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HIGHLIGHTS

e A cost model for water electrolyser plants including both plant size and technology improvements has been developed.

o Steeper learning rates for PEMEL and AEL have been estimated than previously reported.

e Electrolyser plant size is an important parameter to include when estimating the learning rate of PEMEL and AEL technologies.
e The CAPEX gap between AEL and PEMEL technology decreases significantly towards 2030.
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ABSTRACT

The investment costs of water electrolysis represent one key challenge for the realisation
of renewable hydrogen-based energy systems. This work presents a technology cost
assessment and outlook towards 2030 for alkaline electrolysers (AEL) and PEM electrolysers
(PEMEL) in the MW to GW range taking into consideration the effects of plant size and
expected technology developments. Critical selected data was fitted to a modified power
law to describe the cost of an electrolyser plant based on the overall capacity and a
learning/technology development rate to derive cost estimations for different PEMEL and
AEL plant capacities towards 2030. The analysis predicts that the CAPEX gap between AEL
and PEMEL technologies will decrease significantly towards 2030 with plant size until 1
—10 MW range. Beyond this, only marginal cost reductions can be expected with CAPEX
values approaching 320—400 $/kW for large scale (greater than 100 MW) plants by 2030 with
subsequent cost reductions possible. Learning rates for electrolysers were estimated at 25
—30% for both AEL and PEMEL, which are significantly higher than the learning rates re-
ported in previous literature.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

The deployment of intermittent renewable energy in recent
years, and the subsequent increased need for flexibility for the
electric power system, has led to an increased focus on green
(i.e., produced from renewable energy sources) hydrogen.
Hydrogen is a flexible energy carrier with the potential
application in many sectors. It can be used for long term
storage and as balancing services for fluctuating renewable
energy sources, as fuel for zero-emission transport (especially
in heavy-duty transportation and in the maritime sector), be
mixed into the natural gas grid for distribution and storage, be
used in reduction processes in the industry (e.g. steel industry)
and be used for converting renewable energy into various
energy carriers (power-to-x), such as synthetic methane,
synthetic liquid fuels, ammonia, and methanol. Hydrogen's
versatility has lately led to the installation of several large-
scale electrolyser plants internationally, most of them in
Europe. Electrolyser manufacturers plan to introduce 2—6 MW
commercial electrolysers and even up to 100 MW electrolysers
being capable of producing 40—50 tons hydrogen each day.

The European Union (EU) states that achieving the required
energy transition will need hydrogen at large scale [1]. This is
in line with the International Energy Agency (IEA) conclusions
that this is the time to scale up these technologies and bring
the costs down to allow hydrogen to become widely used and
that is possible to take advantage of the currently increasing
political and business momentum [2]. The European strategy
includes explicit electrolyser capacity targets of 6 GW by 2024
and 40 GW by 2030, as well as production targets of 1 and 10
million tonnes of renewable hydrogen per year for these
milestones years [3].

The production of green hydrogen from renewable energy
can be realised through four existing water electrolysis tech-
nologies: polymer exchange membrane electrolysers (PEMEL),
alkaline electrolysers (AEL), solid oxide electrolysers (SOEL)
and anion exchange membrane electrolysers (AEMEL). The
two latter are the least mature technologies, with very few
demonstrated commercial plants so far. In comparison, AEL is
the dominating technology dating back to the beginning of the
20th century. PEMEL on the other hand, is a less mature
technology, with the first cells built in the 1960s but it has been
gaining momentum in recent years. Both AEL and PEMEL
electrolysis systems are currently being manufactured and
deployed at multi-MW-scale.

The investment costs of these water electrolyser plants
represent one key challenge for a renewable hydrogen-based
energy system. Historic cost developments of electrolyser
technologies has been the topic of several published works
using different methods to further predict the cost develop-
ment towards 2030 and beyond [4—11]. The data from these
studies suggest a significant decline in the cost of electrolysers
towards 2030 and the drivers for cost reduction are described as
a combination of scale up, increased manufacturing volumes
and technology improvements. However, most of these pub-
lished studies are only analysing the expected cost develop-
ment based on production volume or installation year, and do
not consider the effects of the electrolyser plant size combined
with the maturity of the technology or production processes.

The previously published studies have also to a large degree
gathered cost data uncritically, using cost data from publica-
tions without any basis in techno-economic analyses in com-
bination with more reliable data from detailed cost studies or
quotes from suppliers of electrolyser systems. For example,
Schoots et al. [4] analysed cost data as well as technology
development goals in their study, even though such goals often
are very ambitious. They did account for scale effects, but with
a pre-selected scaling factor without any further discussion on
the basis for the selected value for this factor. Saba et al. [6]
provided a good overview and discussion on the available cost
data as well as methods for estimating future cost de-
velopments, but did not take into account the varying pro-
duction capacity of the electrolysers when discussing the cost
developments towards 2030. Similarly, Glenk and Reichelstein
[7] gathered cost data from the literature without evaluating the
validity of the referenced values and only used the reference
year as a variable for analysing future cost developments. The
main weakness of the approach in these studies, beyond using
cost values that are not founded in any detailed cost break-
down analysis or based on real data from suppliers, is that
historical data for the most part are based on smaller units in
the kW range which cannot be directly compared nor extrap-
olated to future installations in the multi-MW range.

In this study, the available literature for current cost data
and cost projections for both PEMEL and AEL technologies has
been critically reviewed. The references used in the previous
studies mentioned above were included in this review, as well
as recent press releases from leading electrolyser manufac-
turers. Only data which either is based on i) detailed bottom-
up cost estimates or ii) based on quotes/enquiries from elec-
trolyser manufacturers has been included in the further
analysis of cost evolution. In addition, cost values without
reference to system size or estimate year or based on averages
from expert statements from interviews were omitted.
Moreover, effort is made to secure that the data used are
referring to the same boundaries in terms of a clear definition
of which components are included in the electrolyser plant
data. In this study, the electrolyser plant contains the elec-
trolyser stack, balance of plant (water purification, gas sepa-
rators and driers, pumps, valves), as well as all required power
electronics/rectifiers. Compressors, civil works and plant
installation costs are excluded. A cost estimation model
including both technology development and electrolyser plant
size has been developed and used to estimate technology
costs and learning rates for PEMEL and AEL towards 2030. In
the following sections, the status for installations of electro-
lysers is described followed by a summary of the sources used
to collect cost data and cost evaluations. The cost model is
then presented with an evaluation of the model results and
the use of the model to predict future electrolyser costs and to
estimate learning rates for the different technologies. Finally,
a discussion of the obtained results is provided.

Status on electrolyser installation capacity

An overview of installed capacity of electrolysers used in
combination with intermittent renewable power is presented
in Fig. 1. The figure is based on the recent IEA study The future
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Fig. 1 — Quoted installed capacity of flexible power-to-gas
(P2G) and power-to-liquid (P2L) plants as function of year
based on IEA hydrogen project database [12], a) divided for
the electrolyser technologies, b) totals per year, all
technologies combined, and cumulative capacities.

of hydrogen [2] with a published dataset on worldwide
hydrogen projects that have been commissioned since year
2000 [12]. This figure shows that the average size of these in-
stallations has been growing steadily during the last decade
and during the last five years several plants larger than 1 MW
have been realised with PEMEL catching up to AEL. For the
period towards 2025—2030 several large-scale plants in the
range up to 1 GW are either in a feasibility study stage or in
planning phase. Most of these planned large-scale plants are
in the IEA databased classified as “unknown” regarding choice
of technology since a decision on type of technology has not
yet been reached.

Currently, large-scale water electrolysis plants are being
operated or commissioned for sizes up to 20 MW. For example,
several multi-MW PEMEL electrolyser plants are planned
through the European projects Haeolus [13] (Hydrogenics;
2.5 MW), H2Future [14] (6 MW), and REFHYNE [15] (ITM; 10 MW,
100 MW in phase 2). A 20 MW PEMEL electrolyser (Hydro-
genics) has recently (January 2021) been commissioned in
Canada [16]. In the period between 2020 and 2025, there are
several planned projects awaiting final financing decisions in
the range of 50 to more than 250 MW.

Large-scale AEL pilot plants were realised in the Audi e-gas
power-to-gas plant in Werlte in 2013 (DE, 6.3 MW, McPhy [17]),
the commercial George Olah Renewable Methanol Plant in

Svartsengi in 2012 [18], and the E-ON demonstration plant in
Falkenhagen in 2013 [19] (DE, 2 MW, Hydrogenics). The largest
SOEL pilot plant to date is the 150-kW system of Sunfire in the
GrinHy project in 2017 [20] (DE, Salzgitter).

Cost review and screening of data

Available literature and reports were reviewed for cost data
and cost projections for PEMEL and AEL technologies. Selected
values where either a bottom-up cost estimate has been per-
formed or where the costs are based on quotes/enquiries from
electrolyser manufacturers were included in the database.
Cost values without reference to system size or estimate year
or based on averages from expert statements from interviews
were omitted. The electrolyser plant cost data selected for
inclusion in this study contains the electrolyser stack, balance
of plant (water purification, gas separators and driers, pumps,
valves), as well as all required power electronics/rectifiers.
Compressors, civil works and installation costs are excluded.
In the section below, the included cost studies are briefly
presented.

In 2001 Proton Energy System Inc. (Proton On-Site), now
part of NEL ASA, demonstrated a functioning renewable
hydrogen utility system with a cost reduction estimate of 50%
over a ten year period based on technological improvements
and limited mass production [21].

Cost data as function of hydrogen production capacity
from ten electrolyser suppliers, nine AEL and one PEMEL, was
presented in the work Market potential analysis for the
introduction of hydrogen energy technology in stand-alone
power systems of M. Zoulias from 2004 [22].

NEL ASA presented costs of large scale atmospheric and
pressurized alkaline systems during their Q3 report in 2014.
This presentation shows a significant reduction of electrolyser
costs/MW when upscaling to sizes above 5 MW capacity [23].
In 2017, NEL ASA presented the CAPEX of a large scale, 400 MW
alkaline plant [24]. In December 2020 it was announced that
NEL ASA was awarded a 20 MW electrolyser contact with
Everfuel A/S for green hydrogen production facility adjacent to
the Frederica refinery in Denmark with the capacity to pro-
duce eight tons hydrogen per day from wind power, with a ten
tonnes storage capacity [25]. The electrolyser will be delivered
in 2021 and be fully operational in mid-2022. In the beginning
of 2021 another press release came out from NEL ASA stating
that they had been awarded a contract by Iberdrola for a
20 MW PEMEL solution for a green fertilizer project in Spain
with planned delivery in 2021 [26].

In 2011, NOW published an electrolyser technology status
report with a general review of PEMEL, AEL and SOE electrol-
ysis as well as a bottom up estimation of current costs for
larger scale units [27]. In 2014, a consortium of Fraunhofer ISE,
DLR, Ludwig Bolkow Systemtechnik and KBB Underground
Technologies published a government-supported study where
one aim was to evaluate the technical and economic potential
of alkaline and PEMEL technology with a view to its applica-
tion on a large scale in the short term, as well as in the long
term. To estimate the costs, a 5 MW and 100 MW system were
designed for both technologies. The 5 MW plant presents the
state of the art in 2016/2017, while the 100 MW plant is an
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outlook for 2030. A detailed cost model of the investment
(Capital Expenses = CAPEX) and running costs (Operational
Expenses = OPEX) was presented. For the determination and
estimation of the expected costs of the alkaline system, in-
dustrial offers were collected. For the 100 MW plant, the offer
was supplemented by own estimates to take technical devel-
opment until 2030 into account [28]. Nationale Organisation
Wasserstoff (NOW) again published a study on the industri-
alisation of water electrolysers in Germany in 2018, giving
bottom up cost estimates for PEM, alkaline and SOEC elec-
trolysers towards 2050 [8].

The fuel cell and hydrogen joint undertaking (FCHJU)
commissioned a study on electrolysis technology in Europe in
2014. This study gathered data from academic and industrial
organizations and constructed trend lines that capture the
expected developments for costs by experts and manufac-
turers from 2013 through 2030 [29]. The FCHJU updated this
data for PEMEL and AEL systems for different systems sizes in
2017. This study also includes cost data on compressors,
refuelling stations, operating costs as well as mobile and
stationary storage systems for electrolysers [30].

Cost data for PEMEL were stated in the work of Strategic
Analysis Inc. and NREL presented at the Electrocatalytic
Hydrogen Production workshop in February 2014. In the work
presented PEMEL electrolysis H2A case models were based on
a generic system using input from several key industry col-
laborators with commercial experience with PEMEL electrol-
ysis for making the key analysis modelling assumption and
basis for assumption. They received information from four
companies, and information regarding a current case, for year
2012, and a future case, for year 2025, was obtained [31].

In the report Analysis of Islanded Ammonia-based Energy
Storage Systems by Banares-Alcdntara et al. [32] quotation
from Proton OnSite for a PEMEL system delivering 0.9 ton H,/
day was stated to cost 2,750,000 $.

In a study from 2014 performed by Felgenhauer and
Hamacher state-of-the-art commercial electrolysers were
analysed based on 16 quotes (11 AEL, 5 PEMEL) provided by
nine companies (CETH2/Areva H2Gen, Hydrotechnik, Hydro-
genics, ITM Power, McPhy Energy, NEL, Next Hydrogen, PERIC,
Siemens) for commercial systems [33], all quotes provided in
the first half of 2014.

In the AGM presentation of ITM power given in October
2018, an estimated trajectory of cost decline for the time
period 2016 to 2024 was presented, with estimation of 1500
€/kW in the beginning of the period and 500 €/kW at the end
[34].

An equation for PEMEL electrolyser plant cost was derived
in the work of Oi et al. for systems with capacities in the range
of 50—200 Nm? h™?, with the hydrogen generation capacities
and the rating current density as variables [35]. This was used
to calculate the PEMEL electrolyser cost in the system range
50—200 Nm* h~*.

The database for this study was formed on data points
gathered from the references mentioned above, upon which
the following analysis has been made. An excel file with the
database is available in the Supporting Information.

The critically selected cost data (based on the criteria dis-
cussed above) for AEL and PEMEL in the period 2000—2030 are
shown in Fig. 2 as a function of installation year. The cost
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Fig. 2 — Literature data for electrolyser costs from 2000 until
2030, based on references [21—35].
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Fig. 3 — Literature data for electrolyser costs from 2000 until
2030, based on references [21—35].

information has been normalised to 2020 cost levels after
correcting for inflation. Conversion from EUR to USD are based
on the average exchange rates of the spesific year. The cost
data has a significant variation within a specific installation
year as well as trend towards lower costs as the installation
year increases. In Fig. 3, the same data is plotted against the
electrolyser size in kW. It is evident that there is a significant
variation of the cost with the size of the electrolysers and that
using the installation year as the only variable to estimate the
future cost of electrolysers clearly is not sufficient.

Cost development evaluation
Cost model

To utilize the collected data for cost estimations for different
plant capacities today and predictions for further cost re-
ductions towards 2030, a modified power law was developed
to describe the cost of electrolyser plants based on the plant
capacity and a learning curves/technology development rate.
This method is a further development of the cost estimation
approach taken by Oi et al. [35] which is based on the power
law for describing the cost as a function of plant capacity and
rated current density.

In this study, we modified Oi's equation using production
year instead of rated current density as a descriptor of
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technology development and effects of increased
manufacturing volumes (economy of scale). A pre-exponential
constant, not dependent on the plant capacity, was introduced
which represents a minimum cost which can be achieved. In
this constant, improvements related to materials costs and
stack costs at maximum stack size and high production levels
are included.

The resulting equation, giving the cost of an electrolyser
plant in $/kW, is shown below:

c-onfe) (1)

where C is the electrolyser plant cost pr kW, ko and k are fitting
constants, Q is the electrolyser plant capacity and V and V, are
plant installation year and reference year, respectively. o and
B are fitting constants and usually referred to as a scaling
factor and learning factor, respectively.

Thereby, the revised equation (Eq. (1)) captures both cost
reductions due to scale up of the best available technology for
a given year, which at infinite scale would reduce to
(ko) (V/Vy)?, as well as cost reductions by technology devel-
opment and learning/manufacturing improvements, gov-
erned by the value of B. The assessment carried out in this
study is purely a curve fitting exercise of available cost data
and cost projections. Hence, the values of the fitting constants
are not set through any technology development assumptions
such as stack size, production levels or degree of automation.

The obtained projection parameters of performing the
non-linear least squares curve fitting of the cost equation to
the collected cost data for the electrolyser technologies and
the resulting standard errors (SE) for the two fits are sum-
marised in Table 1.

The resulting cost curves for AEL and PEMEL technologies
for the years 2015 and 2030 are shown together with the
collected cost data in Fig. 4 and Fig. 5, respectively.

Evaluation of model results
The comparison of AEL and PEMEL costs as a function of
electrolyser plant size for the years 2020 and 2030 are shown

in Fig. 6.

Effect of electrolyser plant size
The results from the model show that the capital costs for
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main units such as electrolyser cell stacks. In addition, a sig-
nificant cost reduction can also be expected when scaling up
small stacks to a larger one, due to less materials usage per kW
as well as reduction in assembly costs. This effect is, however,
found to be marginal above the 1-2 MW stack size.

For alkaline electrolysers, the model predicts a more
gradual decrease of cost as a function of plant size compared
to PEMEL with a levelling off at plant sizes of 50—100 MW. The
reason for this can be due to possible CAPEX gains from con-
struction of alkaline stacks up to 10 MW in size, compared to
PEMEL stacks in the range of 1-2 MW and more gradual gains
in balance of plant components.

Effect of installation year/technology development

For PEMEL, the historical cost reduction has been high, and the
model captures an expected continuation of rapid cost
reduction due to technology development and increase in
manufacturing volumes towards 2030, indicated by the high
B-value of —159. For the alkaline electrolysis technology, the
cost reductions over the past decades are moderate (B value of
—27) and manufacturer cost data and expert estimations show
good agreement. This can be explained with the higher
maturity of the alkaline technology. As shown in Fig. 6, there
is, however, still significant potential for cost reductions, both
through technology development and scaling up the plants
through improvements and automation in manufacturing
and supply chain optimisation.

The high learning rate for PEMEL is probably somewhat
overestimated in this model, and, hence, it is not recom-
mended to use the model to predict costs beyond 2030. This is
probably due to a combination of very high costs of PEMEL in
the recent past combined with some optimistic estimations of
future costs of this technology in the cost studies which the
data is collected from. However, the trend predicted by the
model, even with a lower learning rate, is showing a high
probability that the gap in CAPEX between PEMEL and AEL will
be much smaller towards 2030 than it is today.

Predicting the cost of future planned projects

The developed model can be used to predict the cost of elec-
trolysers in future hydrogen projects towards 2030. As it is
based on both plant capacity and installation year, it differ-
entiates between smaller installations (e.g., at hydrogen
refuelling stations) and larger hydrogen plants (such as green
ammonia factories).

The model can also be used to predict the average learning
rate of electrolyser installations. The concept of learning
curves describes the empirical finding of decreasing costs at
each doubling of cumulative production by a constant per-
centage, this learning rate parameter serves as a proxy for all
aspects that contribute to observed changes in the cost of the
technology [10]. We have applied our cost estimation model
on the data on current and future planned electrolyser in-
stallations collected by the IEA [12], previously presented in
Fig. 1. By taking the average cost of the electrolysers installed
each year and combining this with the total cumulative ca-
pacity installed, we get a set of datapoints for electrolyser cost
and cumulative production. In this analysis, we have calcu-
lated the cost of the future installations classified as
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Fig. 7 — Calculated average electrolyser costs for PEMEL and
AEL as a function of the cumulative installed capacity
based on the current and planned installation of
electrolysers from the IEA hydrogen project database [12]
and the presented cost model.

“unknown” technology type in the IEA database for both the
case of all of them being PEMEL or all of them being AEL. The
resulting data is presented on a logarithmic scale in Fig. 7.
Apart from some outliers in the PEMEL data, which are caused
by the dataset only consisting of some very small PEMEL in-
stallations in certain years, the results are very well repre-
sented by linear learning curves both for PEMEL and AEL. The
resulting learning rate is 36% for PEMEL and 25% for AEL,
respectively.

Discussion

The calculated learning rates in Fig. 7 are significantly higher
than previously reported learning rates for electrolysis tech-
nology. Bohm et al. estimated a learning rate for PEMEL and
AEL in the range of 18% based on a method where a set of
learning rates for different electrolyser components were
estimated and used to calculate an overall learning rate [10].
Schoots et al. attempted to estimate the learning rate for
electrolysis based cost data observed during the period from
1956 to 2007 which had high uncertainties in the data [4]. The
cost data was also normalised to large scale plants with a set
scaling effect of 0.9. The resulting learning rate was found to
be 18 + 13% with a poor fit R* = 0.28. Schmidt et al. used an
expert elicitation study to estimate the cost electrolysis at a
cumulative installed capacity of 1000 GWh and found a
learning rate of 18% + 6% based on cost estimates in two
different scenarios.

The previous studies with average learning rates at around
18% are mainly focussing on cost reduction through technol-
ogy development and learning without accounting for the
significant cost reductions which are available through a scale
up of the electrolyser plants. As we have shown in Fig. 4, the
cost of electrolyser systems is very dependent on the plant
size up to levels of about 10 MW. Combining this information
with the historical development of electrolyser plant size
(Fig. 1), itis evident that the effect of plant size is an important
parameter in estimating the learning rate of the technologies.
On the other hand, as previously discussed, the future cost
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reduction of PEMEL is probably somewhat overestimated in
this model which will result in a higher learning rate. Based on
these considerations, we believe that a realistic learning rate
for both AEL and PEMEL is in the range of 25-30% and
significantly higher than the previously reported learning
rates in literature.

The cost estimation model developed in this study does not
account for any possible material supply shortages and a
corresponding increase in component cost, or limitations to
the scale-up of the production volumes necessary to reach the
political goals set forth for 2030 and beyond. As large-scale
production of electrolysers with plant sizes of several hun-
dreds of MW and total annual volumes in the range of several
GW represents a dramatic increase from today's annual global
production capacity, there is a significant probability that
supply chain constraints leading to delays in deliveries and
completion of plant installations might be faced soon. In
addition, the industry might experience restricted availability
of raw materials. The research and industry communities
have pinpointed various materials that could limit or prevent
the industrialisation of water electrolysis due to their criti-
cality. In the IndWED report, titanium and the platinum group
metals platinum and iridium were considered and evaluated
[8]. These are all materials which critical components in the
PEMEL technology are based on. The study found that the
predicted demand for iridium can lead to bottlenecks in the
future, assuming that the same amount of iridium metal as
currently being employed per kW of PEMEL output is
continued. Even assuming a 92% reduction in iridium loading,
by 2050, 2.8% of the world market supply in 2016 would still be
required - exclusively for electrolysis expansion in Germany
alone. Accordingly, a significant reduction, if not substitution,
must be achieved to produce the required amount of com-
mercial scale PEMEL. For the other two raw materials, a
reduction in the contribution per kW must be promoted as
they are both considered to be in a critical supply situation
and are responsible for a large share of the total costs of
producing electrolysers.

Conclusion

In this work a critical screening of current cost data and cost
projections for PEMEL and AEL was performed, including
literature reviews, reports, and recent press releases from
leading electrolyser manufacturers. The database upon which
the analysis was carried out were entries either based on i)
detailed bottom-up cost estimates or ii) based on quotes/en-
quiries from electrolyser manufacturers. A cost model for
PEMEL and AEL including both the effect of plant size and
technology improvements has been developed. The cost
model predicts that the CAPEX gap between these technolo-
gies will be significantly reduced towards 2030 and that the
CAPEX will decrease significantly with plant size until the
1-10 MW range. Beyond this, only marginal cost reductions
can be expected with CAPEX values approaching 320—400
$/kW for large scale (greater than 100 MW) plants by 2030 with
subsequent cost reductions possible. The model also predicts
that PEMEL will be more cost efficient than AEL in the range up
to 10 MW in 2030. Based on the cost model and announced

installation plans for electrolysers towards 2030, learning
rates for electrolysers were estimated to be in the range of
25-30% for both PEMEL and AEL, significantly higher than
previous learning rates (about 18%) reported in the literature.
The analysis performed shows the importance of including
the electrolyser plant size in cost estimations and not only
installation year as several other studies have done. The
addition of plant size as an important factor for cost reduc-
tion, coupled with an expectation of significant growth in the
average plant size installation in the next decade can explain
the higher estimated learning rate.
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