimations for the PEM electrolyser, however, seem to stagnate
between 2030 and 2050 and remain more uncertain in the long-term compared to the ALK technology,
shown by a broader range of estimations in 2050. The investment cost estimate in 2050 ranges between
250 €/kW in the optimistic case and 800 €/kW in the pessimistic case for ALK electrolyser, but PEM cost
projections range up to 1,600 €/kW.

The CAPEX usually include stack or actual fuel cell cost, the balance of plant (BoP) including additional
electronic equipment apart from the main stack such as sensors, compressors, pumps etc. and the power
supply unit (Matute et al., 2019). The indirect investment cost is added based on Matute et al. (2019)
explained in the Appendix. In a study by Nguyen et al. (2019), direct and indirect investment cost makes
up 28.4% of the LCOH. The direct cost for the electrolyser represents about 15% of the LCOH and 55%
of the total investment cost. Nguyen et al. (2019) provide a detailed analysis of the investment cost
decrease with increasing electrolyser capacities. Above an installed capacity of 10 MW, the cost seems
to stagnate for ALK electrolysers, and the decline visibly slows down for the PEM technology.

CAPEX estimates for PEM electrolysers CAPEX estimates for ALK electrolyzers
4,000 4,000

3,000 3,000

2,000 2,000

1,000 l 1,000

— ! ! —— —

€/kw
€/kw

2020 2030 2040 2050 2020 2030 2040 2050

Figure 1 Literature review on PEM electrolyser investment cost (1) and ALK electrolyser investment cost (r)
[€/kW]
(Sources: (Bertuccioli et al., 2014; Bhandari & Shah, 2021; Brandle et al., 2020; Brynolf et al., 2018; European
Commission (EC), 2020; Gorre et al., 2020; International Energy Agency (IEA), 2019; Machhammer et al., 2016;
Mansilla et al., 2012; Parkinson et al., 2019; Tlili et al., 2019, 2020))



2.3.2. Electricity prices

Renewable electricity prices are a significant driver of green hydrogen production costs. A vast amount
of research is available on the expected development of electricity market prices with increasing
renewable feed-in. The feed-in of renewables with a negligible marginal cost usually leads to a decrease
in the electricity price. However, it needs to be considered that variable renewables need backup or
storage, which will set prices based on the merit order approach. With increasing CO: prices, spot
market prices may therefore increase during the operation of fossil backup capacities and develop a
more attractive environment for the sale of renewables on the market and the value of renewables
(Hartner, 2016). Furthermore, current turbulence in energy markets shows that global political and
health risks causing uncertainties and scarcity can cause significant price increases. Higher electricity
market prices, however, will also increase the cost of grid-connected hydrogen production.

If an electrolyser is operated to minimise electricity consumption cost, it will produce hydrogen at low
spot market prices, usually implying high renewable feed-in. A more continuous operation cannot
account for such aspects. Nevertheless, with a specific renewable electricity contract, a yearly amount
of renewable electricity could be sourced decoupled from the time of consumption. A power purchase
agreement can provide a basis that even allows for the definition of a fixed electricity price.
Additionally, PPAs are considered an alternative support option for renewable power plants for
investors. This could be an opportunity to achieve a lower price for electricity consumption. At the
same time, market volatility risk can be reduced, the certification of the green electricity consumed
simplified, and storage avoided.

2.3.3. Storage cost

Few references exist on the cost of tank storage for hydrogen. Existing work primarily provides cost as
€/kg of hydrogen storage capacity. Gorre et al. (2020) for example, assume 490 €/kg hydrogen storage
in a pessimistic and 350 €/kg in an optimistic scenario. Barhoumi et al (2022a) assume 500 €/kg at 100
bars. Since 1 kg of hydrogen corresponds to about 33 kWh, this equals 15 €/kWh, representing the high-
cost and 11€ the low-cost case (see Figure 2). Tlili et al. (2020) assume a hydrogen storage cost of
245 €/kg, which would translate to about 7 €/kWh. In all cases, we are assuming a storage at 30-60 bar,
since these are the typical values for industrial supply.

It should be noted that these costs do not include the cost of compression from the electrolyzer outlet
(at 30 bar) to the storage pressure. This cost may be very relevant, with the largest impact corresponding
to the case of final use. Since that would be the same for all strategies analyzed in this paper, and we
are assessing exclusively generation strategies for industry (which typically works with lower
pressures, 30-80 bar), we opted not to include it in our model. We have however included some
estimations in the Results section.

Within the literature review, no future estimation of the development of hydrogen storage cost was
found. Therefore, contrary to the outlook available for electrolyser capacity cost, only current
estimations can be stated in Figure 2 due to a lack of data. This clearly reveals a research gap, which
needs to be filled to support reliable investigations.

¢ Barhoumi et al (2023) assume 100 €/kg, but since this is much below the typical lower range in
literature we opted not to consider it.
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RENEWABLE HYDROGEN STORAGE COST
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Figure 2 Cost for hydrogen tank storage (Gorre et al., 2020; Tlili et al., 2020)

2.3.4. Hz cost

In this paper we estimate the cost of producing hydrogen with different configurations. However, an
in order to provide a reference to our results, we also present a review of the costs from the literature,
to help put our results in context. This review The review of H: cost shows a denser landscape of
estimations for the short-term horizon until 2030 than towards 2050 (see Figure 3). Driven by the broad
range of scenarios on electrolyser investment cost, H2 production cost ranges between 36 €/ MWh and
220 €/MWh (from the whiskers of the boxplot), or 1.3 and 7.3 €/kg, short term. Since more long-term
estimations are harder to make and with fewer studies available (only 2 different studies with
optimistic and pessimistic estimations, compared to the six different studies available for 2020), the
production cost and the uncertainty replicated in the cost range decreases and arrives at 63-88 €/ MWh.

Estimates for renewable H2 Cost
250

200
150

m
I

50

€/MWh

2020 2030 2040 2050

Figure 3 Renewable hydrogen cost estimates from literature (Sources: (Bertuccioli et al., 2014; Bhandari &
Shah, 2021; Brandle et al., 2020; Brynolf et al., 2018; European Commission (EC), 2020; Gorre et al., 2020;
International Energy Agency (IEA), 2019; Machhammer et al., 2016; Mansilla et al., 2012; Parkinson et al.,
2019; Tlili et al., 2019, 2020))

3. Methodology

In this section we describe how, depending on the investment cost for the electrolyser and storage
capacity as well as the electricity price, the different H2 supply strategies are compared based on their
economic performance, defined by the lowest LCOH, and also based on hypotheses about the variation
in hydrogen demand.

Expanding on the previous literature, we analyse a scenario with variable demand, which would
correspond to a hydrogen valley with a variety of industries demanding hydrogen, which is
represented here by the Spanish current industrial high-temperature heat demand. We compare this to
the usual scenario considered in the literature, a constant-demand one, either associated with a constant
industrial production (such as a steel production facility in Austria), or by the aggregation at the system
level (hence a centralised production of hydrogen). For comparability reasons, both alternatives have
been normalised to the same yearly H2 demand and optimised against the Austrian electricity market
price in 2019. The spot market data of 2019 is considered a valuable base scenario since it has been a
stable situation for a substantial amount of time. The sensitivity analysis in Section 4.3 provides insights
into the impact of a potential electricity price increase as currently experienced due to multiple crises
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since 2020, as well as of a future potential price profile consistent with systems with larger renewable
shares.

Exemplary four weeks of hydrogen demand in both cases are shown in Figure 4. Since exemplary
demand profiles of total sectors or the industry are used as the main driver of the supply strategy
comparison, this work does not represent a feasibility study on the installed plant capacities. The main
result is derived from comparing the strategies for the same H>demand and electricity price variability.

Hydrogen Demand
400 - v 9

100

0 100 200 300 400 500 600

hours
Variable Demand - - - Constant Demand

Figure 4 Exemplary 4-week hourly hydrogen demand (continuous vs. variable)

The base scenario is based on an electrolyser CAPEX of 1,500 €/kW and a hydrogen storage cost of
15 €/kWh, both derived from the literature in Section 2.3.1. The critical question that we want to
address, however, is not the exact overall cost but the difference between the H: production strategies
based on the same cost parameters. A sensitivity analysis in Section 4.3 provides insights into the impact
of CAPEX on the strategy comparison.

3.1. Hydrogen generation process

Figure 5 describes the Hz generation process assumed in our research. The electrolyser sources green
electricity from the grid or a dedicated RES plant to split water (H20) into Hz and oxygen (Oz). H2 can
either directly cover demand or be stored in tanks intermediately.

_4x-|  Grid RES
=& . . <
= Electricity Electricity \
Supply Supply
,,,,, : ee-
: 1
T
. =
Electricity i!@lr H2 H2 Storage H, Demand
Consumption || | |
Electrolyser ﬂ

Figure 5 Hydrogen Production process

3.2. Hydrogen supply strategies

Grid connected electrolyser:

a) Electricity price optimisation: The electrolyser consumes electricity at times of low electricity
prices. Hydrogen is stored after transformation to balance against demand. An advantage of
this approach is the possibility to exploit low and avoid high electricity prices through
hydrogen storage. This approach may require greater electrolyser and storage capacity to
increase electricity consumption at low prices but minimises electricity cost. Nevertheless, the
substantial variability in the production of the electrolyser could reduce actual Hz conversion
efficiency, and the storage cost must not offset the benefit of price optimisation.
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b) Just in time sourcing: H is produced JIT and electricity is sourced according to demand. Just-
in-time production does not consider any hydrogen storage facility. This scenario, which could
be an outcome of the earlier price optimisation (if the model chooses not to build storage), is
explicitly included as a reference for a passive strategy, by exogenously setting a storage tank
of zero. Depending on the hydrogen demand characteristics, production variability may be
negligible. With JIT Hz production, electricity consumption cost is subject to the electricity price
variations.

Island solution — electrolyser connected to a dedicated RES power plant:

This scenario presents the direct connection of the electrolyser to a dedicated wind or PV power
plant without any grid support. Electricity supply and H2 demand are only balanced through
hydrogen storage. Several scenarios are considered, both for solar PV and wind, and for the
Austrian and Spanish generation profiles for 2019.

The cost of electricity is evaluated based on an average LCOE. Fraunhofer ISE (2021) arrive at
an LCOE for isolated PV of about 30 €/ MWh and for wind at minimum 40€/MWh. According
to IEA (2020) and IRENA (2021), based on an exchange rate of 1/1.2 USD/EUR in 2021, large-
scale PV power has an LCOE of about 15-30 €/ MWh and wind of 25-37 €/MWHh. In this scenario,
the electrolyser optimization depends on the RES availability and storage is used to balance
against demand. The RES capacity in the model is minimised to fulfil hydrogen demand.

3.3. Optimisation model and data

3.3.1. Faraday efficiency

As described in Section 2.2, the actual efficiency of an electrolyser can be lower than the theoretical
maximum efficiency at lower loads. Therefore, the model aims to consider this dynamic actual
efficiency.

The Faraday efficiency (1¢,) in Eq. jError! No se encuentra el origen de la referencia. describes the
share of the actual efficiency (1) based on the theoretical maximum efficiency (1,,) and decreases with
a declining load factor (rn) (Pascuzzi et al., 2016).

Nra() = 7% ()

The load factor (r;,) represents the share of electricity consumption (P&, ) on installed electrolyser
capacity (PEelly ) and is described in Eq. jError! No se encuentra el origen de la referencia.. The maximum
electricity input defines the electrolyser capacity.
Pel
T, == 2
h g, 2

P et Electricity consumption [kW]
PEL ovvvvrmssnesssssmsisss s ssssss s s R R Electrolyser Capacity [kW]

The Faraday efficiency is different for the PEM and the ALK electrolyser, with the first performing
better at lower loads. In the following subsections we present the different curves obtained from the
literature on Faraday efficiencies for PEM and ALK electrolyzers, from which we have derived
efficiency loss curves..

a. PEM electrolyser

The Faraday efficiency of PEM electrolysers remains more stable at lower load factors than that of ALK
electrolysers (Tijani & Rahim, 2016; Yodwong et al., 2020). Assuming that the maximum current density
of 200 mA.cm in both studies represents a load factor of one, the Faraday efficiency evolves as shown
in Figure 6. This relationship can be modelled with one single curve. The theoretical efficiency is
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defined as 70%. The Faraday efficiency is therefore 100% once the effective efficiency reaches the
theoretical maximum of 70%.
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Figure 6 Faraday efficiency of a PEM electrolyser (Tijani & Rahim, 2016; Yodwong et al., 2020); actual
efficiency (7,.), theoretical efficiency (n.,), Faraday efficiency (n,,)

The actual efficiency is calculated as additional losses at certain load factors. This is the reason for the
initial optimization of the electrolyser capacity on which the load factor depends. The absolute
additional loss can be modelled as a linear function in which a specific utilization rate causes a certain
absolute additional efficiency loss in MWh (see Figure 7). Due to the relatively low losses at low loads
with a PEM electrolyser, the absolute losses increase with higher utilisation.
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Figure 7 Absolute additional hourly Figure 8 Additional efficiency loss at a
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(for an exemplary PEM electrolyser electricity consumption (for an exemplary
capacity of 100 MW) PEM electrolyser capacity of 100 MW)

Nevertheless, the relative loss compared to the electricity consumption decreases as expected (see
Figure 8). This curve indicates the loss that leads to decreased Faraday efficiency at lower loads in
Figure 6.

b. ALK electrolyser

Pascuzzi et al. (2016) provide a detailed analysis of the actual efficiency of an ALK electrolyser and
measured data on the Faraday efficiency. Figure 9 shows the theoretical and the observed actual and
Faraday efficiency relative to the electrolyser load factor. Since a stop of the electrolyser and a cold
restart comes at substantial efficiency losses, also zero operation leads to losses of 0.25% of installed
capacity in the model. Mohanpurkar et al. (2017) provide a similar analysis of the decreasing effective
efficiency with decreasing loads.

Replicating the observations from Pascuzzi et al. (2016) across the whole load factor range from 0-1
requires two modelled curves with differing gradients for loads below and above 0.36 (see Figure 10).
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JIT production, however, only causes a minimum load factor for the hydrogen valley case study with
variable demand of 0.39. Therefore, the blue curve is sufficient, and no MILP model is required to
switch between the two curves based on the load factor.
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Figure 9 Faraday efficiency of an alkaline

Figure 10 Replication of the Faraday
electrolyser (Pascuzzi et al., 2016)

efficiency for an ALK electrolyser based
on the load factor

To match the overall Faraday efficiency, the additional loss is also modelled by two functions in which
a specific utilisation rate causes a certain absolute additional efficiency loss in MWh. {Error! No se
encuentra el origen de la referencia. shows the two curves compared to the PEM efficiency losses
shown earlier. The function ALK1 is approximated manually and modelled with integers to achieve
the desired Faraday-efficiency curve. Function ALK2 represents a linear function that can be input to
the model. The absolute losses at very low loads are substantial with the ALK technology and must
increase even with increasing electrolyser utilisation. The relative efficiency losses, however, decrease
with increasing loads (see jError! No se encuentra el origen de la referencia.)
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3.3.2. Summary of input data

In the following table we summarize the major parameters for our analysis. It should be remarked here that our
analysis does not correspond to a specific plant, but to the aggregate H2 demand in a region (which may require
several plants). More specific input data is offered in the Appendix (Tables A.1 and A.2).

Table 2. Input data for the strategies considered
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CAPEX

Island - PV Island - Wind Grid - 2019 Grid - 2030
Total H2 demand 2,190,000 2,190,000 2,190,000 2,190,000
MWh/yr MWh/yr MWh/yr MWh/yr
Electrolyzer 1,500 €/kW 1,500 €/kW 1,500 €/kW 1,500 €/kW
CAPEX
Storage tank cost 15 €/kWh 15 €/kWh 15 €/kWh 15 €/kWh

Electrolyzer Variable, see Variable, see Variable, see Variable, see
efficiency section 3.3.1 section 3.3.1 section 3.3.1 section 3.3.1
Electricity price 26 €/ MWh 36 €/ MWh 41.4 €/MWh 28 €/ MWh

3.3.3. Optimization model

The optimisation model aims to minimise the levelised cost of hydrogen and potential storage
(LCOH&S) depending on investment cost, the variable cost for electricity consumption, and the
Faraday efficiency. The interdependency of the Faraday efficiency with the load factor based on the
installed capacity always leads to a non-linear optimisation. Therefore, the optimisation model is set
up as a two-stage optimisation similar to Luo et al. (2020) (see Figure 13). Determining the electrolyser
capacity in the first step enables consideration of a dynamic Faraday efficiency depending on the load
factor in the second step. With the defined electrolyser capacity from the first step, the actual efficiency
is determined and the storage capacity can be slightly adjusted in the second iteration to account for
the efficiency losses.

For the electricity price and the isolated RES optimisation, the first iteration optimises the electrolyser
capacity by minimising the LCOH&S, including CAPEX (€/kW installed capacity), the electricity spot
market price, an estimated overall efficiency plus additional cost for taxes and electricity fees and
storage cost. This electrolyser capacity is then equally used for the respective strategy for ALK and PEM
electrolysers. The optimisation is based on grid or RES electricity supply. The available electricity
supply is, therefore, a constraint.

In the case of just-in-time production, however, the electrolyser capacity (P}, ) is designed to match the
maximum hydrogen demand (P22 ) and the storage capacity is exogenously set to zero. The Faraday
efficiency is first estimated based on the expected load factor range in the chosen production strategy
and can only be calculated precisely in the second step.. The resulting installed capacity will differ for
the two variable and continuous H2 demand.

Hp
1 _ max (Pyy,)
R ©)
Nth Mfa(ry)

P ettt Hydrogen demand [kW]

The second iteration determines the LCOH using the electrolyser capacity from step one as a
constraint and considering efficiency losses depending on the load factor according to section 3.3.1.
The model aims at minimising the LCOH&S for the respective operation strategy. This is achieved
in two steps: the optimisation of the electrolyser —and in the island case, the renewable capacity —
followed by the electrolyser and hydrogen storage operation. More details about the model can be
found in the Appendix.

7 This explains why, under some scenarios, the JIT strategy may not be chosen as the optimal in the
price optimisation model, even if cheaper. Differences however are almost negligible (less than 1%).
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Two-step optimisation

Optimisation Variables Objective Function Constraints

Step 1 Electrolyser capacity optimisation

Design capacity of the electrolyser
Investment cost electrolyser & storage H, demand fulfilment
Design capacity of the storage tanks
X . Hourly electricity price Electricity grid supply
Estimated average faraday efficiency

Step 2 Operative Optimisation based on Faraday efficiency

Operating capacity of the electrolyser H, demand fulfilment

Hourly hydrogen demand

Operating capacity of storage tanks Electricity grid supply

Investment cost electrolyser & storage
Operation constrained to electrolyser

capacity from Step 1

Faraday efficiency based on load

Hourly electricity price
factor v yp

Figure 13 Two-step optimization framework

3.3.4. Limitations

In contrast to Matute et al. (2019), there is no stack replacement cost or demand access cost considered
in this study.

The stack replacement directly depends on the full load hours. In our study, the full load hours correlate
negatively with the electrolyser capacity optimized by the model. For the renewable feed-in scenarios,
full load hours are around 3000h, for grid connected around 8000h with a corresponding smaller
optimum electroyzer capacity. Assuming that the cost for replacement is higher for larger electrolyzers,
the less frequent replacement need for more expensive electrolyzers is assumed to be a negligible
difference to more frequent replacement at smaller, cheaper electrolyzers, moreover given the large
difference in cost between the renewable feed-in and grid-connected cases. For the cases in which there
is a very small difference (JIT vs PO in grid-connected) the difference in full load hours is negliglible so
we opted for not including stack replacement to make the model simpler to compute.

Usually, a demand access cost applies to the maximum power rate during the billing period. The
purpose of this demand charge is to encourage an even distribution of electricity load to reduce the
total load during the peak demand period (Nguyen et al., 2019). Such cost significantly affects the
feasibility of electricity price optimization, which requires higher capacity installation and variable
electricity sourcing. The demand charge, therefore, has not been considered in this study. The impact
of a demand charge is also specifically relevant in the island case where the electrolyser needs to handle
substantial variability of electricity loads. The cost of electricity from the dedicated PV or wind power
plant is defined as the LCOE derived from Fraunhofer ISE (2021), IEA (2020) and IRENA (2021) and set
to 26 €/ MWh and 36 €/MWHh, respectively.

Also, as mentioned earlier, we have not included compression costs in the model, but calculated them
exogenously based on the amount of hydrogen stored in each case, in order to keep the model simpler.

Finally, as may be noted from the description of the model, we are not considering a multi-energy
system (as in Di Micco et al, 2023) or selling oxygen or heat from our system. Selling the emitted heat
and oxygen of course could be an option and can differ between the scenarios, with higher amounts in
the less efficient cases. For the RES scenarios, efficiency is low and therefore heat and oxygen emissions
higher. However, the amount of full load hours is lower due to larger electrolyzer capacities due to the
variability. In the grid connected scenarios, efficiency is higher and therefore heat and oxygen emissions
lower. Full load hours, however, are much higher due to the better optimisation possibilities of the
electrolyzer with less variability. Eventually, the effect on the final cost is expected to be low compared
to the added complexity and scope extension, and negligible for the cases in which the price difference
is small (the grid-connected cases).
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4. Results

First, the base scenario is presented with an electrolyser investment cost of 1,500 €/kW and a medium
storage cost (15 €/kWh). These results are outlined for the different supply strategies described in
Section 3.2 in two parts: variable demand in a hydrogen valley and constant demand in a centralised
or facility-specific H> production. The operation strategies include a PEM electrolyser directly
connected to a PV or wind power plant, a grid-connected PEM or ALK electrolyser with electricity price
optimisation, and JIT production exposed to the Austrian electricity price of 2019. The corresponding
actual efficiencies described in the methodology were considered for each case.

Only PEM electrolysers were considered for electricity feed-in from a renewable power plant. The
highly variable electricity feed-in and the corresponding losses during low loads do not make the ALK
electrolyser a feasible technology. Even with the more flexible technology, a certain amount of
electricity storage had to be implemented with the PV and wind power plant to cover the losses due to
the supply variability.

In the grid-connected scenarios, an equal investment cost was assumed for the ALK and PEM
electrolyser for simplicity reasons. In reality, however, the ALK electrolyser is currently available at
lower cost than the PEM technology due to its maturity. This situation is expected to remain until 2040
(see Section 2.3.1). After a more detailed discussion of the results for the variable and constant demand
alternatives, a sensitivity analysis considers a broader range of scenarios in terms of investment cost
and the effect on hydrogen production cost.

It is important to note that compression costs, which may be an important component of the final cost
of hydrogen, have not been considered except for a sensitivity analysis with a storage at 60 bar (which
is within the range of industrial supply). If final hydrogen demand needs to be supplied at higher
pressures (such as for vehicle fueling), then total costs would increase 33-47 €/MWHh for 350 bar, or 46-
66 €/ MWh for 700 bar.

4.1. Base Scenario

4.1.1. Constant demand

Constant demand (or demand pooling) allows for centralised, constant bulk H2 production. As
explained earlier, this is the typical assumption in most of the literature, and is computed here in order
to compare it, on the same terms, with the variable demand situation.

Figure 14 describes the resulting renewable hydrogen production cost per MWh ordered from highest
to lowest. For better visibility of the low-cost scenarios, the higher-cost scenarios have been compressed
between 150 and 500 €/MWh.

The results show that direct electricity feed-in from a dedicated PV power plant results in up to five-
fold hydrogen production cost per MWh compared to a grid-connected case based on 2019 spot market
prices. The latter leads to an Hz cost of 105 €/MWh producing JIT (which would also be the optimal
strategy under price optimisation). PV power generation is characterised by long periods of zero
availability, requiring daily ramp down and restart of the electrolyser causing substantial efficiency
losses and additional capacity needs along the supply chain from RES supply to hydrogen storage. In
addition, and to minimise these efficiency losses, the model installed an electricity storage of 17% of the
PV capacity to cover hydrogen demand, proving the findings by Gahleitner (2013) mentioned in Section
1. The RES and battery storage capacity were minimised to fulfil hydrogen demand.

The Spanish hourly wind generation profile of 2019 is characterised by a lower variance and higher
mean availability. Spanish wind availability hardly requires any battery storage and seems to provide
a more stable electricity supply to achieve costs closer to a grid-connected case. With the Austrian wind
profile, however, the size of the electricity storage installed by the model is 22% of the RES capacity.
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Figure 15 shows the required RES capacity to fulfil demand from a PV or Wind power plant with the
Spanish or Austrian renewable profiles. Since the presented case studies are characterised by national
or sector-wide H2 demand and our goal is not to aim for a feasibility study, capacities are related to the
scenario with the largest installed capacity —the so-called reference capacity —, which represents 100%.
This refers to the Austrian PV-powered case for RES capacity, while the other RES-powered scenarios
operate at 60-40% of this reference capacity.
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Figure 14 Renewable hydrogen production cost Figure 15 Relative RES capacity with constant
with constant demand; Just in Time (JIT); Austrian demand; Austrian renewable profile (AT), Spanish
renewable profile (AT), Spanish renewable profile renewable profile (ES)
(ES)

The cost of electricity from dedicated RES plants is considered as a fixed LCOE from the literature, and
does not vary according to the optimal PV or wind power capacity. PV capacity needs to be between
17-30% and wind capacity about 7% higher than electrolyser capacity to fulfil demand. Nevertheless,
even the most promising RES case with a Spanish wind power profile leads to a 178% higher cost
(299.0 €/MWh H>) than a grid-connected JIT scenario. The lower costs for electricity consumption from
the PV or wind power plant with an LCOE of 26 €/ MWh and 36 €/ MWh compared to the average
Austrian electricity market price in 2019 of about 40 €/ MWh, cannot fully compensate for the additional
capacity investment required.

The electrolyser capacity for each production strategy relative to the largest installed reference capacity
is described in Figure 16. Electrolyser capacity also needs to be higher for renewable electricity feed-in
than with constant grid supply. The reference capacity refers to Austria's PV-connected case
characterised by high supply variability. With wind power, electrolyser capacity can be reduced to
about 50%, and in the grid-connected case, only 20% of the reference capacity is still required. The full
load hours account for about 2,000 with RES feed-in, more than 8,600 can be reached in a grid-
connected JIT scenario.

Table 3 shows the electricity consumed in the different strategies, with the final efficiency of the
electrolyzer. It may be observed how the actual efficiency improves when the electricity supply is more
stable.

Table 3. Electricity consumed and electrolyzer actual efficiency

Strategy Electricity Electrolyzer
consumption efficiency
(MWh)
AT PEM PV 3,544,193 61.79%

8 The grid-connected case is not shown since this calculation does not apply. Same applies to Fig. 17
and 20
18



ES PEM PV 3,449,554 63.49%
AT PEM Wind 3,342,719 65.52%
ES PEM Wind 3,309,754 66.17%

ALK Grid JIT 3,231,127 67.78%
PEM Grid JIT 3,228,763 67.83%

In this work, intermittent electricity feed-in or consumption is mainly compensated by hydrogen
storage. The hydrogen storage capacity for each production strategy is presented relative to the largest
installed capacity in Figure 17. It is substantially higher for the renewable electricity feed-in than for
the grid-connected scenario. The highest hydrogen storage capacities are required for PV-connected
electrolysis in Austria, marking the reference capacity at 100%. The characteristics of Spanish PV or
Austrian wind power reduce the capacity needs to about 70% and Spanish wind power to 45%.

The grid-connected production strategies only require 0.18% of the reference capacity. A deeper
analysis of the grid-connected scenarios indicates that the lowest hydrogen production cost can be
achieved with zero storage, or JIT production. In this case, full operation throughout the year with full
load hours of almost 8,700 can be achieved, representing full utilization of the electrolyser capacity
investment. Exposure to the electricity market price does not harm these effects that maximise the
Faraday efficiency while refraining from storage.
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Figure 16 Relative electrolyser capacity and FLH with ~ Figure 17 Relative hydrogen storage capacity with
constant demand; Just in Time (JIT), Austrian renewable ~constant demand; Austrian renewable profile (AT),
profile (AT), Spanish renewable profile (ES) Spanish renewable profile (ES)

Figure 18 shows the results obtained for the system configuration in each scenario at a glance. The x-
axis shows the relative electrolyser capacity installed in the optimisation, while the y-axis provides the
relative Hz storage size. The size of the bubbles refers to the overall hydrogen provision cost per kWh.
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Figure 18 System configuration for each scenario with constant demand:
Electrolyser capacity, Hz storage capacity and the bubble size according to
the overall Hz cost

4.1.2. Variable demand

Variable hydrogen demand can be more realistic in a situation of decentralised Hz production for a
specific industry or group of industries characterised by variable operation. Figure 19 describes the
resulting renewable hydrogen production cost per MWh for each strategy ordered from highest to
lowest. The results have again been compressed between 150 and 500 €/ MWh to improve visibility. The
hydrogen production cost from a dedicated PV power plant is at 525.7 €/MWh, almost 4.8 times higher
than with a grid-connected electricity price optimization based on the 2019 spot market price
(109.7 €/ MWh). Electricity storage of 17% of PV capacity was required to cover hydrogen demand. If
electricity is sourced directly from a wind power plant, the electricity storage needs to increase to 30%
of the wind installed capacity when the Austrian renewable profile is used. The Spanish wind
availability hardly requires any battery storage (only 2% of RES capacity). It seems to provide a more
stable electricity supply to achieve costs closer to a grid-connected case.

Figure 20 shows the required RES capacity to fulfil demand from a PV or Wind power plant with the
Spanish or Austrian renewable profile. The results are very similar to the constant demand case. The
capacities are again related to the largest installed capacity —the so-called reference capacity —, which
represents 100%. This refers to the Austrian PV-powered case, while the other RES-powered scenarios
operate at 60-40% of this reference capacity. With variable demand, direct electricity sourcing from a
wind power plant in Spain still causes a 159% higher cost (283.6 €/ MWh H-) than in a grid-connected
scenario. PV capacity needs to be between 17-30% and wind capacity about 7% higher than the
electrolyser capacity to fulfil demand.

Table 4 shows the electricity consumed in the different strategies, with the final efficiency of the
electrolyzer. It may be observed how the actual efficiency improves when the electricity supply is more
stable, and that price optimization strategies have a cost in terms of electricity consumption.

Table 4. Electricity consumed and electrolyzer actual efficiency

Strategy Electricity Electrolyzer
consumption efficiency
(MWh)
AT PEM PV 3,541,285 61.84%
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ES PEM PV 3,449,665 63.48%

AT PEM Wind 3,343,426 65.50%
ES PEM Wind 3,308,760 66.19%
ALK Grid JIT 3,264,603 67.08%
PEM Grid JIT 3,236,977 67.66%
ALK Grid price opt 3,266,063 67.05%
PEM Grid price opt 3,259,179 67.19%

The electrolyser capacity for each production strategy relative to the most extensive installed reference
capacity in Figure 21 shows the difference between scenarios with renewable electricity feed-in and
constant grid supply. The reference capacity is represented by Austria's PV-connected case, whereas
grid-connection reduces capacity requirements to about 21%. It is, however, interesting that H:
production with a JIT approach is slightly more expensive than electricity price optimization, according
to Figure 19, despite featuring a marginally lower electrolyser capacity and higher full load hours.
Hence, electricity price optimization successfully reduces the cost of electricity consumption to achieve
a lower overall LCOH&S. This is even true irrespective of the chosen electrolyser technology. With
variable hydrogen demand, full load hours of a maximum of 7,490 can be achieved through JIT
production.
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Figure 19 Renewable hydrogen production cost with ~ Figure 20 Relative RES capacity with variable demand
variable demand for different operation strategies; for different operation strategies; Austrian renewable
price optimization (PO), Just in Time (JIT), Austrian profile (AT), Spanish renewable profile (ES)

renewable profile (AT), Spanish renewable profile (ES)

The hydrogen storage capacity for each production strategy relative to the largest installed capacity is
described in Figure 22. PV-connected electrolysis in Austria requires the highest hydrogen storage
capacities, followed by Spanish PV or Austrian wind power feed-in and Spanish wind connection, not
differing much from the constant demand case with about 70% and 45%, respectively. The grid-
connected production strategies only require 0.19% of the reference capacity.
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Figure 22 Hydrogen storage capacity with variable
demand for different operation strategies; price
optimization (PO), Austrian renewable profile (AT),
Spanish renewable profile (ES)

A closer look at the grid-connected scenarios reveals that based on the electricity price of 2019, the
lowest hydrogen production cost can be achieved through electricity price optimization. The cost
decrease through arbitrage on electricity consumption exceeds the additional investment into
electrolyser and storage capacities. Nevertheless, the benefit is almost negligible, with a 0.90 €/ MWh or
1.30 €/MWHh cost decrease for the PEM and ALK technology respectively representing 0.8-1.2%.

Figure 23 shows the system configuration in each scenario at a glance. The x-axis shows the relative
electrolyser capacity installed in the optimisation, while the y-axis provides the relative H: storage size.
The size of the bubbles refers to the overall hydrogen provision cost per kWh.
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Figure 23 System configuration for each scenario with variable demand:
Electrolyser capacity, Hz storage capacity and the bubble size according to
the overall Hz cost

4.2. Discussion on the base scenario

In general, constant hydrogen demand allows for a lower hydrogen production cost than variable
demand due to the more efficient use of the capacity of the electrolyser (see Figure 16 and Figure 21 in
Section 4.1). If demand is more variable, electricity price optimization and storage achieve lower costs
than JIT production.
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The PEM technology usually leads to lower hydrogen production cost than the ALK electrolyser when
assuming the same electrolyser investment cost, due to better performance at lower loads. However,
since the ALK technology is more mature and currently cheaper and electrolyser investment cost
represents a significant cost aspect of hydrogen production, the ALK electrolyser has an economic
advantage for grid-connected scenarios.

In RES-connected scenarios, the renewable electricity profile is the primary cost driver. For example,
while using PV power is more expensive with the Austrian PV profile than the Spanish one—a logical
conclusion due to the climate characteristics (see (Ramsebner, Linares, et al., 2021)) — the results do not
differ much between constant and variable demand.

With grid connection, JIT is 5.4% and electricity price optimization 2.1% more expensive than in a
constant demand situation with about 111.0€ and 109.7 €, respectively. Electrolyser capacity
requirements shown in Figure 21 are higher with variable demand: by about 7% for price optimization
and 16% for JIT production. Since with JIT production, the electrolyser capacity needs to correspond to
maximum demand, variable hydrogen demand does not enable full utilization, which causes lower full
load hours leading to a higher cost per MWh (Figure 21). It is interesting to see that with variable
hydrogen demand, JIT production becomes more expensive than electricity price optimization (see
Figure 19) even if the full load hours as described in Figure 21 are higher in a JIT approach (7,450)
compared to price optimization (7,300). In this case, electricity price arbitrage is sufficient to decrease
hydrogen production costs. In the constant demand case, JIT achieved full load hours of >8600 - driving
the low-cost result. Variable demand leads to slightly higher H: storage capacity needs than constant
demand in grid-connected scenarios. Therefore, the hydrogen storage capacity cost, according to Figure
21, also seems to be a minor cost driver.

Apart from the cost aspect, the decision on a specific H> generation strategy may also have an impact
on the overall energy system if H: production becomes a significant part of electricity demand. Sourcing
electricity directly from the electricity grid, on the one hand, imposes specific grid infrastructure
requirements to guarantee stability with the connection of an additional consumer. On the other hand,
optimization based on electricity prices is a form of demand response that can help manage better the
whole power system.

4.3. Sensitivity Analysis
Electricity cost

Exposure to market prices entails risks, such as mid- to long-term price increases. The average Austrian
electricity market price of 2019 used in the scenarios is shown in jError! No se encuentra el origen de
la referencia. and accounted for 40.2 €/ MWh (APG, 2022) plus a grid access tariff of 1.2 €/MWh. The
electricity directly sourced from the PV power plant costs 26 €/ MWh and from the wind power plant
36 €/ MWh, without any additional connection cost. However, the results revealed cheaper H:
production with grid-connected strategies than RES-based electrolysis because of the impact of variable
operation on the efficiency of the electrolyser. The current market situation, with an average electricity
price in Austria that surged to 109 €/ MWh in 2021 even reaching 207 €/MWh in at the end of May 2022
(APG, 2022) would, however, support the competitiveness of direct sourcing from a renewable plant
instead of being exposed to the market price.

Lifting the 2019 spot market price to an average electricity price of 150 €/MWh would result in
hydrogen production costs of 267 €/ MWh with JIT production in the constant demand base scenario.
This would almost make the wind power-connected scenario competitive, which, at least in Spain,
could be achieved with a reasonably low RES capacity effort at 283 €/ MWh for variable demand (see
Figure 14). An average electricity market price of 250 €/ MWh would lead to a hydrogen production
cost of 414 €/MWh with JIT production. In this situation, even a dedicated PV power plant in Spain
would become cost-competitive with the grid-connected case at 380 €/ MWh.
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Power purchase agreements might be a favourable solution for risk minimization that combines both
stable renewable electricity supply and fixed prices. Since the results for grid-connected JIT operation
are very promising in this study, a favourable PPA could lead to a further Hz cost reduction. As a result,
in the variable demand case, the zero-storage (JIT) could become the optimal strategy under electricity
price optimization. With this solution, renewable electricity generation can be decoupled from demand
through the electricity grid (although this means free-riding on the backup that the grid provides). If a
favourable PPA price can be agreed upon for the upcoming years, potential market price increases can
be avoided, and H: production costs further decreased (depending on how the cost of the backup is
charged).

As another sensitivity analysis, a prognosis on a potential price pattern in 2030, with a large renewables
share, was considered (taken from Spanish 2030 scenarios) and also provided in jError! No se encuentra
el origen de la referencia.. There is a strong seasonal pattern in the estimated electricity price of 2030
due to a large share of renewable electricity generation. Therefore, in a scenario of constant demand,
again JIT production avoiding storage represents the most cost efficient H2 production strategy.
Exploiting the very low electricity prices during two thirds of the year in order to fulfil H> demand
during the winter months would require vast hydrogen storage and electrolyzer capacity. This
investment cost is avoided by JIT production at a similar electrolyzer capacity as in the calculations
made in the grid connected base scenarios, while still having almost zero electricity cost during a long
period of the year. With this price scenario for 2030, the average yearly price decreases from 40.2 €/ MWh
in the base scenario to only 28.0 €/MWHh. This results in a cost reduction for hydrogen production in the
grid connected case down to 87.4 €/ MWh for constant and 90.3 €/ MWh for variable demand.
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Figure 24 Comparison of the Austrian sport market price of 2019
(grey) with a price prognosis for 2030 Spanish market conditions
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Demand access fee

A demand access fee for grid-connected electrolyser could deteriorate the economic performance
compared to direct renewable feed-in. This cost for the maximum power capacity sourced from the grid
has been exempt for electrolyser operation since it represents a significant financial barrier to variable
operation.

Intermediate storage at 60 bar

When intermediate storage (or final demand) is assumed to be at 60 bar, there is a cost of compression.
These costs have been calculated exogenously to the model, assuming a compression efficiency of 0.7,
an electric efficiency of 0.85, a CAPEX of 24 €/MW, and a lifetime of 20 years.
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For the island cases the cost of compression ranges from 7 to 9 €/ MWHh, both for constant and variable
demand, therefore becoming negliglible compared to the total cost of hydrogen.

For the grid-connected cases, however, and given the small difference in the cost of hydrogen among
these two options, the cost of compression becomes relevant. In this case, the cost of compression is 9
€/MWh of H2 compressed. If all hydrogen is compressed, then this should be added to the final cost.

If final demand still takes place at 30 bar, but intermediate storage requires 60 bar, then only hydrogen
stored adds to the final cost. And only the price-optimization option stores hydrogen. The share of
hydrogen compressed is 13.9% for the ALK electrolyzer, and 12.3% for the PEM electrolyzer, hence
resulting in an increase of 1.3 €/ MWh for ALK and 1.1 €/ MWh for PEM. This difference is enough to
make price optimization more costly than the JIT option, given the very small difference between them.

Impact of electrolyser and storage investment cost on LCOH&S

A reduced electrolyser investment cost enables a more vigorous exploitation of the electricity price
variability with higher electricity consumption ranges. Paired with low hydrogen storage cost, this
effect is even more substantial.

In the base case, for constant demand, JIT is the cheapest option under electricity price optimisation.
However, a non-zero storage strategy could be cheaper once the electrolyser investment cost goes
below 500 €/kW. Under this assumption, the cost impact of larger electrolyser capacities is lower, and
arbitrage can be exploited to a greater extent with larger production ranges. Storage costs below
15 €/kWh can further support this. However, such a significant price decrease is only expected to be
likely after 2040 (see section 2.3.1). Above 500 €/kW electrolyser capacity cost, JIT production is the
cheapest H: generation approach for constant demand. For variable demand, JIT is more expensive
than electricity price optimization for all scenarios, with storage costs between 2-24 €/kWh and
electrolyser investment costs between 250 €/kW and 3,000 €/kW.

Figure 25 and Figure 26 show an exemplary optimisation week with low or high investment costs. In
the low-cost scenario, the optimal electrolyser capacity is more significant, and hydrogen production
varies more to exploit electricity prices. In the scenario with higher investment cost, however, the
production range is reduced to minimise the investment cost share in the LCOH&S. Maximum
electricity consumption, which is limited by the electrolyser capacity, is reduced by about 50% in the
high compared to the low-cost scenario.
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Additional analyses reveal that the electrolyser investment cost makes up a much larger part of the cost
per MWh than the storage cost. The electrolyser capacity cost, therefore, has a major impact on the
operation configuration. As described in Figure 27, related to the yearly demand, the impact of storage
on the cost per MWh of hydrogen demand is minimal and, within the assumptions of this work,
accounts for less than 2% of the hydrogen LCOH&S. Not every hydrogen unit is stored, but part of it is
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directly used. Electrolyser investment costs, however, are a primary driver of hydrogen cost. This raises
the question of why storage is not used more extensively to exploit electricity variability more and
reduce hydrogen production costs. The reason is that such an increase in operation variability would
also require even higher electrolyser capacities installed. This additional cost cannot offset the benefits
of arbitrage.
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Figure 27 Electricity and investment cost share of hydrogen production cost for constant demand

Up to a 2,000 €/kW electrolyser investment cost, the variable cost based on electricity consumption
makes up the largest share of hydrogen production cost. At 250 €/kW, the investment cost only makes
up 12% of the overall hydrogen production cost despite the higher installed capacity for arbitrage
reasons. At the same storage capacity cost in the base case of 15€/kWh, 83% lower electrolyser
investment cost achieves only 5% lower electricity consumption cost per MWh due to higher arbitrage
exploitation. In comparison, the investment cost per MWh decreases by 77%. Figure 27 shows that at
an electrolyser investment cost of 250 €/kW, variable cost, including electricity cost plus additional fees
and water consumption, makes up for 86% of overall hydrogen production cost. This share decreases
to only 46% with an electrolyser investment cost of 3,000 €/kW. In the base case, this study reveals an
electricity consumption cost share of 62%, which corresponds with findings in the literature.

5. Conclusions

Renewable hydrogen is expected to play a major role in decarbonising the industrial sector as feedstock
and fuel to many processes and products. On-site production, or production limited to “hydrogen
valleys”, has been proposed as a non-regret, robust way of starting the deployment of this technology
and achieving higher production scales to decrease the cost. However, this option may imply having
to follow a variable hydrogen demand pattern, which in turn may affect the conversion efficiency of
the electrolyser, or require investing in hydrogen storage. This situation may be particularly acute in
the case of hydrogen production fed exclusively with off-grid renewable plants. In this paper we have
looked at the economics of these configurations, for both PEM and ALK electrolysers.

In a situation with grid-connection—assuming the same investment cost for comparability reasons—
the cost of producing hydrogen with the ALK technology is slightly higher than with a PEM
electrolyser. However, since the ALK technology is more mature and usually cheaper, it may have a
major economic advantage for grid-connected scenarios. The PEM electrolyser may catch up in terms
of investment cost although needs to handle its current shorter stack lifetime and the need for platinum
group metals.

In a grid-connected scenario, constant demand representing centralised bulk production always allows
for cheaper hydrogen production by optimizing electrolyser operation. In this case, electricity price
optimization does not provide economic benefits unless the electrolyser investment cost decreases or
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price profiles change significantly. Grid-connected zero-storage (JIT) production achieves the lowest
renewable hydrogen cost with constant hydrogen demand. In this case, maximising asset utilisation
with more than 8,600 full load hours leads to a cost-optimal solution. Power purchase agreements
would also be helpful in reducing the cost of the electricity sourced from the grid while ensuring its
renewable character.

In case hydrogen demand is variable, then electricity price optimization and hydrogen storage can be
used to achieve lower costs. These results are valid under the assumption of no demand access fee
applied for the maximum power sourced from the grid, and no need for compression for intermediate
storage. Cost advantages may be intensified with higher electricity price spreads through higher
renewable shares. Electricity price optimization would also, in this case, become a demand response
tool to help manage the system.

It is also interesting to note that the difference in costs between the variable and constant demand
alternatives is just 2%. This small difference may not justify efforts to aggregate demands or to focus
only on constant demand industrial facilities.

However, cost differences are much larger when comparing grid-connected and island configurations.
According to our results, wind power feed-in is 2.5 times, and PV power up to 5 times more expensive
than a grid-connected scenario for hydrogen production based on the Austrian electricity market price
for 2019. The intermittency of renewable resources leads to substantial electrolyser and storage capacity
requirements and huge variability, harming actual operation efficiency. The RES profiles drive
hydrogen production cost and capacity requirements more than the hydrogen demand profile. Wind
power seems to be more favourable than PV in terms of availability. Based on the findings and in line
with the available literature, we do not recommend the ALK electrolyser for direct renewable electricity
feed-in due to the supply variability causing substantial performance losses.

An electrolyser's isolated RES connection may only become competitive if electricity market prices
skyrocket, as currently observed. With the current average Austrian electricity price reaching
207 €/ MWh by the end of May 2022, even the Spanish PV power could almost compete in the presented
base scenario. Additionally, a mid-to-long-term expected decrease in electrolyser investment cost
would also support the economic performance of direct renewable electricity feed-in. These results are
however subject to the existence or not of demand charges imposed on electrolysers, something which
is currently being discussed in several countries.

Hence, our results show that, although the production of green hydrogen in grid-connected
configurations is more competitive in normal circumstances, this is subject to several uncertainties, such
as the evolution in the cost and efficiency of electrolysers, or the regulation of the power system.
Including these uncertainties into the analysis to produce more robust investment decisions would be
a natural next step in this research.

Author Contributions: Conceptualisation, J.R., P.L. and R.H.; formal analysis, ].R.; funding acquisition,
- ; methodology, J.R., P.L. ., A.-H. and R.H.; project administration,-; software, ].R., A.H.; supervision,
P.L.; Visualization, J.R.; writing—original draft, J.R.; writing—review and editing, ].R., P.L., A.H. and
R.H. All authors have read and agreed to the published version of the manuscript.

Funding: No funding has been received for this research.

Conflicts of Interest: The authors declare no conflict of interest.

27



References

Abdul Quader, M., Ahmed, S., Dawal, S. Z., & Nukman, Y. (2016). Present needs, recent progress and future trends
of energy-efficient Ultra-Low Carbon Dioxide (CO 2 ) Steelmaking (ULCOS) program. Renewable and Sustainable
Energy Reviews, 55, 537-549. https://doi.org/10.1016/j.rser.2015.10.101

Agora Energiewende, AFRY Management, & AFRY Management Consulting. (2021). No-regret hydrogen: Charting
early steps for H infrastructure in Europe. https://www.agora-energiewende.de/en/publications/no-regret-hydrogen/

APG. (2022). Day-Ahead Preise: EXAA-Spotmarkt.
https://www.apg.at/de/markt/Markttransparenz/Uebertragung/EXAA-Spotmarkt

Arnold, K., & Janssen, T. (2016). Demand side management in industry — necessary for a sustainable energy system or a
backward step in terms of improving efficiency?

Barhoumi, E.M., P. C. Okonkwo, S. Farhani, I.B. Belgacem, M. Zghaibeh, I. B. Mansir, F. Bacha. (2022a) Techno-
economic analysis of photovoltaic-hydrogen refueling station case study: A transport company Tunis-Tunisia.
International Journal of Hydrogen Energy, 47 (58): 24523-24532. https://doi.org/10.1016/j.ijhydene.2021.10.111.

Barhoumi, E.M., P. C. Okonkwo, L.B. Belgacem, M. Zghaibeh, 1. Tlili. (2022b) Optimal sizing of photovoltaic
systems based green hydrogen refueling stations case study Oman. International Journal of Hydrogen Energy, 47
(75): 31964-31973. https://doi.org/10.1016/j.ijhydene.2022.07.140.

Barhoumi, E.M., M. S. Salhi, P. C. Okonkwo, I.B. Belgacem, S. Farhani, M. Zghaibeh, F. Bacha. (2023) Techno-
economic optimization of wind energy based hydrogen refueling station case study Salalah city Oman.
International Journal of Hydrogen Energy, 48 (26): 9529-9539. https://doi.org/10.1016/j.ijhydene.2022.12.148.

Bertuccioli, L., Chan, A., Hart, D., Lehner, F., Madden, B., & Standen, E. (2014). Study on development of water
electrolysis in the EU.

Bhandari, R., & Shah, R. R. (2021). Hydrogen as energy carrier: Techno-economic assessment of decentralized
hydrogen production in Germany. Renewable Energy, 177, 915-931. https://doi.org/10.1016/j.renene.2021.05.149

Bourasseau, C., & Guinot, B. (2015). Hydrogen: A storage means for renewable energies. In Hydrogen Production by
Electrolysis (1st ed., pp. 311-382). John Wiley & Sons, Ltd. https://doi.org/10.1002/9783527676507

Bréandle, G., Schonfisch, M., & Schulte, S. (2020). Estimating Long-Term Global Supply Costs for Low-Carbon Hydrogen
(EWI Working Paper No 20/04).

Bristowe, G., & Smallbone, A. (2021). The Key Techno-Economic and Manufacturing Drivers for Reducing the Cost
of Power-to-Gas and a  Hydrogen-Enabled  Energy  System.  Hydrogen, 2(3),  273-300.
https://doi.org/10.3390/hydrogen2030015

Brynolf, S., Taljegard, M., Grahn, M., & Hansson, J. (2018). Electrofuels for the transport sector: A review of
production costs. Renewable and Sustainable Energy Reviews, 81, 1887-1905. https://doi.org/10.1016/j.rser.2017.05.288

Caparros Mancera, J., Fernandez, F. J., Segura, F., & Andujar Marquez, J. (2019). Optimized Balance of Plant for a
medium-size PEM electrolyzer. Design, Modelling and Control.

Castro, P. M., Sun, L., & Harjunkoski, I. (2013). Resource-Task Network Formulations for Industrial Demand Side
Management of a Steel Plant. Industrial & Engineering Chemistry Research, 52(36), 13046-13058.
https://doi.org/10.1021/ie401044q

Chen, S., Gong, F., Zhang, M., & Yuan, ]J. (2021). Planning and Scheduling for Industrial Demand-Side
Management: State of the Art, Opportunities and Challenges under Integration of Energy Internet and Industrial
Internet. Sustainability, 13.

Di Micco, S., F. Romano, E. Jannelli, A. Perna, M. Minutillo (2023). Techno-economic analysis of a multi-energy
system for the co-production of green hydrogen, renewable electricity and heat. International Journal of Hydrogen
Energy, 48 (81): 31457-31467. https://doi.org/10.1016/j.ijhydene.2023.04.269

El-Emam, R. S., & Ozcan, H. (2019). Comprehensive review on the techno-economics of sustainable large-scale
clean hydrogen production. Journal of Cleaner Production, 220, 593-609. https://doi.org/10.1016/j.jclepro.2019.01.309

European Commission (EC). (2020, July 27). Hydrogen generation in Europe: Overview of costs and key benefits.
[Website]. Publications Office of the European Union. http://op.europa.eu/en/publication-detail/-
/publication/7e4afa7d-d077-11ea-adf7-01aa75ed71al/language-en

28



Fischedick, M., Marzinkowski, J., Winzer, P., & Weigel, M. (2014). Techno-economic evaluation of innovative steel
production technologies. Journal of Cleaner Production, 84, 563-580. https://doi.org/10.1016/j.jclepro.2014.05.063

Fragiacomo, P., & Genovese, M. (2020). Technical-economic analysis of a hydrogen production facility for power-
to-gas and hydrogen mobility under different renewable sources in Southern Italy. Energy Conversion and
Management, 223, 113332. https://doi.org/10.1016/j.enconman.2020.113332

Fraunhofer ISE. (2021). Studie: Stromgestehungskosten erneuerbare Energien. Fraunhofer-Institut fiir Solare
Energiesysteme ISE. https://www ise.fraunhofer.de/de/veroeffentlichungen/studien/studie-
stromgestehungskosten-erneuerbare-energien.html

Frischmuth, F., & Hartel, P. (2022). Hydrogen sourcing strategies and cross-sectoral flexibility trade-offs in net-
neutral energy scenarios for Europe. Energy, 238, 121598. https://doi.org/10.1016/j.energy.2021.121598

Gahleitner, G. (2013). Hydrogen from renewable electricity: An international review of power-to-gas pilot plants
for  stationary  applications.  International ~ Journal — of  Hydrogen  Energy,  38(5), 2039-2061.
https://doi.org/10.1016/j.ijhydene.2012.12.010

Gerres, T., Avila, J.P.C,, & Llamas, P. L. (2019). The transformation of the Spanish basic materials sector towards a low
carbon economy.

Gorre, ], Ruoss, F., Karjunen, H., Schaffert, J., & Tynjéla, T. (2020). Cost benefits of optimizing hydrogen storage
and methanation capacities for Power-to-Gas plants in dynamic operation. Applied Energy, 257, 113967.
https://doi.org/10.1016/j.apenergy.2019.113967

Haas, R., Ajanovic, A., Ramsebner, J., Perger, T., Knapek, J., & Bleyl, J. W. (2021). Financing the future infrastructure
of sustainable energy systems. Green Finance, 3(1), 90-118. https://doi.org/10.3934/GF.2021006

Hartner, M. (2016). Economic aspects of photovoltaic from a strategic, end user and electricity system perspective [Thesis,
Wien]. https://repositum.tuwien.at/handle/20.500.12708/4762

IEA. (2020). Projected Costs of Generating Electricity 2020. IEA. https://www.iea.org/reports/projected-costs-of-
generating-electricity-2020

IEA. (2022). Evolution of natural gas spot market prices, 2014-2019 — Charts — Data & Statistics. 1EA.
https://www .iea.org/data-and-statistics/charts/evolution-of-natural-gas-spot-market-prices-2014-2019

International Energy Agency (IEA). (2019). The future of hydrogen [Report prepared by the IEA for the G20, Japan].

IRENA. (2021). Renewable Power Generation Costs in 2020. /Publications/2021/Jun/Renewable-Power-Costs-in-2020.
https://www.irena.org/publications/2021/Jun/Renewable-Power-Costs-in-2020

Joas, F., Witecka, W., Lenck, T., & Peter, F. (2019). Klimaneutrale Industrie: Schliisseltechnologien und Politikoptionen
fiir Stahl, Chemie und Zement.

Kopp, M., Coleman, D, Stiller, C., Scheffer, K., Aichinger, J., & Scheppat, B. (2017). Energiepark Mainz: Technical
and economic analysis of the worldwide largest Power-to-Gas plant with PEM electrolysis. International Journal of
Hydrogen Energy, 42(19), 13311-13320. https://doi.org/10.1016/j.ijhydene.2016.12.145

Larscheid, P., Liick, L., & Moser, A. (2018). Potential of new business models for grid integrated water electrolysis.
Renewable Energy, 125, 599-608. https://doi.org/10.1016/j.renene.2018.02.074

Linares, P., Santos, F. J., & Ventosa, M. (2008). Coordination of carbon reduction and renewable energy support
policies. Climate Policy, 8(4), 377-394. https://doi.org/10.3763/cpol.2007.0361

Luo, X.]., Oyedele, L. O., Akinade, O. O., & Ajayi, A. O. (2020). Two-stage capacity optimization approach of multi-
energy system considering its optimal operation. Energy  and Al 1, 100005.
https://doi.org/10.1016/j.egyai.2020.100005

Machhammer, O., Bode, A., & Hormuth, W. (2016). Financial and Ecological Evaluation of Hydrogen Production
Processes on Large Scale. Chemical Engineering & Technology, 39(6), 1185-1193.
https://doi.org/10.1002/ceat.201600023

Mansilla, C., Avril, S., Imbach, J., & Le Duigou, A. (2012). CO2-free hydrogen as a substitute to fossil fuels: What
are the targets? Prospective assessment of the hydrogen market attractiveness. International Journal of Hydrogen
Energy, 37(12), 9451-9458. https://doi.org/10.1016/j.ijhydene.2012.03.149

29



Matute, G., Yusta, J. M., & Correas, L. C. (2019). Techno-economic modelling of water electrolysers in the range of
several MW to provide grid services while generating hydrogen for different applications: A case study in Spain
applied to mobility with FCEVs. International Journal of Hydrogen Energy, 44(33), 17431-17442.
https://doi.org/10.1016/j.ijhydene.2019.05.092

Mohammadi, A., & Mehrpooya, M. (2018). A comprehensive review on coupling different types of electrolyzer to
renewable energy sources. Energy, 158, 632—-655. https://doi.org/10.1016/j.energy.2018.06.073

Mohanpurkar, M., Luo, Y., Terlip, D., Dias, F., Harrison, K., Eichman, J., Hovsapian, R., & Kurtz, J. (2017).
Electrolyzers Enhancing Flexibility in Electric Grids. Energies, 10(11), 1836. https://doi.org/10.3390/en10111836

Neuhoff, K., Chiapinelli, O., & Gerres, T. (2019). Building blocks for a climateneutral European industrial sector.
Neuhoff, K., Chiapinelli, O., & Richtstein, J. (2021). Closing the Green Deal for Industry.

Neuhoff, K., Lettow, F., Chiappinelli, O., Gerres, T., Joltreau, E., Linares, P., & Sniegocki, A. (2020). Investments in
climate-friendly materials to strengthen the recovery package (Investments in Climate-Friendly Materials to Strengthen
the Recovery Package). Climate Strategies. https://www jstor.org/stable/resrep24973.1

Nguyen, T., Abdin, Z., Holm, T., & Mérida, W. (2019). Grid-connected hydrogen production via large-scale water
electrolysis. Energy Conversion and Management, 200, 112108. https://doi.org/10.1016/j.enconman.2019.112108

Otto, A., Robinius, M., Grube, T., Schiebahn, S., Praktiknjo, A., & Stolten, D. (2017). Power-to-Steel: Reducing CO2
through the Integration of Renewable Energy and Hydrogen into the German Steel Industry. Energies, 10(4), 451.
https://doi.org/10.3390/en10040451

Parkinson, B., Balcombe, P., Speirs, J. F., Hawkes, A. D., & Hellgardt, K. (2019). Levelized cost of CO2 mitigation
from  hydrogen  production  routes. Energy & Environmental — Science, 12(1), 19-40.
https://doi.org/10.1039/C8EE02079E

Pascuzzi, S., Anifantis, A., Blanco, I., & Scarascia Mugnozza, G. (2016). Electrolyzer Performance Analysis of an
Integrated Hydrogen Power System for Greenhouse Heating. A Case Study. Sustainability, 8(7), 629.
https://doi.org/10.3390/su8070629

Paulus, M., & Borggrefe, F. (2011). The potential of demand-side management in energy-intensive industries for
electricity markets in Germany. Applied Energy, 88(2), 432—441.

Ramsebner, ., Haas, R., Ajanovic, A., & Wietschel, M. (2021). The sector coupling concept: A critical review. WIREs
Energy and Environment, 10(4). https://doi.org/10.1002/wene.396

Ramsebner, J., Linares, P., & Haas, R. (2021). Estimating storage needs for renewables in Europe: The correlation
between renewable energy sources and heating and cooling demand. Smart Energy, 100038.
https://doi.org/10.1016/j.segy.2021.100038

Rissman, J., Bataille, C., Masanet, E., Aden, N., Morrow, W. R., Zhou, N., Elliott, N., Dell, R., Heeren, N.,
Huckestein, B., Cresko, J., Miller, S. A., Roy, J., Fennell, P., Cremmins, B., Koch Blank, T., Hone, D., Williams, E. D.,
de la Rue du Can, S,, ... Helseth, ]. (2020). Technologies and policies to decarbonize global industry: Review and
assessment of mitigation drivers through 2070. Applied Energy, 266, 114848.
https://doi.org/10.1016/j.apenergy.2020.114848

Schlund, D., & Theile, P. (2021). The economic viability of grid-connected power-to-hydrogen conversion—Quantifying
short- and long-term determinants.

Tang, O., Rehme, J., Cerin, P., & Huisingh, D. (2021). Hydrogen production in the Swedish power sector:
Considering  operational volatilities and long-term uncertainties. Energy  Policy, 148, 111990.
https://doi.org/10.1016/j.enpol.2020.111990

Tijani, A.S., & Rahim, A. H. A. (2016). Numerical Modeling the Effect of Operating Variables on Faraday Efficiency
in PEM Electrolyzer. Procedia Technology, 26, 419-427. https://doi.org/10.1016/j.protcy.2016.08.054

Timmerberg, S., Kaltschmitt, M., & Finkbeiner, M. (2020). Hydrogen and hydrogen-derived fuels through methane
decomposition of natural gas — GHG emissions and costs. Energy Conversion and Management: X, 7, 100043.
https://doi.org/10.1016/j.ecmx.2020.100043

Tjarks, G., Mergel, ]., & Stolten, D. (2016). Dynamic Operation of Electrolyzers—Systems Design and Operating
Strategies. In Prof. Dr. D. Stolten & Dr. B. Emonts (Eds.), Hydrogen Science and Engineering: Materials, Processes,

30



Systems ~ and  Technology — (pp.  309-330). Wiley-VCH  Verlag GmbH & Co. KGaA.
https://doi.org/10.1002/9783527674268.ch14

Tlili, O., de Rivaz, S.,, & Lucchese, P. (2020). POWER-TO-HYDROGEN AND HYDROGEN-TO-X: SYSTEM
ANALYSIS OF THE TECHNO-ECONOMIC, LEGAL AND REGULATORY CONDITIONS. CEA-Université-Paris-
Saclay.

Tlili, O., Mansilla, C., Frimat, D., & Perez, Y. (2019). Hydrogen market penetration feasibility assessment: Mobility
and natural gas markets in the US, Europe, China and Japan. International Journal of Hydrogen Energy, 44(31), 16048—
16068. https://doi.org/10.1016/j.ijhydene.2019.04.226

Tom Smolinka, Jiirgen Garche, & Martin Giinther. (2010). Stand und Entwicklungspotenzial der Wasserelektrolyse zur
Herstellung von Wasserstoff aus regenerativen Energien.

Wang, A., van der Leun, K., Peters, D., & Buseman, M. (2020). European Hydrogen Backbone: How a dedicated hydrogen
infrastrucuture can be created. https://gasforclimate2050.eu/sdm_downloads/european-hydrogen-backbone/

Weidner, S., Faltenbacher, M., Frangois, I, Thomas, D., Skulason, J. B., & Maggi, C. (2018). Feasibility study of large
scale hydrogen power-to-gas applications and cost of the systems evolving with scaling up in Germany, Belgium
and Iceland. International Journal of Hydrogen Energy, 43(33), 15625-15638.
https://doi.org/10.1016/j.ijhydene.2018.06.167

Waulf, C, Linssen, J., & Zapp, P. (2018). Power-to-Gas—Concepts, Demonstration, and Prospects. In Hydrogen
Supply Chains (pp. 309-345). Elsevier. https://doi.org/10.1016/B978-0-12-811197-0.00009-9

Yodwong, B., Guilbert, D., Phattanasak, M., Kaewmanee, W., Hinaje, M., & Vitale, G. (2020). Faraday’s Efficiency
Modeling of a Proton Exchange Membrane Electrolyzer Based on Experimental Data. Energies, 13(18), 4792.
https://doi.org/10.3390/en13184792

Zini, G., & Tartarini, P. (2009). Hybrid systems for solar hydrogen: A selection of case-studies. Applied Thermal
Engineering, 29(13), 2585-2595. https://doi.org/10.1016/j.applthermaleng.2008.12.029

31



Appendix

Optimisation Model

The yearly cost for hydrogen production and storage is minimised. According to Matute et al. (2019),
the annual cost for Hz production or the levelised cost of hydrogen LCOH&S is defined as equipment
cost (Cgq) plus variable energy cost (Cg). In this study, the relative cost per MWh is based on hydrogen

demand.
@ *+Ef=1Cre
min YTy 20 TSm0 :HZ 2150 [e/MWh)
con(t)

CEQ rrrvrrrrrmsetset et annual equipment cost [€]
G vttt hourly variable cost [€]
P2 e H: demand [kW]
Bttt time step [h]
et 8760 hours of a year
[ e annual

The annual Cy, includes CAPEX and OPEX of the electrolyser (C%”, C%¥, ) and the storage tanks (C,
CHan) plus indirect other CAPEX (CQT) for engineering works and land permits and their respective

OPEX (C9%,,) (Matute et al., 2019).

_ Ely, ~st, ~oT, Ely oT St
Cro@y=C¢ + Co+ Ce + Cognt Cosam™ Coam

0&M
Y e CAPEX electrolyser [€]
ettt s CAPEX storage [€]
G e eeees e OPEX electrolyser [€]
g vereereeseesessss e s s bR OPEX storage [€]
e bbb CAPEX other [€]
G E g vereereeseeseesesae st OPEX other [€]

The annual C]?y is calculated as the annuity from the initial investment cost for the electrolyser. To
calculate the yearly investment cost Haas et al. (2021) describe the calculation of the annuity as a
product of an annuity factor (a) and the initial investment cost (C]?(ytzo)). The annuity factor (a) results
from the expected rate of return (r) and the predicted depreciation period or lifetime (n)°.

Ely _ Ely
Ce= 2 Ceie=o

_i@+"

T (-1

oS initial investment cost [€]
QU annuity factor
Tttt lifetime [y]
Lttt ettt interest rate

The variable energy cost (Cg) consists of the wholesale or spot market (Cy,,) cost for electricity
consumption, access tariff for electricity (Cyrg), electricity tax (Cgr), municipal tax (Cyyr), retailer
operational cost, operation costs for accessing energy markets (Cy), financing fees (Crr) and water cost
(Cw). This cost largely depends on the hourly electricity consumption and, therefore, on the chosen

supply strategy.
1
Crp =2 Cwmey + Carey + Cerey + Cury + Cocy + Crrey) Pceon(t)+ Cw(y Water

9 The depreciation may vary on the time of use and influences the yearly investment cost annuity
32



/M «ovrereereeemeneneersasansesionsossentonsesseseessessesssssassssssssotensessestonsessentensessessessarsssssssssones wholesale market price [€/kWh]

CATE coevevememememeieie e access tariff for electricity [€/kWh]
G coveerereereeseeeneneesarsssesiosssnsensontossensensessessessessssssstetsnsessentestonsensentessensessersesssstatsssersestontossons electricity tax [€/kWh]
CMT vevvereereereeesseseesersssestossonsentontossensentossessessesessssstossnsessentestosensessessensessersesssstatsssersessostossons municipal tax [€/kWh]
GOl wovererremeenemtetentet sttt ettt ettt etttk etttk etttk ekt h ekttt ettt operational cost [€/kWh]
CRF vt financing fees [€/kWh]
Gy +rvenvenrententete e et et et et ekt ete et e bt te sttt e e n et a ARt Rt e R ekt ekt ket e ket et en et et e e et e e st eneene et e ens water cost [€/L]
WAEET ... water consumption [L]
Cost data

The levelised cost of hydrogen (LCOH) is based on the costs described in Table A.1 derived from
Matute et al. (2019). The data input is presented inTable A.2.

Table A.1Cost parameters for the optimization model

Variable Electricity spot market | Cy) | €/kWh electricity
cost price — Austria 2019
Access tariff Carg | €/kWh electricity | 0.0012
Electricity tax Cer €/kWh electricity | 0.0031
Municipal tax Cyur €/kWh electricity | 0.0005
Operation cost Coc €/kWh electricity | 0.0012
Financial cost Crr €/kWh electricity | 0.0002
Water consumption Water | €/L 0.004
CAPEX Electrolyser cEY | €W Scenarios
Other CAPEX cor % of CAPEX 60
Storage ce | €/kW Scenarios
Lifetime n Years 20
WACC i % 5
OPEX OPEX electrolyser C(E)gM % of CAPEX 3
Other OPEX electrolyser | C9%, | % of CAPEX 24
OPEX Storage Ctam | % of CAPEX 1
Table A.2 Data input to the optimization model
Type Source 1?;221131):(?111 Unit
Electricity supply | Grid 2019 h MW
HzDemand Annual demand for Hxbased steel production MWh
process Austria 2050 y
H:Demand Profile | Spain: industrial gas demand profile (daily
variability, weekly cycle) d
Austria: H>-based steel production process (constant)
LCOE PV power Fraunhofer ISE (2021), IEA (2020) and IRENA (2021) 26 €/MWh

33



LCOE wind | (Fraunhofer ISE, 2021; IEA, 2020; IRENA, 2021) 36 €/ MWh
power

Capacity modelling

In order to optimise the electrolyser capacity in the first modelling step, the levelised cost of hydrogen
and storage are minimised, as described in Eq. jError! No se encuentra el origen de la referencia..

. Ceow) +Xt=1Creo
min Yioq——m——— [€(/MWh] )
con(t)

Hydrogen demand (PL2,) is fulfilled either through discharging the Hz storage (P52 ,,) or directly from

DC(t)

the electrolyser (P dlr(t)) (see Eq. (5)).

pl: — pi: y+ szr(t) %)

con DC(t

Eq. (6) makes sure that hydrogen generation (Pgen) equals the gross H: storage input (Pcm)) and the

direct demand fulfilment. In every time step t, electricity consumption (P3,) equals hydrogen
generation divided by the P2G efficiency (see Eq. (7)).

H, _ H

Pg;n - PCizl(t) + pdlr(t) (6)
PiZn

PS, = B3 )
Nt

NE26 is assumed to be 0.60. This is below the maximum of 0.70-0.75 to account for the additional load

dependent efficiency losses. These detailed losses are the result of the operational optimization.

The hydrogen state of charge is defined in Eq. (8) by the storage level from t-1 plus the hydrogen storage
input or charge (P} chp) minus hydrogen output or discharge eh pecy) to fulfil demand.

The storage input (PCh(t)) in Eq. (9) and output (PDC(t)) in Eq. (10) are derived by the gross hydrogen

amount adjusted by the storage efficiency (nf*").
SOCH? = SOCH? + Piz, — Phie ®)
H _ oH,
Perw) = Pehgrosse-n M- ©)
H
PHZ — PDngross(t) (10)

DC(t) T]gtor
To achieve a storage balance throughout the year, the hydrogen state of charge in time step 1 needs to
equal the SOC at the end of the time horizon (see Eq. (11)).
socH2 = sochz, 11)

As stated in Eq. (12), electricity consumption may not exceed electricity supply (P¢'), which can be grid
supply (Eq. (13)) or from a dedicated RES plant defined by the renewable generation profile and the

RES capacity (Pgks ) as shown in Eq. (14).
Pty < Py (12)

Grid connected electrolyser:

PS,) = grid supply (13)

RES connected electrolyser:

Pty < Profileggs( Pgs (14)
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According to Eq. (15), electricity consumption may also not exceed electrolyser capacity (Pg, ), which is

the one result that is an input to the operational efficiency modelling in the next step.

Pce(}n(t) < Pbglly (15)

Variables:

SOCHZ ot state of charge Ha [kWh]
P?,f .................................................................................................................. charge Hz (Hz storage input) [kW]
Pgé ........................................................................................................... discharge H: (Hz storage output) [kW]
ngr ...................................................................................................................................... direct Hz supply [kW]
P?ﬁgms ............................................................................................. gross Hz charge (gross storage input) [kW]
Pgégms ....................................................................................... gross Hz discharge (gross storage output) [kW]
P ettt electricity consumption [kW]
ngn ................................................................................................................................... net Hz generation [kW]
PEly coveesssnmresssmsssnsssssssssssssssssssssssssssssssss s ssssss s s bR bRt electrolyser capacity [kW]
PG e optimal RES capacity [kW]
Input Data

P et H: Demand [kWh]
Pt electricity supply [kW]
PrOfilegps oot RES generation profile (PV or wind) [0-1]
Parameters

T 2 e e electrolyser efficiency (static) [%]
T e storage efficiency [%]

Operational efficiency modelling

The goal of this second step operational modelling is to consider load and therefore electrolyser
capacity dependent efficiency losses according to section 3.3. To avoid multiple interdependencies in
the model, the electrolyser capacity (Pgj,) is no longer a decision variable but a fixed parameter
resulting from the former capacity optimization.

The Faraday efficiency curve differ between the more flexible PEM and the ALK electrolyser and need
to be replicated differently in the model.

a. PEM electrolyser

For the PEM electrolyser, the Faraday efficiency can be modelled with one single curve, which makes
the setup easier and leads to a solid model performance (see section 3.3.1).

Additional losses due to low loads are calculated based on the electricity consumption, which in
relation to the fixed electrolyser capacity results in a certain utilization rate. The function described in
Figure 7 is implemented in the operational model as a linear function to consider losses at specific load
factors.

In the following Eq. (18) and Eq. (17), the gradient (k) and the axial interception (d) are derived for the
loss function. L¢*¢ and P&, represent a certain relationship between additional efficiency losses and a
certain electricity consumption or load factor.

The loss function in Eq. (18) defines the loss at a certain electricity consumption (Figure 6):

Lile*Lile

= Cont™con® (10
d=1L§-P%, *k (17)
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Lg% < kP&, +d (18)

LE e efficiency loss at a certain load [kW]
F s gradient
O o axial interception

Furthermore, the H2 generation balance needs to be extended by this additional loss (Eq. (19)).

Hz ele
P +L
el — _gen(t) "t
Pcon(t) nl;zc (19)

b. ALK electrolyser

The function ALK?2 described in jError! No se encuentra el origen de la referencia. is implemented in
the operational model as a linear function for a load factor >0.36, while the function ALK1 is added as
a manual input, to consider losses at specific load factors <0.36.

For the manual function ALK1 described in Eq. (20)— a matrix listing the load factor and corresponding
absolute loss for the load factors 0-0.36 with 36 data points (x) - an integer decision variable (INT,)
enables the model’s choice of operation. The integer variable decides on the combination of loss (L, )
and utilization (U,,). The utilization depends on the electricity consumption (P&, ,) at the given
electrolyser capacity (see Eq. (21)).

LME'® = 3381 INTE Ly (20)

Peon(t) = Zxt1(INTix Up) Py (1)

LIMEY oo loss manual function [kW]
INTL, oo integer decision variable 1 [0 1]
K s data points in manual function [0-36]
Lo s loss in manual function [kW]
U s utilization in manual function [%]

If, however, the electricity consumption is above a load factor of 0.36, the model chooses the linear
ALK2 function with another integer decision variable as shown in Eq. (22).

el
0.36 INT? < 2200 < 1 INT? 22)
l:)I:'ly
INTZ, oot integer decision variable 2 [0 1]

For the linear function ALK2 (LL¢'), the same approach as for the PEM electrolyser can be used and k
and d are derived for the loss function in Eq. (25) (Figure 9):

LIS —LLge

= Con— conf? *
d = LLE® — Conf™ x k (24)
LL¢® < k Conf'® +d (25)
LLE™® oo loss linear function [kW]

To force a decision for one point along both loss functions, in every time step only one integer decision variable
may be one, the other zero (see Eq. (26)).

Y38 INTE, +INTZ < 1 (26)

In addition, the Hz generation balance needs to be extended by this additional loss from both functions according
to Eq. (27).
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