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Hydrogen is the key energy carrier of the future. Numerous industrial processes incorporate hydrogen in
their transformation towards climate neutrality. To date, the high cost of producing hydrogen from
renewable sources has been a major barrier to its widespread adoption. Inspired by these two aspects,
many researchers have published cost predictions for hydrogen. This review provides an overview of the
extant literature of more than 7000 publications in the last two decades concerned with the topic. After
removing articles that do not provide explicit hydrogen production cost projections for the 2020 to
2050 time horizon, 89 articles remain and are analyzed in detail. The review identifies 832 cost forecast
data points among these studies and categorizes the data points according to various parameters such
as production region, production process and publication year of the study. Through a linear regression,
a main trajectory for the development of hydrogen production costs can be derived. The costs of
hydrogen from electrolysis are reduced on the basis of this trajectory, starting from the reference 5.3 €
per kg, in 2020, to 4.4 € per kg, in 2030, and to 2.7 € per kg in 2050. The costs for natural gas-based
hydrogen are almost constant on a globally aggregated basis. There are also major regional and process-
related differences. In 2050, Asia has the lowest average costs of the regions analyzed at 1.8 € per kg

Received 24th January 2024 and production by alkaline electrolysis with average costs of 2.0 € per kg appears to be the most cost-
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effective electrolysis technology. Although studies show a high degree of variation, it is evident from this

review that the trend within certain investigation parameters is well defined. Therefore, researchers and
practitioners can use this review to set up further analyses that depend on future hydrogen costs.
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1 Introduction

Beneath synthetic methanol, Fischer-Tropsch fuels or
ammonia, hydrogen is regarded as the energy carrier of the
future, as it is used as an educt for the previously mentioned
energy carriers and is relatively easy to produce.” Drawbacks
are its small molecule which enables hydrogen to diffuse
through storage media and, more important, its low volumetric
energy density of 0.53 kW h dm 2 (at 200 bar; ¢f natural gas: 2.3
kW h dm?® at 200 bar).>® Nevertheless, hydrogen production and
demand will grow rapidly in the future. Clean hydrogen
production is estimated to increase from 0.8 Mt/a today to 154
Mt/a in 2030 and 614 Mt/a by 2050.” This in turn will require
huge investments of hundreds of billions of euros per year.”
Investment flows need to be channeled effectively to produce
hydrogen cost-efficiently and thus contribute to sustainable
transformation. Therefore, it is crucial to predict optimal
production technologies, locations and parameters.

The estimation of future hydrogen production costs
concerns many researchers due to its high anticipated impor-
tance in the future.*** Studies have been published on various
issues such as the comparison of production processes, the
dependence on energy costs, efficiency, capacity factors and
many specific cases studies for different applications and
locations.”*** However, predicted production costs in 2050
range from 0.36 to more than 10 € per kg.>**%*”

To gain a better understanding of the various predicted
costs, a review of the studies is essential. In the recent past two
review studies have been published on the topic, but Maggio
et al. focused on a rather small part of the available studies and
Miyagawa and Goto mostly looked at older studies and the
outlook to 2020.*°

This study is intended to deliver a holistic review which
focuses on quantitative results of previous studies about
hydrogen costs for the forecast horizon 2020-2050 and provide
insights for academia and practitioners. It reviews the extant
literature on cost projections for the production of hydrogen
and provides an in-depth analysis of 89 studies which have been
filtered from a 7309-study baseline dataset. The studies are
categorized and 832 hydrogen production cost data points are
compiled to get deeper insights into the forecast of hydrogen
production costs.

The review contributes to the research field by (1) providing
a holistic overview of unit and currency harmonized hydrogen
cost forecasts until 2050 and processing the data to depict the
most likely cost ranges, (2) aggregation and analysis of various
parameters, such as the forecasting methods, processes exam-
ined, production regions, etc. and (3) discussing the results in
the light of key findings and measures to be derived.

2 Methods

The process of identifying relevant studies which are concerned
with the prediction of hydrogen costs in the future, was started
with an extensive search in the Scopus literature database.
Table 1 summarizes the search parameters used. The resulting
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Table 1 Search parameters used in the Scopus database

Search Hydrogen and (cost* or price*) and (forecast* or

operator scenario* or foresight or vision or roadmap or project* or
prognos* or outlook or predict*)

Field of Title, Abstract, Keywords

search

Publication January 2000-July 2023

years

7309 studies have been prescreened using ASReview, which
resulted in 146 studies for further analysis.”® To train the algo-
rithm of ASReview 732 abstracts were analyzed. The algorithm
reorganizes the dataset based on the analyzed abstracts. Fitting
abstracts will be prioritized by the algorithm. After at least 10%
of articles and at least 50 abstracts in a row, which were not
relevant, the search was terminated. In the following detailed
analysis only papers with at least one quantitative forecast for
any year between 2020 and 2050 were processed onwards.
During this 69 further studies were removed from the dataset as
they did not include relevant information. Thus, 77 studies were
implemented in the base dataset of this study. In addition,
studies from grey literature have been included manually, since
many academic studies reference these studies. To be consid-
ered for inclusion, grey literature reports had to meet two
criteria: they must have been cited in academic studies and
contain quantitative hydrogen production forecast data. Also,
a comparative analysis of the academic and grey literature is
intended in this review. As a result, a total of 89 studies were
included in the final dataset.

All studies in the final dataset have been analyzed to extract
relevant information via the following protocol. First, biblio-
graphic data like title, authors, journal, publication year, etc.
was collected. Second, the type of study has been analyzed and
every study was categorized into one of the following four types:
explicit forecasts, studies on global hydrogen trade, studies
focusing on the mobility sector and case studies. Explicit fore-
casts were defined as studies that focus on the prediction of
hydrogen productions costs in the future without or subordi-
nate secondary objectives. Studies in the global trade cluster
focus on optimal global hydrogen demand coverage. Therefore,
optimized production locations and transports are important
factors in these studies. Mobility sector studies prioritize
hydrogen production and distribution for mobility purposes.
Case studies deal with particular situations relating to the
production of hydrogen. Third, the methodology of the studies
has been analyzed and clustered into the following clusters:
bottom-up, learning curve, expert elicitation and historic data
regression. The clusters and their interpretation are based on
the procedure of Mauler et al.* Fourth, the analyzed production
process of hydrogen and the possible inclusion of carbon
capture and storage was extracted. The type of electrolyzer and
electricity source were also extracted for studies investigating
electrolysis-based processes. Fifth, stated hydrogen production
costs for the time horizons 2020, 2021, 2022, 2025, 2030, 2035,
2040, 2045 and 2050 were extracted. Sixth, the analyzed
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Table 2 Currency exchange rates as of August 2023

Currency Exchange rate
USD/EUR 0.92
AUD/EUR 0.59
CAD/EUR 0.68
GBP/EUR 1.17
NZD/EUR 0.54
CNY/EUR 0.13

production country or region was transferred into the analysis
dataset. Seventh and if applicable import countries or regions
and transport costs as well as transport type and aggregate state
or carrier of hydrogen was extracted. Furthermore, for all
studies underlying interest rates, efficiency rates of electrolyzers
and electricity costs were extracted if they were given in the
studies.

To enable a reasonable comparison of the production costs
the levelized cost of hydrogen (LCOH) is used, which is widely
used in the literature to make costs of energy carriers compa-
rable.?® Moreover, different units of measurement have been
unified using the physical and chemical parameters of
hydrogen to € per kg as reference unit. Also, cost statements of
older studies have been adapted using the country-specific
inflation rates to get the equivalent value in 2023 and curren-
cies have been unified to euro using currency exchange rates of
August 2023 (cf: Table 2).

Some studies state hydrogen prices at the point of applica-
tion instead of production costs. To solve this issue these
studies were either analyzed for hidden data on related costs or,
if no cost data was available, prices were transferred to the
analysis dataset. This issue has only occurred in studies in the
mobility sector category, where prices for consumers are more
important. So, the other categories are not affected.

Studies that reported multiple forecast values for different
forecast horizons or production technologies were transferred
as multiple data points into the final analysis dataset. Studies
that reported ranges were transferred using the arithmetic
mean of given cost ranges. If multiple cases are given in a single
study, the base case was extracted. Table 3 gives an overview of
all studies in the final analysis dataset. The raw data extracted
from the underlying studies can be found in the ESI.}

3 Results & discussion

3.1. Analysis across all study categories and method clusters

To get a first insight into the dataset all data points without
regard to different investigation clusters are set up. Fig. 1 shows
the forecasted costs as boxplots. The orange line represents the
median value, a star depicts the arithmetic mean and outliers
are given as “+” symbols. At the top of the figure a small table
gives the exact values of the median, arithmetic mean (which is
calculated including outliers) and the number of data points
included.

Most data points are available for the year 2030. This is in
line with governmental interim targets for a hydrogen industry.
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Table 3 Overview of reviewed studies. Blue boxes were analyzed in
the study. Light blue boxes show studies that have not specified which
technology is being studied. PEM = Polymer Electrolyte Membrane, AE
= Alkaline Electrolysis, SOEC = Solid Oxide Electrolysis Cells, MENA =
Middle East and North Africa

o § & 3 8 . §c
2 Iy 5 BEEEEEE:E.3: I
: EI H £
stiller et al. (a) ™ 2009 & T Norway
Shayegan etal. 2009 & @ United Kingdom
Haltiwanger et al. ** 2010 B :Q N/A
stiller et al. (b) ** 2010 & T Norway
Corgnale & Summers ** 201 @ & usa
Yang & Ogden ** 03 & @ UsA
Agnolucci et al. * 2013 & 1@ United Kingdom
De-Le6n Almaraz etal. 00 & 5@ France
Dodds ™ w5 -~ @ United Kingdom
Loisel etal. * 20 @ & France
Ferrero etal. ™ 206 B & aly
Rahmouni et al. ** 2066 b & Algeria
Hydrogen Council (a) ** 2007 b P
Tractebel (Engie) & Hinicio ** 00 B & Multiple
Konig etal. 2017 b & Germany
Canyetal. 07 B & France
Ruffini & Wei ** 08 B @ UsA
Ochoa & Zondervan * 08 & & Germany
Detzetal. * 08 B 1@ International
Rahil et al. (a) 208 B & Libya
Welder etal. 0 B & Germany
Mckenna et al. (a) 208 B & Germany
Horvath etal. * 08 & & Argentina
Babarit etal. ™ 08 B & |
Hanley et al. 018 b B
Hoffmann ** 00 B & South Africa
Emonts etal. > 2019 & T Germany
Leeetal. 01 = @ South Korea
Rahil et al. (b) 01 B & | Libya
Glenk & Reichelstein " 20w B 4H@ USA, Germany
Brindle etal. 200 = @ Multiple
Coleman etal. * 00 & & Germany
Tenhumberg & Bilker ** 200 B &
Longden et al. ** 2020 [ P | |Australia
Hydrogen Council (b) * 200 b & Multiple
Bodal etal. 2020 ) UsA
Janke etal. * 200 B & Sweden
Lux & Pluger ** 200 I & Europe
B5hm etal. © 00 b @ Germany
Gallardo et al. ** 200 I & chile
Fasihi & Breyer & 200 = @ Multiple
Gunawan et al. © 00 B =@ Ireland
Rose & Neumann 200 & T Germany
Mallapragada et al. * 200 B & UsA
Fusaro etal. * 0 B & Europe
Filippov & Keiko © 2021 b Russia
Lane etal. w1 = @ UsA
Hydrogen Council (c) * 201 I MA@ International
Prognos et al. 01 b 59 Germany, MENA
Vijayakumar etal. © 01 & @ [ Jusa
Kim et al. (a) 00 O S Mutiple
Sejkoraetal. ™ w01 B 9@ Austria
Panetal.” 201 B & China
Phoumin et al. 0 b 8 || international
Alikhan etal.” 00 b & || Australia
Carrera & Azzaro-Pantel * 200 B & France
Gurieffetal. 201 b R Australia
Perezetal.” 201 & New Zealand
Koirala et al. ™ 201 B & Netherlands
McKenna etal. (6) 7 2021 B & Denmark
Luxetal. ™ 01 = @ MENA
songetal. (a) 01 @ & China
Ueckerdt & Baver ™ 00 b L@ North Africa
1EA ™ 202 k= P Multiple
Terlouw etal. ** 02 @ 5 Europe
Janssen etal. 202 b 5@ Europe
George etal. ® 02 I 1@ Germany
Skordoulias et al. * 202 B & Europe
Obergetal.* 2022 I R Multiple
Songetal. (b) ** 2022 I R India
Sousa etal. 202 B & Norway
Maestre etal. & 202 b & Spain
Ginsberg etal.** 202 B & UsA
Lietal ® 03 B 9@ China
Gomonov etal.** 08 @ & Russia
Revinova etal. ® 08 > @ International
Kim etal. (b) ** 03 @ S Multiple
Glampieri etal, w3 B & || united Kingdom
Maynard & Abdulla ** 03 B @ Canada
Dumanéi et al. ** 208 B & Germany
Huang etal.** 08 > @ China
Gerloff ** 203 I 1@ Germany
Galimova etal.** 08 @ & Multiple
Davis etal. 08 I A@ Canada
Guzini etal. ” 2003 & 0 Italy
Moran etal. ** 200 B & Ireland
Dinh etal.” w B 9 Ireland
Egereretal. ' 03 @ & Australia
Liuetal. ™ 208 B 5@ { Europe
Study Types
Mobility -
Case Study B
Forecast L
Global Trade [}
Methods
Bottom-Up Il
Learning Rate '
Expert Elicitation ra
Historic Data Regression =
Color Scheme
Not specified
128

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4se00137k

Open Access Article. Published on 25 March 2024. Downloaded on 2/13/2026 4:33:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Review Sustainable Energy & Fuels
35

- Median: 3.98 Median: 3.2 Median: 2.88 Median: 2.74 Median: 2.28
()] Average: 5.35 Average: 4.54 Average: 3.48 Average: 3.1 Average: 2.75
:‘\p 301 N: 117 N: 56 N: 261 N: 138 N: 221
'E +
v 25
(=] +
O

+
& 201 =
=
O ¥ "
>
'8 154 2

+
= ;
[ i B +
g 10 . 1 f %
o —F— s
s
T 51
> o
T == % %

0 T T T T T
Q \e] Q Q Q
vV {V %) > $H
D » D 5 P

Forecast Horizon

Fig. 1 Boxplots of hydrogen production costs for different forecast horizons. “*" represents the arithmetic mean. "+ represents outliers.

For the year 2050, the dataset contains numerous data points
that align with the long-term objectives of various govern-
ments.">'* All mean and median values of the individual
forecast horizons show a monotonously decreasing curve.
Moreover, it is important to note that hydrogen production
costs are predicted to almost halve by 2050 and will fall by
a third by 2030, if 2020 costs are used as a reference. Actual
hydrogen production costs reported in a recent study are given
in Table 4.

Fig. 1 suggests high cost reductions in the near future and
slower cost reductions by 2050. The highest data point in the
dataset is from Maynard and Abdullah at 60.72 € per kg in 2025.
This data point comes from the calculation of a very specific
case study and in the ramp-up phase of the project under
consideration, where an offshore wind farm produces electricity
for a proton exchange membrane electrolyzer.®® The lowest data
point is given by Fusaro et al. at 0.36 € per kg in 2050. Very low
energy costs from renewable energies and utilization of alkaline
electrolyzers generate this extreme value.” Both data points
highlight the need to dig deeper and examine specific clusters
of approaches.

3.2. Analysis of forecasts by publication years

An influential factor affecting cost forecasts is the time differ-
ence between the time of publication and the forecast horizon,
as assumptions for the distant future are more difficult to
determine. Therefore, the influence of this aspect is examined.

Fig. 2 depicts the average forecasted costs of hydrogen
depending on the publication year. For clarity, only the last 6
years have been plotted, as these years also have the highest
density of forecasts. There are only a few data points from the
year 2019 and forecast year 2040 is missing completely. Thus
this publication year was neglected.

Except for the forecast value for 2020, which is strongly
influenced by outliers, all forecasts of different publication
years seem to predict relatively similar and no significant
tendency towards lower forecasts can be identified. This is
interesting, as the basic hypothesis would be that a forecast
becomes more accurate with a smaller forecast horizon and the
results therefore differ from the forecasts of older studies.
However, this effect cannot be identified on the basis of the
graphs. In addition, the recently launched long-term support
programs for hydrogen would also suggest that new studies
predict lower costs, as the framework conditions improve.**>*
But, the influence of vague funding commitments in the studies
examined is rather low, as most of them are based on more
fundamental assumptions and do not explicitly include fund-
ing. The consistently lower costs forecast in 2023 could indicate
that government support programs are beginning to have an
effect through the scale-up of production facilities which lead to
lower cost forecasts. As most of the values for 2020 from later
studies are not real values but modelled values with more recent
assumptions, this thesis is underlined. However, future years
need to be examined to support this observation.

Table 4 Recent hydrogen production costs given in IEA Global Hydrogen Review 2023 (ref. 104)

Energy source

Hydrogen production
costs (€ per kg)

Hydrogen production
costs arithmetic mean (€ per kg)

Natural gas

Natural gas with CCUS
Wind onshore

Wind offshore

PV

1.38-5.52
1.84-6.44
3.40-11.04
4.42-11.04
3.50-10.40

This journal is © The Royal Society of Chemistry 2024

3.45
4.14
7.22
7.73
6.95
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Fig.2 Arithmetic mean values of forecasted hydrogen production costs depending on their year of publication which is given by the color code.

3.3. Analysis of forecasts by production country

Although production costs of hydrogen at a detailed level barely
depend on national regulations, many studies are assigned to
specific countries. This usually reflects certain assumptions
about energy costs, production potentials of renewable energies
or overhead costs. Fig. 3 shows boxplots of predicted hydrogen
costs for major hydrogen producing countries in 2030 and 2050.
For reasons of clarity, not all country-specific boxplots are
shown. Both in Germany and China median and mean values
decline significantly between 2020 and 2050. In contrast, the
mean value of production costs in the USA is not changing
significantly between 2020 and 2050, and median values show
a projected change in costs only between 2030 and 2050. These

divergent statements of the two parameters illustrate the high
ranges between the data of the studies. This effect is likely due
to outliers in the forecast for 2020, 2030 and 2050. Without
these values, the arithmetic means for 2020, 2030 and 2050 in
the USA would be 2.93 € per kg (median: 2.86 € per kg), 2.99 €
per kg (median: 2.83 € per kg) and 2.64 € per kg (median: 1.84
€ per kg), respectively. It is evident that the data, excluding the
three outliers, fits much better into the overall picture. The
forecast would show an almost monotonous decrease in
production costs.

The forecasts for China show the lowest average cost of
production of the three regions presented both in 2020 and in
the future. Both China and Germany are predicted to have
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Fig. 3 Boxplots of hydrogen production costs for different countries.
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a high cost reduction of 53% and 52%, respectively (median:
45% and 35%, respectively), which puts these countries slightly
ahead of the global average of 49% (median: 43%).

In Fig. 3, there is an anomaly where the variance in the
forecasts for Germany and China for 2030 and 2050 decreases.
This is counter-intuitive as the forecasts should diverge more
strongly over a longer period.

However, many studies use IEA data as the basis for
assuming energy costs for their long term forecasts. Since
energy prices play a major role in all hydrogen production
methods, this is highly influential. This means that more
similar assumptions are used for the long term forecasts rather
than near term forecasts. The effect could explain the
decreasing variances of the long term forecasts.

To put the data in Fig. 3 into perspective, Fig. 4 shows the
analogous graph for regional clusters. These clusters are
composed of region-specific studies and associated country-
specific studies. The graph shows that production costs in
Europe are currently the highest. The modelled costs of
production in the Middle East and Africa (MEA) is also high for
2020. This is probably due to the few reference plants that can
be used as a basis in this region. In addition, the dataset is very
small and therefore less significant. However, the region shows
an extremely high reduction in production costs, which is
mostly driven by low expected energy costs in the future. With
an average predicted cost reduction of 60% (median: 74%) the
reduction is significantly higher than the global average.

A comparison of the regions shows that Europe will continue
to have significantly higher production costs for hydrogen in the
future. However, there are still major cost reductions to be made
in Europe. Between 2020 and 2050 the average production cost in
Europe is predicted to decrease by 52% (median: 37%), which is
the second highest reduction after MEA. Furthermore, there are
significantly more studies and thus data points available for this
region. Also, the technologies studied differ between the regions.
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In Europe 85% of data points for 2020, 2030 and 2050 refer to
electrolysis and 9% refer to steam methane reforming (SMR) or
steam methane reforming combined with carbon capture and
storage (SMR + CCS). In North America only 51% of data points
refer to electrolysis and 18% to SMR or SMR + CCS. SMR
processes have lower reduction potentials due to their maturity
and cannot benefit from future energy cost reductions through
renewable energies. This could be an explanation why the costs of
hydrogen in North America are predicted to decrease less sharply
than in Europe. However, the large investment package “Inflation
Reduction Act” (IRA) could reduce or close this gap.'®* But, since
this act is quite new, the effects cannot yet be included in the
studies. Though SMR processes already show the lowest
hydrogen productions costs out of all processes analyzed. This
will be displayed in the next chapter.

In contrast to the other regions, production costs in Asia are
already set at a low level and are still decreasing significantly.
According to many underlying studies, this is due to high and
yet unexploited potentials for the generation of renewable
energies, as well as generally favorable ancillary conditions in
many countries of this region. Interestingly, all regions except
Asia show the strongest cost reduction rate in the period 2020-
2030, while in Asia the largest cost reduction is evident during
the period 2030-2050.

It should be noted that the regions shown in the figures
exhibit production costs for 2020 that are more in line with the
lower end of the range of actual production costs in Table 4.
However, the boxplots for Germany and the EU closely match
the IEA's values.'* The influence of production technologies on
costs, which is emphasized in the IEA data, will be examined in
the next chapter.

3.4. Analysis of forecasts by production process

The type of process studied for the production of hydrogen has
a major influence on costs, which is why this parameter will also

30
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Fig. 5 Boxplots of hydrogen production costs for different production processes. “*" represents the arithmetic mean. "+" represents outliers.

be examined in this review. The most studied production
processes are electrolysis, steam methane reforming and steam
methane reforming coupled with CCS. Therefore, these are
analyzed in depth and an overview is given in Fig. 5. In addition,
studies were also conducted on pyrolysis (median: 1.63 € per
kg, mean: 1.51 € per kg), natural gas decomposition (median:
1.73 € per kg, mean: 1.73 € per kg) (+ CCS (median: 1.80 € per
kg, mean: 1.78 € per kg)), coal gasification (median: 2.35 € per
kg, mean: 2.35 € per kg) (+ CCS (median: 2.27 € per kg, mean:
2.27 € per kg)), autothermal reforming (median: 1.67 € per kg,
mean: 1.72 € per kg) (+ CCS (median: 1.46 € per kg, mean: 1.47
€ per kg)), chemical looping partial oxidation of methane
(median: 2.38 € per kg, mean: 2.47 € per kg) (+ CCS (median:
2.24 € per kg, mean: 2.22 € per kg)), biomass gasification
(median: 2.48 € per kg, mean: 2.48 € per kg) and thermo-
chemical and photoelectrochemical water splitting with various
reactor types (median: 2.50 € per kg, mean: 2.50 € per kg). All
values given above refer to 2050, as values for each technology
are only available at this point in time. But since the number of
studies on these processes is very low, a higher-level analysis of
these studies would not be meaningful.

First, it is important to note that most forecast studies refer
to electrolysis. These account for 76% of the studies reviewed.
8% of the studies report data for SMR + CCS and 4% of the
studies report data for SMR. On the one hand, this limits the
validity of the conclusions that can be drawn from the cost
considerations for SMR-based processes. On the other hand,
the disproportionately high interest of researchers in electrol-
ysis shows which technology is being studied more intensively
and thus has a higher potential for optimization and ultimately
cost reductions. However, research interest is always deter-
mined by an interaction between remaining research potential
and public interest in a technology. Recently, water electrolysis
was pushed to public interest due to the accelerated transition

1812 | Sustainable Energy Fuels, 2024, 8, 1806-1822

towards sustainable production technologies. Additionally,
SMR is an established technology with lower remaining
research potential. Therefore, the high number of long-term
cost forecasts for electrolysis is not surprising.

According to the studies evaluated, hydrogen produced by
electrolysis currently has by far the highest production costs.
The costs are more than twice as high as for hydrogen from SMR
or SMR + CCS processes. By 2030, however, the costs for
hydrogen from electrolysis will drop rapidly, and thereafter the
production costs will continue to fall. But still, in 2050,
hydrogen from water electrolysis is projected to be more
expensive than natural gas based hydrogen. In contrast to the
sharp cost decline for electrolysis, both for SMR and SMR + CCS
the reviewed studies do not indicate significant cost reductions.
Both processes suffer from the assumption of rising costs for
natural gas in the future. In addition, the latter process also
bears the costs of CCS, which is still very expensive and will
significantly reduce the energy efficiency of SMR reactors in the
future. It is therefore particularly surprising that the hydrogen
costs of SMR + CCS processes are even lower than SMR-based
hydrogen in the studies. It should be noted that the overall
ranges of SMR diverge further. The cost range of SMR is dis-
torted by 2 studies. Without these two studies,"* the corre-
sponding average production cost of SMR in 2020 would be 1.88
€ per kg. They have a similarly high impact on the values in
2030 and 2050. Another possible explanation may be that SMR +
CCS plants represent a new technology combination and newly
built plants have a higher efficiency than decades-old SMR
plants. It is important to note that costs for SMR-based
processes have been extracted without the cost component of
CO, certificates, if the costs were stated separately or an
included CO, price was specified.

The variance of forecasted costs is much higher for elec-
trolysis compared to SMR and SMR + CCS. This is due to the

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Boxplots of hydrogen production costs via electrolysis in different production regions. “*” represents the arithmetic mean. "+" represents

outliers.

calculation of hydrogen production cost, which is relatively easy
for SMR processes, where efficiency parameters and the energy
demand of reactors is established. For electrolysis assumptions
for efficiencies depend on the type of electrolyzer and still vary
for particular electrolyzer technologies. Moreover, production
costs of hydrogen highly depend on electricity costs. Since both
grid electricity and pure renewable electricity of multiple
regions are aggregated in the analysis shown in Fig. 5, the
hydrogen costs from electrolysis depict high variations. To get
a deeper insight, Fig. 6 shows the productions costs of hydrogen
produced via electrolysis depending on the production region
analogous to Fig. 4.

In Fig. 6 the Middle East and Africa region is neglected
because of its low number of data points. In comparison to
Fig. 4 it becomes clear that hydrogen production cost forecasts
for Europe are dominated by analyses about electrolysis. The
corresponding boxplots are very similar.

In contrast the median and mean values for electrolytic
hydrogen in North America are increasing which is counterin-
tuitive and not in line with the overall hydrogen costs forecasts
for North America given in Fig. 4. Compared to Fig. 4, it is also
evident that significantly fewer forecasts for electrolytic
hydrogen have been developed for this region which underlines
the point made in chapter 3.3. This explains why the boxplots of
Fig. 6 do not line up with their corresponding boxplots in Fig. 4.
Still, increasing hydrogen production costs do not correspond
to general expectations since capital costs for electrolyzers and
energy costs of renewable energies are expected to fall in the
future. Also efficiencies of electrolyzers should increase in terms
of a learning curve. Especially falling capital costs and higher
efficiencies are highly expected in the time horizon until 2050
and should lead to lower costs compared to 2020.

In Asia, these aforementioned factors contribute to a rapid
reduction in the production costs of electrolytic hydrogen. By

This journal is © The Royal Society of Chemistry 2024

2030, Asia is forecasted to produce the least expensive hydrogen
from electrolyzers among the three regions analyzed. Further-
more, by 2050, electrolytic hydrogen from this area will be cost-
competitive with today's grey hydrogen (¢f. Table 4).

Following on from Fig. 6, and in order to gain a better
understanding of the production costs of the different elec-
trolysis technologies, these are shown in Fig. 7.

PEM and AE are already used industrially and have been
analyzed more frequently than SOEC. It is to be expected that
SOEC will be associated with specific costs more and more often
in the future. According to Fig. 7, the production costs for
hydrogen from AE are falling much more sharply than for PEM,
and will eventually be cheaper than SOEC hydrogen. At this
point, it seems that the low production costs of AE and the high
efficiency of SOEC outweigh the advantages of PEM, such as fast
start-up times and high flexibility. This statement is particularly
noteworthy as PEM has been extensively analyzed and is often
perceived by the public to be superior. Due to their high flexi-
bility, PEM electrolyzers are often analyzed in very specific case
studies. If the cluster of case studies is removed, the average
values for PEM are as follows: 2020: 10.12 € per kg, 2030: 4.09 €
per kg, 2050: 2.97 € per kg. It is evident that the type of study
significantly impacts the analysis results.

3.5. Analysis of forecasts by study type

In the previous analyses, all types of studies were aggregated.
However, case studies are often very specific and can only
provide a limited representative picture of the future. Likewise,
the studies in the “Mobility Sector” cluster are highly focused
and contain a small portion of end consumer prices, which
cannot be directly related to production costs. Fig. 8 displays the
dataset split by type of study and for clarity reasons, only fore-
casts for 2030 and 2050 are displayed. As expected case studies

Sustainable Energy Fuels, 2024, 8, 1806-1822 | 1813
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Fig. 7 Boxplots of hydrogen production costs via electrolysis for different production technologies. "*" represents the arithmetic mean. “+"
represents outliers. PEM = Polymer Electrolyte Membrane, AE = Alkaline Electrolysis, SOEC = Solid Oxide Electrolysis Cells.

and the studies in the mobility cluster exhibit the highest
variance. These studies also represent the highest average
forecasted production cost. In contrast to the case study cluster,
which also shows wide scattering, there are no projected costs
below 1.25 € per kg in 2050 in the mobility cluster, which
means that hydrogen will be relatively expensive for end
consumers even in the far future. The case study cluster
contains very low data points, which are due to specific very
optimized production scenarios, which might not be suitable to
supply larger hydrogen demands or depend on limited local
conditions. The lowest production costs in 2030 and 2050 are
shown in the “global trade” cluster. These studies often refer to
well-suited locations with favorable framework conditions such
as cheap natural gas or high potentials for renewable energy

production. Thus, the costs of hydrogen production are very
low, but hydrogen in these studies is usually not produced at the
location of demand. Therefore, transport costs would have to be
added to these costs to determine the costs at the point of
consumption, which is not in the scope of this study.

The study type with the largest number of data points in the
dataset examined is the forecast cluster, which explicitly
contains studies with general forecasts of hydrogen costs in the
future. The cost decline, as indicated before, is higher in the
period 2020-2030 than in the period 2030-2050, despite the
latter being a longer time horizon. The declining cost reduction
is underlined by Fig. 9. Between 2020 and 2030 the reduction
rate is 39% (median: 36%) while the next ten-year period
exhibits a reduction of only 8% (median: 3%) and the reduction
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between 2040 and 2050 is expected to be 12% (median: 16%).
The lowest data point represents 0.42 € per kg hydrogen in 2050
given by Brindle et al. for pyrolysis hydrogen from Qatar.” In
comparison with the overall dataset, it is noticeable that the
forecast papers assume a slightly higher cost reduction. Here,
a reduction of 50% (median: 48%) is shown between 2020 and
2050, while the overall dataset shows a reduction of 49%
(median: 43%) in this period.

3.6. Analysis of forecasts by forecasting method

A comparison of forecasts depending on the forecasting method
is given in Fig. 10. This analysis shows that methods have

a strong impact on results. The projections of the historical data
regressions point to significantly lower hydrogen production
costs. On the other hand, conclusions can only be drawn to
a limited extent from the small dataset for this type of study.

When filtering the historical data regression studies from
the dataset, the mean values still show a difference of 35%
(median: 22%) for 2030 and 23% (median: 25%) for 2050
between the highest and lowest predicted value, depending on
the prediction method. This underlines the need to survey and
examine the forecasting method used. All forecasting methods
show a cost reduction in their median and mean values between
2030 and 2050, which is consistent with the overall trend across
all study types and methods on a global basis.
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HDR: historic data regression.
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3.7. Comparison of forecasts from academia and grey
literature

In addition to studies from the academic literature, forecasts
from the grey literature were also integrated into the dataset of
the review. Since the economy has a high interest in the use of
hydrogen, high-quality studies are produced, which are
enriched with the know-how of actual hydrogen producers.
Therefore, these studies have a good rationale as well. Fig. 11
shows a comparison of cost forecasts from academic studies
and forecasts from the grey literature. For 2020 and 2050
academic and grey literature report similar hydrogen produc-
tion costs. The difference is only 13% and 3% respectively.
However, grey reports indicate a steep cost reduction curve until
2030. In these studies, average production costs fall by 47%
between 2020 and 2030. While academic literature predicts
a decrease of production costs of 34%. Furthermore, grey
literature indicates rising production costs after 2030 until 2050
of 13%, while academic literature assumes a cost reduction of
23%. These effects explain why both types result in similar costs
in 2050. Nevertheless, there is a fundamental difference here:
scientific studies assume that costs will fall monotonically
throughout the investigation period, while grey reports predict
a disproportionate decrease of production costs up to 2030,
after which costs are expected to rise. Notably, grey reports do
not contain any outliers, indicating that the study results are
relatively consistent. This could be due to the fact that grey
reports often rely on expert opinions or use them for core
assumptions. Expert opinions tend to converge towards
a consensus, whereas academic studies strictly follow their
methods, resulting in greater variations in their results. Fig. 10
underlines this hypothesis as the expert elicitation is the only
forecast method that shows no outliers.

In this aggregated form, the rationale behind the cost
increase after 2030, is due to very high demand. Which leads to
sites with inferior production conditions also producing

View Article Online

Review

hydrogen, so that costs rise on average. This effect has also been
described in the scientific literature in some studies.

3.8. Aggregation and outlook

One of the main purposes of this review is to aggregate the
available literature on future production costs of hydrogen and
to derive noticeable trends and anomalies. Therefore, Fig. 12
displays the collected data points broken down by production
technology studied and gives a linear data fit of each production
type. Data points above 15 € per kg have been truncated in the
figure to allow the important areas of the graph to be magnified.
In order to focus on the general production forecasts, only these
studies were used for the regression. This is intended to make
the results more meaningful. As these studies also provide the
majority of data points, significant results can be achieved. As
described above, a significant cost reduction for SMR and SMR
+ CCS is not evident. In fact, both technologies reveal a slight
increase in costs. The linear regressions of the data points given
for the technologies result in rising hydrogen production costs
of 0.0072 € per kg per year for SMR and minimally decreasing
costs of 0.0002 € per kg per year for SMR + CCS. This is probably
due to rising raw material prices, which mostly offset any effi-
ciency gains. In contrast, the data for hydrogen production by
water electrolysis show a reduction rate of 0.0876 € per kg per
year. The data regressions imply that hydrogen produced via
electrolysis will be cheaper than SMR or SMR + CCS hydrogen in
2057 and 2059 respectively. Thus, hydrogen from electrolysis is
significantly more expensive for more than 30 years, but will be
the cheapest option in the long-term. Of course, these produc-
tion processes heavily rely on natural gas and electricity. It is
difficult to estimate the future costs of these resources accu-
rately. However, from a macroeconomic perspective, natural gas
is more likely to be affected by price increases due to its
constant scarcity than electricity from renewable energies. The
current trend suggests that renewable energies will become
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increasingly cheaper in the future, and they could only become
more expensive due to increased demand. For natural gas,
however, this price driver is also relevant.

As already described above, costs for CO,-certificates were
not included. Therefore, real costs for SMR will rise in the
future, depending on CO,-certificate prices set by regulators.
Thus, cost parity could be achieved much sooner.

As an example, for the cheapest option today, SMR, the
hydrogen production costs in the European Union would rise
dramatically when incorporating current prices of the European
Emission Trading System (EU ETS). In 2023, allowance prices in
the EU ETS are around 85 € per t CO,."* If this value is calcu-
lated with an emission of roughly 8.9 kg CO, per kg H,, which
are emitted in the production process of SMR, the production
costs of hydrogen through SMR increase by 0.75 € per kg H,.'"”
As emissions are inherent in the process and certificate prices
are likely to rise in the future, this value is still low looking
forward.

This means that SMR-based hydrogen will remain the
cheapest production method for a relatively long time, but
governments can counteract this fact with CO, taxes and ach-
ieve cost parity for electrolysis hydrogen much sooner. However,
this will tend to increase the cost of hydrogen in the short and
medium term. From a cost perspective, the production of
hydrogen from natural gas for the scale-up of a hydrogen
economy makes economic sense. However, this counteracts the
background of the sustainable transformation, which makes
the hydrogen economy necessary in the first place. Thus, two
alternatives can be considered, depending on geographical and
regulatory circumstances. First, countries with large natural gas
reserves can use SMR + CCS to produce cheap hydrogen and
inject the produced CO, back into the earth. Second, countries
with good local conditions for renewable energy production can

This journal is © The Royal Society of Chemistry 2024

use them to produce CO,-neutral hydrogen economically in the
near future, which will become even cheaper in the long-term
due to technological progress. This will allow these countries
to advance towards the sustainable transformation and develop
the infrastructure for green hydrogen early. Countries that do
not meet both conditions, but still want to build a large
hydrogen economy, can try to develop the cheapest and most
efficient hydrogen logistics possible to source hydrogen from
other regions, thus reducing overall economic costs. However, it
is important to take into account the transport costs, which can
make up a significant proportion of the total costs depending
on the type of transport and distance. For example, trans-
portation via pipeline in Europe costs around 0.90 € per kg,
while shipping from Saudi Arabia to Central Europe costs
around 1.58 € per kg."* To minimize economic costs, it is
therefore necessary to compare the marginal costs of additional
imported hydrogen and self-produced hydrogen.

4 Conclusion

Predicted production costs of hydrogen from the scientific and
non-scientific literature were compiled and analyzed. 89 studies
were aggregated and several parameters including year of
publication, analyzed production country and region, analyzed
production process, type of forecast, forecast method and
scientific vs. grey literature were investigated. This review
cannot provide a general value for the production costs of
hydrogen in the future, as too many parameters and approaches
come together. But it is quite clear from the analysis that the
costs of hydrogen from electrolyzers will drop sharply in the
near-term and become competitive to hydrogen from SMR or
SMR + CCS in the long-term. Furthermore, production costs are
highly dependent on the production region both for electrolysis
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and natural gas-based processes. Europe is predicted to have
the highest production costs, which will fall sharply but remain
above the global average in the long term. In other economically
important regions, costs are predicted to fall below 2 € per kg by
2050. Looking at the global aggregated numbers, a cost reduc-
tion of 35% (median: 28%) by 2030 and 49% (median: 43%) by
2050 from 2020 as reference can be assumed. So, hydrogen
production costs of around 3 € per kg in 2030 and well below 3
€ per kg in 2050 are feasible.

This review is limited by some restrictions. First, some data
subsets consist of only few data points, which serves as a weak
basis for derived conclusions. Most highlighted analyses in this
study are based on broader data bases, but some analyses with
smaller basis have to be included to give a holistic overview. To
inform the reader most figures include the number of data
points. Second, analyzed studies have particular research
targets which may not only include a forecast for hydrogen
production cost. Multiple research targets of studies might lead
to distorted results that have been transferred to this review.

This study provides an overview of expected hydrogen
production costs and gives insights into the most significant
influential factors on a global and cross-technological level.
Thereby contributing to hydrogen cost forecasts by aggregating
them and thus providing new high-level insights, and to the
sustainable transformation of energy systems on a global scale,
as academics can use this review as a basis for further analysis
and benchmarking. The overview can also be used as a map for
researchers to quickly find interesting and suitable studies for
their topic. Also, policy makers are informed about the expected
results of their efforts to promote hydrogen and decision-
makers can expand their knowledge base for managing invest-
ment flows. Consequently, concepts can be adapted at an early
stage based on this glimpse into the future.
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