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1. Introduction

In the past two years, the hydrogen sector
and the hydrogen economy have experi-
enced another wave of strong political sup-
port as enablers for a future carbon-neutral
energy system. This new wave is driven by
an acceleration toward the energy transi-
tion and more ambitious decarbonization
targets that are needed to achieve at least
the ambitious 1.5 �C target of the Paris
Agreement. Compared to previous hype,
the current technology development, cost
reduction, and a better view on the sectors
that will benefit from it clearly point to the
expectation that this time the hydrogen sec-
tor may be ready to deliver and live up to its
promises about hydrogen as the enabler for
a future carbon-neutral energy system.

There has been a long-lasting debate for what parts of an
energy system hydrogen will be finally required.[1–3] Recent years
have provided more and more insights that electrification is the
way forward for sustainable and low-cost energy system solu-
tions,[4–7] whereas hard-to-abate segments are very often linked
to a hydrogen route, which may justify us summarizing these
various routes as the hydrogen-to-X applications. The major
hydrogen demand has been identified for long-
distance transportation of goods in aviation and marine, as well
as industrial applications for hydrogen-based steel making and
chemicals. Minor hydrogen demand has been identified for road
and rail transportation, heat supply, and seasonal balancing of
power supply. Most of the hydrogen is expected to be further
processed to e-methane,[8,9] Fischer–Tropsch fuels,[10,11]

e-ammonia,[12,13] and e-methanol,,[14,15] while hydrogen as a final
energy fuel is most important for hydrogen direct reduced
iron.[16] There is an ongoing debate on the value of hydrogen
for road transportation, but the about twice as efficient
battery-electric vehicles[17] lead to clear commitments of major
vehicle manufacturers for a dedicated battery-electric vehicle
strategy, for cars, buses, and trucks.[18,19] However, a 100%
renewable energy system in 2050 with a very high direct electri-
fication approach and continued energy services demand growth
which supports the United Nations Sustainable Development
Goals leads to 41 760 TWh of hydrogen demand,[6] thereof most
for e-fuels synthesis, which is the highest reported hydrogen
demand to the knowledge of the authors.

A lot of emphasis is put on the different “colors” of hydrogen,
which muddles the big picture: eventually, all energy sources
need to be renewable and hydrogen will be “green.” Solar photo-
voltaics (PV) and wind power will be the heart of the 100%
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Green hydrogen will be an essential part of the future 100% sustainable energy and
industry system. Up to one-third of the required solar and wind electricity would
eventually be used for water electrolysis to produce hydrogen, increasing the cumulative
electrolyzer capacity to about 17 TWel by 2050. The keymethod applied in this research is
a learning curve approach for the key technologies, i.e., solar photovoltaics (PV) and
water electrolyzers, and levelized cost of hydrogen (LCOH). Sensitivities for the hydrogen
demand and various input parameters are considered. Electrolyzer capital expenditure
(CAPEX) for a large utility-scale system is expected to decrease from the current
400 €/kWel to 240 €/kWel by 2030 and to 80 €/kWel by 2050. With the continuing solar
PV cost decrease, this will lead to an LCOH decrease from the current 31–81 €/
MWhH2,LHV (1.0–2.7 €/kgH2) to 20–54 €/MWhH2,LHV (0.7–1.8 €/kgH2) by 2030 and
10–27 €/MWhH2,LHV (0.3–0.9 €/kgH2) by 2050, depending on the location. The share of
PV electricity cost in the LCOH will increase from the current 63% to 74% by 2050.
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renewable system because both are substantially scalable and
enabled by battery storage and hydrogen.[4,6] The technology
for the various conversion steps along the hydrogen value chain
(electrolysis, storage, hydrogen-to-X synthesis, fuel cell, trans-
port) is approaching market maturity; however, it has not expe-
rienced yet a mass market able to achieve a significant cost
reduction along a whole market segment. At the moment, the
main benefits in terms of economy of scale are to be found in
large-size electrolyzers, where anything below 1MW still shows
very high CAPEX.[20] Direct solar hydrogen generation via photo-
electrolysis is less mature than electricity-based electrolysis,
whereas fast progress in solar-to-hydrogen conversion efficien-
cies of up to 20% have been demonstrated for a growing number
of materials.[21] The projected cost is indicated for about 100€/
MWhH2,LHV (3.4€/kgH2) for a midterm commercialization, based
on present lab-scale technology status. This research investigates
solar PV electricity utilized for solar hydrogen generation via
electrolysis, as all technologies are commercially available for
large-scale applications. A comprehensive literature review on
various hydrogen production methods, including electrolysis
in general, PV-based electrolysis in particular, but also photoelec-
trolysis, is provided by Dincer and Acar.[22]

For these reasons, this article investigates the current and
future cost of utility-scale solar PV hydrogen, starting from
the capital (CAPEX) and operational expenditure (OPEX) projec-
tions for solar PV and electrolysis technology. Historical learning
rates (LRs) are used for the future cost projections together with
several volume growth scenarios. The levelized cost of hydrogen
(LCOH) is calculated for five European and five non-European
locations with different solar irradiation levels and with several
weighted-average cost of capital (WACC) rates.

A lot of reports on clean hydrogen have recently been pub-
lished,[3,20,23] but very few have used an up-to-date and realistic
future projection of the levelized cost of electricity (LCOE) for PV
as it is a major issue outside the PV community.[24,25] PV LCOE is
very significant because the major part of the future LCOH is
electricity cost. Another aspect is that the current electrolyzer
market is still very immature, most of the projects are tailor-
made, site-sensitive, and quite small, and there is not yet real
mass manufacturing. The scaling effect is very significant and
for this reason it is not wise to use past CAPEX for small projects
(<1MWel on average) with truly utility-scale (>100MWel) proj-
ects. The correct estimate of LCOH is of utmost importance for
the policy makers when decisions are made for a carbon-neutral
world between various technology options.

2. Cost of Solar PV

The cost of solar PV systems has decreased dramatically over the
past years. Market prices of PV modules have decreased by about
90%[26] and system prices by close to 80%[27] during a decade,
making solar PV the cheapest form of electricity generation in
many parts of the world with power purchase agreements
(PPAs) as low as 12€/MWh[28] in some countries. The focus here
is utility-scale PV systems with capacity of 100 MWp or more.
The European Technology and Innovation Platform for
Photovoltaics (ETIP PV) reported in 2020 the CAPEX for a
fixed-tilt utility-scale PV system as 0.43€/Wp,[29] although in

some countries such as India it can be significantly lower,[30]

whereas in some countries such as the United States it is
higher[31] because of soft costs and higher margins. Single-axis
tracking PV is becoming increasingly more common in utility-
scale systems,[32] increasing the CAPEX by about 7%[33] with an
increased annual yield, and further positive energy system
impact.[34] Another trend is bifacial modules, which also increase
the yield, the price difference with corresponding monofacial
modules being currently about 0.015€/Wp according to data col-
lected from PVinfoLink and bifacial manufacturers.[35] A bifacial
utility-scale PV system with single-axis tracking with a price of
0.47€/Wp in 2020 is assumed here. Research insights indicate
that single-axis tracking bifacial PV may become the utility-scale
standard in the years to come.[36]

The future development of PV CAPEX is projected with PV
cumulative volume capacity growth and learning rates (LRs).
Figure 1 shows three different volume growth scenarios.[37]

These growth scenarios reflect the range of long-term PV deploy-
ment projections, as the International Energy Agency (IEA) and
the International Renewable Energy Agency (IRENA) indicate
the slow-growth scenario,[38,39] whereas Haegel et al.[40] and
Bogdanov et al.[6] strongly indicate the fast-growth scenario.
Latest studies of the IEA[41] and IRENA[42] project a solar PV
installed capacity in 2050 of about 14 000 GW, which is still sub-
stantially below the base growth scenario in this research. The
base growth scenario reflects a compromise for the variety of
studies.[37] Xiao et al.[24] and Victoria et al.[25] find a high range
in PV cost assumptions in energy system studies and conclude
that almost all studies are based on too high and often outdated
cost assumptions, underestimating the role of solar PV. It is not
intended to detail concrete PV technologies, which will enable
the projected PV CAPEX, while there is a strong expectation that
monocrystalline silicon PVmay be the long-term technology plat-
form, with high chances of c-Si/perovskite tandem applica-
tions.[32,43,44] A broad variety of technologies is under
continued research with continuously increasing efficiencies
and new developments,[45] which may further accelerate the over-
all PV deployment and cost reduction.

Historically, the average module price has decreased by an
average 23.8% every time the global cumulative capacity has dou-
bled.[32] However, from 2006 to 2020 this LR has been 40%.[32]

A conservative 25% LR is assumed as base case here. For inver-
ters, a lower LR of 20% shown by industry data[46] is assumed.

Figure 1. Global cumulative PV volume with three growth scenarios.
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For other balance of system (BoS) components, an average
7.5%[37] LR is assumed. Because about 50% of BoS depends
on the area of the modules,[46] higher efficiency will in addition
drive down the BoS significantly. A historical average 0.4% point
annual module efficiency increase[27] in the future is assumed
here. Figure 2 shows the CAPEX development with three volume
growth scenarios.

The main component of OPEX is usually the operation and
maintenance (O&M). The O&M cost varies greatly depending
on the size of the system, scope of the O&M, and location.
Bloomberg New Energy Finance (BNEF) reported the average
full-scope O&M contract price as 6.7€/kWp/a in 2019,
although with a large project or smaller scope it can be less than
4 €/kWp/a.[47] Here 1% of CAPEX (4.7€/kWp/a) in 2020 is
assumed as the starting point. Apart from O&M, other compo-
nents of OPEX include land lease, insurance, grid fees, balanc-
ing, asset management, and various taxes. The amount of these
cost components varies by country and by project. It is assumed
that their total amount equals the O&M price; i.e., the total OPEX

in 2020 was 9.4€/kWp/a. The future OPEX is assumed to
decrease with 10% LR.[37]

3. Cost of Electrolysis

Production of hydrogen with alkaline electrolysis cells (AECs)
has been used for industrial applications since 1920.[48] The
cumulative installed water electrolysis capacity since 1956 has
been estimated to be around 20 GWel,

[49,50] although the annual
market volume in 2019 was just 140 MWel.

[51] Future volume
growth is expected to be very relevant. Here three different sce-
narios are used. By 2050, the installed capacity is expected to be
either 1, 5, or 17 TWel. The first two are based on IRENA scenar-
ios[20] and the latter would be required for the 100% sustainable
energy and industry system by 2050.[6,52] For example, in a recent
study[53] it was concluded that most of the examined European
regions have sufficiently high technical potentials to be self-
reliant using renewable energy. For the base scenario here, 5
TWel global electrolyzer capacity by 2050 is assumed. The
different scenarios are shown in Figure 3.

Electrolyzer CAPEX depends heavily on the scale. Currently a
200 kWel electrolyzer has 2.3 times the unit cost of a 1 MWel

electrolyzer[54] and in turn a 1 MWel electrolyzer has 2.4 times
the unit cost of a 100 MWel electrolyzer

[20]; combined this makes
a factor of 5.5 between 200 kWel and 100 MWel. This is signifi-
cant because the majority of electrolyzer projects in 2018 were
still below 1 MWel,

[55] whereas 100 MWel systems are now avail-
able. Scaling up is done with multistack systems,[56] which allow
modular construction and cost savings by mass manufacturing.
IRENA reports[20] the investment cost for a 100MWel electrolyzer
system being 450$/kWel (370€/kWel with the May 2021 exchange
rate). This price level covers the full system cost, including the
electrolyzer stack, balance of plant (BoP), installation, civil works,
grid connection, and utilities.

It could be argued that in a hybrid PV and electrolyzer plant
the investment cost would be significantly lower because,

Figure 2. PV CAPEX for a system with single-axis tracking and bifacial
modules with three different volume growth scenarios.

Figure 3. Global cumulative electrolyzer capacity growth in three different scenarios.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2021, 2100487 2100487 (3 of 10) © 2021 The Authors. Solar RRL published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


e.g., the grid connection can be used by both. Another advantage
is that the electrolyzer plant could use directly DC generated by
PV, thus saving most of the power electronics cost, which is
about 20% of the total cost in a 100 MWel system.[20] In fact,
a system cost of as low as 200$/kWel has been reported by offers
from Chinese manufacturers.[51] However, a conservative value
of 400€/kWel is used here as a base case price for a 100 MWel

electrolyzer system in 2020.
The future electrolyzer cost depends on the volume growth

and the LR. Using the volume growth scenarios shown in
Figure 3, 18% LR,[50] the electrolyzer system CAPEX would
decrease according to Figure 4. In the base scenario, the system
CAPEX would be 240€/kWel in 2030, 140€/kWel in 2040, and 80
€/kWel in 2050.

The electrolyzer OPEX is assumed as 1.5% of the CAPEX[23] in
2020 (6€/kWel/a), and decreasing with a 10% LR after that.
Electrolyzer efficiency is defined as the lower heating value
(LHV) of hydrogen divided by the electricity input. The LHV
for hydrogen is 33.3 kWh/kgH2.

[57] The state-of-the-art efficiency
for alkaline electrolyzers is reported as 67%,[20,57] which is
assumed here to increase by 0.3% points per year to 76% by
2050. Costs of catalysts are not regarded as critical because nickel
is the most common electrocatalyst in alkaline water electroly-
sis.[58] Research on a broad variety of catalysts[59,60] may improve
the LCOH in the future.

4. Levelized Cost of Hydrogen (LCOH)

The LCOH is the sum of electricity and electrolysis cost over the
utilization rate

LCOH ¼
CAPEXPV þ InvRepl

ð1þWACCnom Þ0.5�N þ
P

N
t¼1

h
OPEXPVðtÞ

ð1þWACCnomÞt

i

Eff�
P

N
t¼1

h
Yieldð0Þ�ð1�DegrÞt
ð1þWACCrealÞt

i

þ
CAPEXel þ StackRepl
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P
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i

Eff�
P

N
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h
FLHð0Þ�ð1�DegrÞt
ð1þWACCrealÞt

i

(1)

whereN is the economic lifetime of the system; t is the year num-
ber, ranging from 1 to N; CAPEXPV is the capital expenditure of
the PV system, made at t¼ 0 in €/kWp; InvRepl is the cost of

inverter replacement, made at t¼N/2 in €/kWp; OPEXPV(t) is
PV system operation and maintenance expenditure in year t
in €/kWp; Yield(0) is the initial annual PV yield in year 0 in
kWh/kWp without degradation; Degr is annual degradation of
the nominal power of the system; Eff is the electrolyzer effi-
ciency; CAPEXel is the capital expenditure of the electrolyzer sys-
tem, made at t¼ 0 in €/kW; StackRepl is the cost of electrolyzer
stack replacement, made at t¼ 20 in €/kW; OPEXel(t) is the elec-
trolyzer operation and maintenance expenditure in year t in
€/kW; FLH(0) is the initial annual electrolyzer full load hours
in year 0 in hours without degradation; WACCnom is the nominal
weighted average cost of capital per annum; and WACCreal is the
real weighted average cost of capital per annum.

The relationship between WACCnom and WACCreal is
expressed with the formula

WACCreal ¼
1þWACCnom

1þ Infl
� 1 (2)

where Infl is the annual inflation rate.
In this research, all results are given in real 2020 money. As

nominal WACC rates are used here, inflation has to be taken into
account to arrive at real values. For example, a 4% nominal
WACC with 2% inflation rate corresponds to a 2% real
WACC. Because the WACC rates are highly subjective and
depend among other things on the country, market segment,
investor type, and risk appetite, a set of three different nominal
WACC rates are included in the sensitivity analysis: 4%, 7%,
and 10%.

The PV yield is calculated from the Solargis database[61] for
five European and five other locations: Helsinki (Finland),
Munich (Germany), Toulouse (France), Rome (Italy), Malaga
(Spain), Rajasthan (India), El Paso (Texas, USA), Western
Australia, South Africa, and Atacama Desert (Chile). Because
the PV system seldom generates electricity at the nominal peak
power, it is wise to oversize the PV system in relation to the elec-
trolyzer input power. A ratio of 1.33 is used here, which means
that electrolyzers have 33% more full load hours (FLHs) com-
pared to the PV yield in each location. A first-year 2% degradation
and annual 0.5% degradation after that is assumed on the initial
values of PV yield.[32] In a study of 11 commercial alkaline elec-
trolyzer systems with electric power inputs between 0.3 and
3.3 kW, the annual efficiency degradation was 0.10–1.50% with
stack lifetimes of 50 000–96 000 h.[62,63] As a base case, 0.5% deg-
radation is assumed here. Table 1 lists the PV yield and electro-
lyzer FLH for each location.

The PV system lifetime is assumed to be 30 years, which is
becoming the industry standard for PV module production guar-
antees.[32] Inverter replacement is assumed to take place at the
half-point of the PV system lifetime. Electrolyzer lifetime is also
assumed as 30 years. The electrolyzer stack should last up to
90 000 h,[50] which should be adequate for the 30 years expected
lifetime of the PV system in the chosen European locations.
However, for locations closer to the equator, the electrolyzer uti-
lization during 30 years could exceed 90 000 h. For this reason,
one electrolyzer stack replacement representing 25% of the
CAPEX of the time after 20 years is included in the equation.
It must be noted that many reports quote much too high
OPEX figures for PV electrolyzers because they include the stack

Figure 4. Electrolyzer system CAPEX with three different volume growth
scenarios.
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replacement in OPEX. This grossly exaggerates the effect of stack
replacement in the LCOH because it is only made once later in
the lifetime of the system and is discounted to the present time in
real terms.

Figure 5 shows the LCOH for the five European locations and
Figure 6 for the other five locations with the base volume growth
and cost assumptions for solar PV and electrolyzers. The current
LCOH ranges from 31€/MWhH2,LHV (1.0€/kgH2) in Atacama to
81€/MWhH2,LHV (2.7€/kgH2) in Helsinki. By 2030 LCOH will
decrease by about 33% and by 67% by 2050. It is notable that
the cost of PV-generated electricity is already about 63% of
the LCOH, increasing to about 74% by 2050. This suggests that
electrolyzer CAPEX will not play a major role in the future LCOH
development. It further indicates that low-cost CAPEX electrolyz-
ers are not constrained by the solar PV yield, as it is still assumed

in many publications. High FLHs are only required for
high-CAPEX electrolyzers.

5. Sensitivity Analysis

Because there are substantial uncertainties on the future devel-
opment of the various parameters affecting the LCOH, a thor-
ough sensitivity analysis was made by varying 11 key input
parameters. In addition to location, nominal WACC, annual
inflation, PV volume growth, electrolyzer LR, FLH, CAPEX, vol-
ume growth, OPEX, efficiency, lifetime, and stack replacement
were chosen. Figure 7 shows the impact of each parameter on
LCOH in Toulouse, France, in 2050.

As it is quite obvious, the location with the specific yield and
FLH has the biggest impact on the LCOH. Changing the nomi-
nal WACC from 7% by 300 basis points has a more than �20%
impact on the LCOH and inflation is also a significant factor. PV
volume growth has an almost as significant effect as WACC on
LCOH because electricity cost is the major part of the LCOH and
slow/fast growth has about �30% effect on the PV CAPEX by
2050. Changing the electrolyzer LR or FLHs has a relatively
smaller effect and increasing the electrolyzer CAPEX by 50%
only increases the LCOH by 8%. This shows that even though
there is a wide range of estimates on the current and future
CAPEX of electrolyzers, it does not have a decisive impact in
the end. Electrolyzer volume growth, OPEX, efficiency, and life-
time have a relatively minor effect and the impact of stack
replacement is only 2% on the LCOH.

6. Use Cases

Hydrogen is a very versatile energy carrier that can be used in the
power generation sector, in storage, in transportation, in heating
and power for buildings, in industry and as industry feedstock,
directly, but also indirectly for e-fuels and e-chemicals. In the fol-
lowing sections, comparison will be made with steam methane

Table 1. PV yield and electrolyzer full load hours and capacity factors of
five European and five non-European locations. PV yield is for a single-axis
tracking system with bifacial modules.

PV yield
[kWh (kWp a)�1]

PV
capacity
factor [%]

Electrolyzer
FLH [h a�1]

Electrolyzer
capacity
factor [%]

Helsinki, Finland 1220 13.9 1620 18.5

Munich,
Germany

1370 15.6 1820 20.8

Toulouse, France 1580 18.0 2100 24.1

Rome, Italy 1900 21.7 2530 28.9

Malaga, Spain 2110 24.1 2810 32.1

Rajasthan, India 2120 24.2 2820 32.2

Texas, US 2530 28.9 3370 38.5

Western
Australia

2660 30.4 3540 40.4

South Africa 2710 30.9 3610 41.2

Atacama, Chile 3230 36.9 4300 49.1

Figure 5. LCOH for five European locations with the base volume growth and cost assumptions, in €/MWhH2,LHV.
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reforming and use cases are presented to showcase the impor-
tance of producing hydrogen by renewable electricity also in
terms of costs.

6.1. Steam Methane Reforming Hydrogen Production

CAPEX for steammethane reforming (SMR) without carbon cap-
ture and storage (CCS) is currently 800€/kWH2,LHV and OPEX 38
€/kWH2,LHV/a with 76% efficiency.[23]

Hydrogen produced by SMR with a natural gas price of 15€/
MWh, 8000 FLH, 30 years lifetime, and nominal WACC of 7%
with 2% annual inflation leads to an LCOH of 31€/MWhH2,LHV

(1.0€/kgH2) without carbon capture and storage (CCS).
The CAPEX for SMR with CCS is now about 1500€/kWH2,LHV

and OPEX 44€/kWH2,LHV/a with 69% efficiency.[23] With a natu-
ral gas price of 15€/MWh, 8000 FLH, 30 years lifetime, and nom-
inal WACC of 7% with 2% annual inflation this leads to an
LCOH of about 50€/MWhH2,LHV (1.7€/kgH2) when the cost of

CO2 transport and storage[64] is included. In addition, the cost
of the 10% CO2 that is not captured by CCS should be taken into
account.

Based on these cost figures, it can be said that solar hydrogen
is already competitive with low-carbon natural-gas-based hydro-
gen in all five non-European considered locations as well as
Southern Europe and will be competitive all over Europe around
2030. Even without considering the additional cost of CCS, solar
hydrogen will be competitive in the long run in every European
location.

6.2. Green Hydrogen for the Transport Sector

The cost of running 1 km on a fuel cell (FC) vehicle depends on
the efficiency of the vehicle (in kgH2/km) and on the relative cost
given in €/kgH2. If a hydrogen bus is considered as a case study,
the efficiency is around 0.1 kgH2/km (10 kgH2/100 km). Using
the cost reported in Section 6.1, the overall cost of covering
1 km using SMR produced H2 (1.0€/kgH2 without CCS and
1.7€/kgH2 with CCS) would amount to 0.1 and 0.17€/km. The
cost of hydrogen using utility-scale PV (shown in Figure 5
and 6) ranges from 1.0 to 2.7€/kgH2 depending on latitude in
2021, which is reduced to 0.7 to 1.8€/kgH2 by 2030. Table 2
summarizes the findings.

Figure 6. LCOH for five non-European locations with the base volume growth and cost assumptions, in €/MWhH2,LHV.

Figure 7. LCOH sensitivity on various parameters compared with a sys-
tem in Toulouse, France, in 2050 with 7% nominal WACC, 2% annual infla-
tion, base PV volume growth, electrolyzer 18% LR, 2100 FLH, 80€/kWel

CAPEX, base volume growth, 2.6€/kWel/a OPEX, 76% efficiency, 30 years
lifetime, and stack replacement at 20 years of lifetime.

Table 2. Comparative analysis between green hydrogen and SMR
hydrogen for FC H2 buses.

H2 bus 2021 2030 2050

Production routes of H2 € km�1
€ km�1

€ km�1

SMR without CCS 0.10 0.10 0.10

SMR with CCS 0.17 0.17 0.17

PV (Helsinki, Finland) 0.27 0.18 0.09

PV (Atacama, Chile) 0.10 0.07 0.03
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By 2030, the cost of green hydrogen would decrease by about
one-third and by 2050 by about two-thirds. It needs to be
highlighted that although green hydrogen can quickly become
economically more feasible than hydrogen generated via the
SMR route, a further comparison would be needed with
battery-electric buses, which are favored for lower CAPEX and
lower cost of energy supply[17] and thus are at the moment
the preferred choice of local transport organizations.[65] Khalili
et al.,[17] discuss more efficiency and cost details of hydrogen-
based and battery-electric road transportation. It is likely that
hydrogen is going to be relatively more competitive in
larger-scale applications such as in aviation or heavy duty road
transport, where the weight of batteries is an issue. However,
currently heavy-duty truck manufacturers increasingly favor bat-
tery-electric trucks due to the lower cost per driven kilometer,[19]

the decisive metric in road freight transportation.

6.3. Green Hydrogen for the Building Heating Sector

Combined heat and power (CHP) can integrate FC systems to
provide heat for buildings as well as electricity.[5,66] The preferred
choice to heat and cool in new and refurbished buildings relies
on the use of electrically driven heat pumps.[67] The use of hydro-
gen instead of running heat pumps requires the creation of a
hydrogen infrastructure similar to the one currently used for nat-
ural gas or to transport in any other form to be delivered at the
building infrastructure limiting the overall losses. This route
seems to be out of scope for a vast deployment of green hydrogen
and it is thus not the focus of a dedicated economic analysis,
which would require the inclusion of the infrastructure cost.

6.4. Green Hydrogen in Industrial Processes

The increasing access to green hydrogen will open new possibil-
ities in chemical processes, for example, in the “green steel”
industry where hydrogen substitutes coke as a reducing agent[16]

with water vapor as a byproduct instead of carbon dioxide. The
FCH2-JU in the Hydrogen Roadmap Europe[68] foresees a hydro-
gen demand of 665 TWh (ambitious scenario), with 427 TWh for
existing industry feedstock and 62 TWh of new industry feed-
stock. Even in the most ambitious scenario in 2030, hydrogen
will play an important role, especially in hard-to-abate sectors
and where hydrogen is already used as feedstock.

A chemical sector that might be of a particular industry is the
chlorine/soda sector, where hydrogen is a byproduct. The
chlorine-alkali process needs 97 kWh to produce 35.5 kg of chlo-
rine, 40 kg of caustic soda, and 1 kg of H2.

[69] The production of
1 kg H2 would thus require 1.3 kWh. It is important that the
electricity needed to drive the process comes entirely from
renewables. The cost of producing 1 ton of Cl2 depends on
the electricity cost, the cost of salt and water, treatment chemi-
cals, steam and manufacturing. Eurochlor provides a cost range
of 140–500€ per ton Cl2 (with the electricity costs varying
between 34 and 86€/MWh, 72€ and 290€ per ton of Cl2 depend-
ing on EU electricity prices and process efficiency). Twenty-eight
kilograms of H2 gas is produced as byproduct, leading to a cost in
the range of 0.064–0.23€/kgH2. Access to electricity prices lower

than 34–86€/MWh thanks to PV generation would enable the
generation of H2 as byproduct at even lower cost.

A very large industrial demand will arise from the
chemical industry as a feedstock for bulk chemicals, in particular
e-ammonia[12,13] and e-methanol,[14,15] as the chemical industry
can be mainly built on these fundamental bulk chemicals.[70,71]

The demand for green hydrogen for the chemical industry in
2050 for e-ammonia may reach a level of 3800 TWhH2 and
for e-methanol 15 200 TWhH2. .

[72]

6.5. Green Hydrogen for Electricity Production

Hydrogen is also discussed as a relevant fuel for managing the
imbalance between electricity consumption and renewable gen-
eration. Gas turbines fueled with natural gas are today used for
example for peak power generation. Gas turbine manufacturers
have already developed large units capable of using high blends
of hydrogen fuel and turbines using solely hydrogen are on their
way. The gas turbine manufacturers have committed themselves
for 100% hydrogen-fueled gas turbines by 2030.[73]

Combined cycle gas turbine (CCGT) CAPEX is estimated to be
10–20% higher with hydrogen as fuel compared with natural gas
and the efficiency 10% lower.[74] Applying 15% increase on
natural-gas-fueled CCGT CAPEX[6] gives 900€/kWel CAPEX
and 10% lower efficiency is 47%. The annual OPEX is assumed
as 2.5% of the CAPEX and the lifetime is 35 years.[6] Hydrogen
storage in large-scale salt caverns or small-scale containers is esti-
mated to cost about 0.2€/kgH2 and local distribution in pipelines
about 0.1€/kgH2.

[51] With the current LCOH (1.0€/kgH2) in
Atacama, the hydrogen cost at the CCGT plant would be 40€/
MWhH2,LHV (1.3€/kgH2). With 3000 annual FLH for the
CCGT, 7% nominal WACC, and 2% annual inflation, LCOE with
solar hydrogen in Atacama would currently be 111€/MWh. For
Helsinki with the current hydrogen cost of 90€/MWhH2,LHV (3.0
€/kgH2), LCOE would be 217€/MWh with the same parameters.
By 2050, LCOE with solar hydrogen would decrease to 64€/MWh
in Atacama and 102€/MWh in Helsinki.

7. Discussion

With the current cost of solar hydrogen, 31–81€/MWhH2,LHV

(1.0–2.7€/kgH2) in the locations of this study, green hydrogen
is not yet competing with natural gas as a fuel. However, this
will change rapidly as both solar electricity and water electrolysis
costs are decreasing fast, and as soon as the CO2 emissions cost
of a realistic level is fully factored in. By 2030, the LCOH of solar
hydrogen will decrease to 20–54€/MWhH2,LHV (0.7–1.8€/kgH2),
making it a competitive clean fuel globally compared with hydro-
gen produced from natural gas with CCS. And there is an even
bigger cost reduction potential when mass production of electro-
lyzers really kicks in. So far, electrolyzer projects have been quite
small and often tailor-made with very high CAPEX. Currently,
there is high demand of electrolyzers and not enough
manufacturing capacity, which increases the prices. In the
future, growing volumes and competition from Asian manufac-
turers should decrease electrolyzer prices, as has happened in the
PV industry.
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Another factor currently increasing the LCOH in many esti-
mations is the extremely high OPEX used in the calculations.
In reality, there is not a lot of operation and maintenance to
be done for an electrolysis system. And if the OPEX is calculated
as a percentage of the initial CAPEX, which is too high, then the
OPEX becomes too high too. The main component included in
the OPEX in most estimations is the electrolyzer stack replace-
ment. This should not be included in the OPEX every year but
applied at the point of time when it is really done and then dis-
counted to present time. With highWACC rates, this makes a big
difference. Furthermore, stack replacement may not be needed at
all in locations with relatively low solar yield and electrolyzer
FLH.

Proper sizing of the system is key: the peak power of the PV
system should always be oversized compared with the electro-
lyzer input power because the PV system seldom generates elec-
tricity with its full peak power. Because of the complementary
generation curves of solar and wind power, a hybrid PV–wind
system would significantly increase the electrolyzer FLH. Such
hybrid plants could be integrated on site[75] or separated at sites
of best resources and finally interconnected with power lines.
The longer-term value of hybrid PV–wind systems may be lim-
ited due to the very low-cost PV electricity, as concluded in Fasihi
and Breyer.[76] A full hourly optimization using cost assumptions
from 2018 and hybrid PV–wind systems led to a green hydrogen
production cost of about 40–80€/MWhH2,LHV (1.3–2.7€/kgH2) in
2030 in a range of comparable regions in the world, compared to
a decrease to 20–54€/MWhH2,LHV (0.7–1.8€/kgH2) found in this
research for PV-based green hydrogen, which documents the
strong dynamics in cost reduction of solar PV and electrolyzers.

Further LCOH reduction would be possible using directly DC
power generated by the PV system. Because both PV and elec-
trolysis work with DC, conversions to AC and back to DC again
are inefficient and increase cost. Direct DC systems are not yet
standard solutions in the hydrogen sector but should be devel-
oped for local solar hydrogen production. Another potential fur-
ther cost reduction potential may come from polymer electrolyte
membrane (PEM) electrolyzers, which are not yet at the same
maturity level as alkaline electrolyzers. However, there is concern
over the adequacy of certain materials in the PEM cells. For
example, the availability of iridium could be a problem when
the installed capacity reaches the multi-GW scale.[60]

Electrolyzers have been optimized for industrial baseload con-
ditions in the past, and thus it may be claimed that the ramp rates
of solar PV would compromise the functionality, durability, and
lifetime of electrolyzers. This potential concern ignores the very
high technical ramping features of electrolyzers, which can easily
follow the PV ramping rates of utility-scale applications, as even
frequency containment regulation services in electricity markets
could be served by electrolyzers.[64]

Finally, as the electrolyzer technology further matures, the
related risk perceived by investors should decrease, lowering
the WACC rate of the investment. This is significant because
as shown by the sensitivity analysis, WACC is the most important
input parameter in the calculation of LCOH after location and
solar yield.

Still, it needs to be clearly noted that hydrogen is part of an
overall energy and industry system optimization,[6,77] which finds
direct electric solutions in practically all cases lower in cost and

higher in efficiency than hydrogen alternatives, in case a direct
electrification and hydrogen solution is available. However, some
applications cannot be directly electrified in the foreseeable
future or by nature, such as long-distance marine and aviation
transportation, chemical and steel making, and these demand
segments are expected to dominate green hydrogen demand
in the years and decades to come.

8. Conclusion

Green hydrogen will be the main fuel as well as a fundamental
energy vector for the future 100% sustainable energy and indus-
try system. Up to one-third of the required solar and wind elec-
tricity would eventually be used for water electrolysis to produce
hydrogen, increasing the cumulative electrolyzer capacity to
about 17 TWel by 2050. There is a huge growth potential from
the current 20 GWel and the cost of electrolysis will decrease
accordingly with mass production and volume growth, as well
as with scaling up the electrolyzer unit size.

Electrolyzer CAPEX for a large utility-scale system is expected
to decrease from the current 400€/kWel to 240€/kWel by 2030
and to 80€/kWel by 2050. Together with the continuing solar
PV cost decrease, this will lead to an LCOH decrease from
the current 31–81€/MWhH2,LHV (1.0–2.7€/kgH2) to 20–54€/
MWhH2,LHV (0.7–1.8 €/kgH2) by 2030 and 10–27€/MWhH2,LHV

(0.3–0.9 €/kgH2) by 2050, depending on the location. The share
of PV electricity in the LCOH will increase from the current 63%
to 74% by 2050. Already during this decade, solar hydrogen will
be globally a less expensive fuel compared with hydrogen pro-
duced from natural gas with CCS.
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