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Abstract: Hydrogen production via water electrolysis and renewable electricity is expected
to play a pivotal role as an energy carrier in the energy transition. This fuel emerges as the
most environmentally sustainable energy vector for non-electric applications and is devoid
of CO2 emissions. However, an electrolyzer´s infrastructure relies on scarce and energy-
intensive metals such as platinum, palladium, iridium (PGM), silicon, rare earth elements,
and silver. Under this context, this paper explores the exergy cost, i.e., the exergy destroyed
to obtain one kW of hydrogen. We disaggregated it into non-renewable and renewable
contributions to assess its renewability. We analyzed four types of electrolyzers, alkaline
water electrolysis (AWE), proton exchange membrane (PEM), solid oxide electrolysis cells
(SOEC), and anion exchange membrane (AEM), in several exergy cost electricity scenarios
based on different technologies, namely hydro (HYD), wind (WIND), and solar photovoltaic
(PV), as well as the different International Energy Agency projections up to 2050. Electricity
sources account for the largest share of the exergy cost. Between 2025 and 2050, for each
kW of hydrogen generated, between 1.38 and 1.22 kW will be required for the SOEC-hydro
combination, while between 2.9 and 1.4 kW will be required for the PV-PEM combination. A
Grassmann diagram describes how non-renewable and renewable exergy costs are split up
between all processes. Although the hybridization between renewables and the electricity
grid allows for stable hydrogen production, there are higher non-renewable exergy costs
from fossil fuel contributions to the grid. This paper highlights the importance of non-
renewable exergy cost in infrastructure, which is required for hydrogen production via
electrolysis and the necessity for cleaner production methods and material recycling to
increase the renewability of this crucial fuel in the energy transition.

Keywords: hydrogen generation; water electrolysis; electricity scenarios; cleaner production;
exergy cost; renewable energy; critical raw materials

1. Introduction
Hydrogen production via water electrolysis is gaining interest due to the possibility of

performing electrolysis with renewable electricity. In this case, the hydrogen produced is
the so-called green hydrogen. This chemical and fuel represents an essential low-carbon
chemical feedstock and energy vector essential for the success of the energy transition,
especially in challenging-to-electrify applications[1,2]. Together with lithium batteries
and air compression energy storage systems (CAES), hydrogen has been projected as a
possible solution (as an energy vector, e.g., ammonia and methanol) for dealing with the
renewable energy production intermittency [3,4] and curtailment issues [5,6] in the current
energy transition scenario [7]. Hydrogen use is very flexible and possesses a very diverse
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range of applications, which are involved in, for example, energy storage (Power-to-gas,
Power-to-fuel, or Power-to-power) [8], chemical industries (for the production of ammonia,
methanol, and polymers) [9,10], fuel (for industrial high-temperature processes and the
transport sector) [11], the reducing agents in the metallurgical industry (e.g., iron and
steel, copper, aluminum) [12], etc. Therefore, hydrogen production via water electrolysis is
expected to meet increasing hydrogen demands throughout the world.

Some regions of the world are already producing green hydrogen from renewable
energy sources via water electrolysis [13]. Four electrolyzer technologies, alkaline water
electrolysis (AWE), proton exchange membrane (PEM) electrolysis, solid oxide electrolysis
cells (SOECs), and anion exchange membrane (AEM) electrolysis, are approached in this
study. Their degrees of technology readiness levels (TRLs) significantly differ [14]. AWE
is a mature and commercial technology used since the 1920s, particularly for hydrogen
production in the fertilizer and chlorine industries. However, most of these electrolyzers
were decommissioned when natural gas and steam methane reforming for hydrogen
production took off in the 1970s [7]. This technology uses nickel in the electrodes and
zirconium in the separator [12,15]; therefore, it features precious material independence
in its construction and operation. However, its operation is not very flexible and usually
produces a low purity hydrogen [16]. PEM electrolyzer systems were first introduced in
the 1960s by General Electric to overcome some of these operational drawbacks of AWE
systems. They offer a very flexible operation, but they require expensive electrodes made
of platinum group metals (PGMs), and their lifetime is currently shorter than AWE [7,17].
SOEC and AEM are the most novel electrolysis technology systems among the four, and
they have not yet been commercialized, although individual companies are now aiming to
bring them to market. SOEC use ceramics as electrolytes, have lower material costs, are
capable of operating at high temperatures, and have a high degree of Faradaic/Coulombic
efficiency [7]. This technology uses zirconium (Zr) in the electrolyte, rare earth elements
(REE) (e.g., lanthanum, La) in the cathode, yttrium (Y) in the interconnections, and nickel
(Ni) in the anode [17]. Unfortunately, it also depends on critical metals to operate efficiently.
On the other hand, AEM is freer from noble metals than PEM and uses a low-concentrated
liquid electrolyte (1 M KOH) [18], although it currently presents limited stability and
is still in research and development stages. In summary, AWE systems yield hydrogen
with lower purity (99.9%), but except for nickel, they do not depend on rare metals. On
the other hand, PEM systems generate high-purity hydrogen with great flexibility, are
suitable for integration with renewable sources, but rely on PGMs. And even though SOEC
and AEM systems avoid the use of some noble metals, they are still in the development
phases [14,16,18,19].

Thus, the increasing need for green hydrogen [10] has already triggered the produc-
tion of electrolyzers and, consequently, increased the demand for the metals required for
their manufacturing. However, in 2022, we only produced around 100 kt of hydrogen via
this pathway (35% growth), with material costs presented as a major factor for increasing
installed infrastructure costs [20]. Under this context, some elements stand out in infras-
tructure costs: Ni and Zr for AWE, Pt, Pd, and Ir (PGM) for PEM, Ni, Zr, La, and Y for
SOEC, and Ni and Pt for AEM. Complementarily, stainless steel (SS), aluminum (Al), or
copper (Cu) is also necessary for the electrolyzer structure and conduction of electricity [21].
Therefore, based on this uncertain scenario, this investigation focused on the study of the
applications of 14 different metals, including Al, Cu, Fe, Ir, La, Ni, Pd, Pt, Sn, Y, Zr, and
stainless steel, as well as glass, and graphite (utilized on AWE and PEM systems), on the
current and future electrolysis demand scenarios and how they affect the cost of obtaining
green hydrogen.
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Apart from electrolyzers, there are two more resources essential for hydrogen pro-
duction via water electrolysis: water and electricity. Although this paper does not focus
on the use of water in electrolysis, we are aware of this particularly critical problem in
arid regions [22]. Regarding electricity, its origin is key. For instance, if electricity has a
renewable origin, hydrogen is called green. Furthermore, several studies indicate that
the supply of renewable electricity is the main environmental concern of green hydrogen
production [1,19,23,24]. On the other hand, using the electrical grid for hydrogen produc-
tion via water electrolysis could be more polluting than producing it directly from fossil
fuels [1]. Thus, this study uses several scenarios that depend on the electricity source. We
consider the three most diffused renewable technologies, hydro, wind and photovoltaic,
combined with the three different grid projections based on IEA scenarios, namely NZE,
APC, and STEPS (Net Zero Emissions, Announced Pledges, and Stated Policies), from
most to least optimistic in terms of decarbonization [7]. Therefore, scenarios using only
renewable technologies produce green hydrogen, while scenarios using grid electricity do
not (yellow hydrogen). Furthermore, all these electricity production technologies are also
intensive in the use of metals, the most important being steel, Al, Cu, Pb, Zn, Si, REE, Ag,
and other materials such as concrete [25], and these should be included in the cost of green
hydrogen production.

The exergy cost theory (ECT) is fundamentally associated with Thermoeconomics [26]
and other exergy-based analysis theories. Its main output, unit exergy cost, represents
one of the main exergy-based ecological indicators adopted in the specific literature [27].
It indicates how many physical units of fuel exergy (consumed resources in an energy
production system) are consumed to produce or yield 1 unit of product exergy (the main
product of this system), and it can be represented by b∗ = F/P = 1/η2nd > 1. Consequently,
the process of exergy cost formation is fundamentally associated with the unavoidable
process of natural resources (and energy) degradation. Currently, ECT also allows proper
physical waste cost allocation [28]. In parallel, other physical-environmental cost theories,
such as the Thermo-ecological Cost (TEC) [29], combine exergy, non-renewable natural
resources, cumulative exergy consumption, and effluent treatment or remediation exergy
costs with economic principles [30] to evaluate the overall physical cost of a product.
Recently, the avoided thermo-ecological cost method has been applied to carbonaceous
and renewable-energy hydrogen production technologies [31] and highlighted the non-
renewable exergy cost contribution. However, they did not include the importance of
critical raw materials in the electrolyzer’s construction. This work intends to address this
gap by shedding a light on its importance in overall exergy consumption and how it affects
the physical costs of producing water-splitting in hydrogen production.

Therefore, this study focuses on the renewability of hydrogen production via water
electrolysis from an exergy perspective with regard to industrial usage. Exergy represents
the maximum amount of useful work that a system can deliver when interacting with its
surroundings. Therefore, this property represents the energy quality of a flow. However,
the material dimension is not properly assessed by exergy [32]. In these cases, it is more
appropriate to use exergy costs. This concept represents the exergy destroyed for manufac-
turing a product [33]. Therefore, this study considers exergy for assessing fuels and exergy
cost for assessing materials, combining energy and material perspectives into a single
property: exergy. As previously stated, the material dimension, represented by all metals
and materials, is key in hydrogen production via electrolysis. The exergy perspective also
allows us to split up the exergy or exergy costs, depending on their origin and whether
they are non-renewable or renewable. This disaggregation allows us to assess the physical
renewability of such a product. The higher the renewable exergy contribution to the exergy
cost is, the more renewable the hydrogen will be.
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This study builds on the previous work on the energy footprint of materials [34] and
the exergy cost of the electricity [35] by evaluating the exergy costs of each electrolysis
technology and electricity sources in hydrogen production via water electrolysis. Our
goal in this work is to first evaluate the physical-based costs of obtaining hydrogen from
such a technology, which is devoid of the economic effects on our product. It is common
knowledge that the exergy cost of electricity, and consequently, hydrogen, changes over time
in a dynamic process for these reasons: (1) technological advancements reduce the amount
of materials required for production; (2) shifts in the electricity mix toward renewables
decrease the contribution of fossil exergy costs, which is particularly significant in metal
production; (3) the operating hours and conversion efficiency of electrolyzers increase.
Thus, this study approaches the problem of exergy cost, which is differentiated between
renewable and non-renewable exergy, as well as analyze the interaction between energy
and materials, through exergy.

2. Methodology
Figure 1 shows a diagram of the production phases of hydrogen via water electrolysis

using the electricity grid and three consolidated renewable energy sources: hydro, wind,
and PV. Three cost classifications are taken into consideration: (1) primary renewable
energy or (1∗) primary energy for grid electricity production; (2) energy embedded in the
electricity infrastructure; (3) energy embedded in the hydrogen generation infrastructure,
i.e., electrolyzers. In addition, embedded energy (2∗ and 3∗) is classified by differentiating
its origin, whether fossil (natural gas, oil, or coal), nuclear, or renewable (hydro, biomass,
wind, or solar PV).

Figure 1. Simplified diagram of the non-renewable and renewable exergy cost of H2 via water
electrolysis. The asterisk symbol ∗ refers to the exergy costs related to non-renewable sources usage
(electricity production and materials extraction).

First, we briefly discuss and summarize some current and projected key parameter
indicators (KPIs) of all four water electrolysis technologies involved in our study (AWE,
PEM, SOEC, and AEM). Next, we describe the adopted methodology for obtaining the
evolution of the exergy cost of electricity (i.e., numbers 1 and 2 in Figure 1) from the
renewable sources and the materials for the infrastructure. Then, we proceed further to
elaborate on the exergy costs of producing green hydrogen (number 3 of Figure 1) from



Energies 2025, 18, 1398 5 of 24

the materials constituting the infrastructure. Next, we clarify our model hypotheses and
assumed limitations. Finally, we present an illustrative example of how to apply the
presented methodology to evaluate the renewable and non-renewable exergy cost of water
electrolysis H2 production.

2.1. Water Electrolyzer Technologies

Table 1 presents a summary of the current and projected state-of-the-art KPIs for the
water electrolysis technologies included in this study.

Table 1. Summary of some current and future (2050) water electrolysis technology KPIs, industrial
demonstration sizes, and degradation rates. All data refer to current days, except when explicitly
described otherwise. References: [7,14,18,36,37].

AWE PEM SOEC AEM

H2 purity (%) [14] 99.9–99.9998 99.9–99.9999 99.9–99.999 99.9

Electrolyte [18] KOH/NaOH (5 M) Solid polymer
electrolyte (PFSA)

Yttria stabilized
Zirconia (YSZ)

DVB polymer support
with KOH/NaOH

(1 M)
Lifetime (stack) (h) [36] 60,000 50,000–80,000 10,000–20,000 5000–10,000

Future lifetime [36] 100,000 100,000–120,000 80,000 100,000
Operating temperature

(◦C) [14] 70–90 50–80 700–850 40–60

Cell pressure (bar) [14] <30 <50 1 <35
Efficiency (system)
(kW.h/kgH2 ) [14] 50–78 50–83 40–50 57–69

Future efficiency [14] 45 41–45 40 43–45
Load range (%) [14] 5–100 5–130 30–125 5–100

Nominal current
density (A/cm2) [14] 0.2–0.8 1–3 0.3–1.0 0.2–2

Voltage range (V) [14] 1.4–3 1.4–2.3 1.0–1.5 1.4–2.0
Current degradation
rate (mV/1000 h) *

(%) [37]
0.12 0.19 1.90 1.00

Cold start to nominal
load (min) [14] <50 <20 >600 <20

Industrial
demonstration sizes

(MW) [37]
150 10 1 4

CAPEX (€/kW) [37] 600 900 2130 1000

Advantages

High TRL (mature
in industries) High TRL (commercial)

High working
temperature (favorable

thermodynamics)

Low concentrated
liquid electrolyte

(1 M KOH)
Noble metal-free
electro-catalysts

(no PGMs)

Quick response to load
variation (high
dynamic range)

High efficiency Noble metal-free
electro-catalysts

Relatively low cost High current densities
Reversible operation

(electrolyzer and
fuel cell)

Disadvantages

Limited current
densities

Noble metal
electro-catalysts

Intermediate TRL
(R&D) Low TRL (R&D)

Gases crossover
(bubbles) Acidic electrolyte Limited stability/high

degradation
Limited stability/high

degradation
Corrosive liquid

electrolyte Cost of cell components

Lower load flexibility
for renewables High CAPEX

* State of art.
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The authors used specific literature-supported data from recent days (2021) up to future
estimations (2050) for the lifetime-averaged electrolyzers efficiency and lifetime [7,14,36,37]
to represent their performance without going under the complexities of each electrolyzer
mathematical modeling. We used a constant cell degradation rate to evaluate these effi-
ciencies by evaluating how the electrical potential increased throughout the electrolyzers’
lifetimes, thus representing a conservative scenario for our model. Since our electrolyzer
models are inherently simple, naturally we did not simulate their dynamical behavior,
including membrane degradation, gas crossover, scaling and economical costs, etc. How-
ever, this simplicity allows us to project initial projections on overall exergy costs from
distinct energy sources and scenarios in a simpler way. It also allows us to estimate the
effects of critical raw materials and the material and energy intensities on the electrolyzer’s
infrastructures and, therefore, on the physical cost of hydrogen.

Table 2 shows the lifetime-averaged efficiency and lifetimes of these values, where we
assumed a linear interpolation between 2021 and 2050 to represent their yearly evolution
rate, that is, for each electrolyzer technology installed in a specific year, it will have an
increase in their average performance in comparison to the previous year.

Table 2. Water electrolyzer technology operation parameters (average efficiency and lifetime) adopted
in this study. References: [7,14,36,37]. Reproduced with permission from [38], Copyright [Elsevier], 2025.

Material AWE PEM SOEC AEM

η̄Electrolyzer (2021) 0.5470 0.5341 0.7197 0.5339
η̄Electrolyzer (2050) 0.7407 0.7768 0.8333 0.7580

t̄Electrolyzer,Lifetime (h) (2021) 60,000 65,000 15,000 7500
t̄Electrolyzer,Lifetime (h) (2050) 100,000 110,000 80,000 100,000

A comparative LCA of water electrolysis technologies presented by [37] was adopted
together with available data from both IEA and IRENA [7,36] to estimate the material
intensities (kgMaterial/MW ) of each material accounted for in this study. Table 3 presents
the infrastructure material intensity estimations for each technology. In this work, we did
not include fundamental, but auxiliary electrical components (e.g., transformer, cables, etc.).
A comprehensive analysis should naturally include all these aspects; however, these would
run out of the scope of this work, which is highlighting the importance of an extended,
yet simple physical/exergy cost analysis on estimating representative values for water
electrolysis hydrogen production.

Table 3. Estimations on material intensities of the infrastructure of each water electrolysis technology
(MI∗Materials,Electrolyzer). Unit in kgMaterial/MW. References: [7,36,37]. Reproduced with permission
from [38], Copyright [Elsevier], 2025.

Material AWE PEM SOEC AEM

Al 300 300 0 0
Cu 1330 100 100 0
Fe 0 0 143 0
Ir 0 1.97 0 0
La 0 0 126 0
Ni 12,660 0 413 1660
Pd 0 0.700 0 0
Pt 0 0.984 0 1.6
Sn 0 0 12.6 0
Y 0 0.7 155 0
Zr 100 0 302 0

S. Steel 33,300 19,500 9930 1200
Glass 0 0 700 0

Graphite 287 4400 0 0
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2.2. Electricity Exergy Cost

Calculating the exergy cost of electricity is more challenging compared to hydrogen.
The reason is that electricity itself is an indispensable resource for the production of the
infrastructure that generates electricity. Thus, the study of the cost of electricity is a dynamic
process. This process has been studied previously [35], considering the chemical exergy of
minerals, the ore grade declining of major metals for producing the electricity infrastructure,
and the decrease in material intensity as a result of technological development. Thus, the
electricity produced in a selected year is used to produce the following year’s infrastructure.
Therefore, the more renewable energy is installed, the more renewable electricity is used
in the manufacturing of the new infrastructure, accelerating decarbonization. Table 4
shows the results of the exergy cost of the electricity considering this aforementioned
dynamic process by assuming different scenarios. We consider three different projections
based on the IEA Scenarios, NZE, APC, and STEPS [39,40], which are evaluated for 2025
(current), 2030 (short term), and 2050 (long term). Furthermore, as stated in the introduction,
we consider combinations of four different technologies: hydro (HYD), wind (WIND),
photovoltaic (PV), and the electrical grid (GRID).

The values of Table 4 show the average exergy cost of hydro (b̄∗Hydro), wind (b̄∗Wind),
PV (b̄∗PV), and the grid (b̄∗grid). The exergy cost of these technologies can be disaggregated
into the following: (1) exergy cost of fuel; (2) exergy cost of infrastructure. The latter is
further divided into the following: (i) non-renewable (fossil fuels and nuclear); (ii) renew-
able energy. While fossil fuels can be used directly in the manufacture of materials, nuclear
and renewable energy can only be embedded in the infrastructure through the electricity
used in manufacturing. This disaggregation was calculated following the methodology of
previous work [35].

Table 4. Exergy costs of electricity (ExCOE) under the IEA NZE, APC, and STEPS scenarios; based on
the methodology presented in [35]. (Unit: kW/kW).

ExCOE (kW/kW) NZE APC STEPS

PES + Grid 2025 2030 2050 2025 2030 2050 2025 2030 2050

HYD 1.034 1.027 1.015 1.027 1.024 1.016 1.022 1.020 1.017
WIND 1.164 1.079 1.029 1.147 1.080 1.032 1.123 1.075 1.033

PV 1.656 1.235 1.077 1.734 1.239 1.091 1.693 1.295 1.107
GRID 1.936 1.542 1.049 1.990 1.702 1.136 2.010 1.790 1.321

HYD + WIND 1.099 1.053 1.022 1.087 1.052 1.024 1.072 1.047 1.025
HYD + PV 1.345 1.131 1.046 1.380 1.156 1.054 1.357 1.157 1.062

WIND + PV 1.410 1.157 1.053 1.440 1.185 1.062 1.408 1.185 1.070
HYD + WIND + PV 1.284 1.114 1.040 1.303 1.131 1.047 1.279 1.130 1.052

HYD + GRID 1.485 1.285 1.032 1.508 1.363 1.076 1.516 1.405 1.169
WIND + GRID 1.550 1.311 1.039 1.568 1.391 1.084 1.566 1.432 1.177

PV + GRID 1.796 1.388 1.063 1.862 1.496 1.113 1.851 1.542 1.214
HYD + WIND + GRID 1.378 1.216 1.031 1.388 1.269 1.061 1.385 1.295 1.124

HYD + PV + GRID 1.542 1.268 1.047 1.583 1.338 1.081 1.575 1.368 1.148
WIND + PV + GRID 1.585 1.285 1.052 1.623 1.357 1.086 1.608 1.386 1.154

Table 4 shows the declining exergy cost of electricity over time. This decline can be
attributed primarily to two factors for the studied renewable technologies (HYD, WIND,
PV). First, there is the amortization of infrastructure: renewable infrastructure incurs high
energy consumption during installation in the initial year but generates electricity over its
lifetime. Consequently, the need for investing in new infrastructure decreases in subsequent
years, gradually lowering costs. Second, technological advancements play a crucial role in
reducing the exergy costs of renewable technologies. The PV technology is a particularly
noteworthy case that experiences faster cost reductions than any other technology due to
its expected rapid improvement, marked by significant decreases in the usage of silicon
and silver [41]. Regarding the decrease in the grid exergy cost, it is higher in NZE, APC and
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STEPS, respectively, depending on the degree of deployment of renewable technologies
over time.

In summary, we classify the primary energy sources (PESs) of electricity as the average
cost electricity b⃗∗PES,Electricity, split up between fossil fuels, nuclear and renewable exergy.
This classification includes both direct use (burning coal in a power plant for electricity
production) and indirect use (fuel needed to manufacture required infrastructures).

2.3. Hydrogen Exergy Cost

In this section, and based on the exergy costs of renewables and average electricity
(numbers 1 and 2* from Figure 1), we estimate the amount of electricity needed for hydrogen
production (Section 2.3.1) and the exergy cost of the PESs and electrolyzer infrastructures
(Section 2.3.2).

2.3.1. Electricity for Hydrogen Production

Hydrogen produced via water electricity requires electricity. However, part of this
electricity is not converted into hydrogen due to the electrolyzer conversion inefficiencies.

The exergy cost of hydrogen due to electricity generation b∗Fuel,H2
is calculated dividing

the exergy cost of electricity for each electricity scenario b̄∗PES,Electricity by the efficiencies
of each electrolyzer technology (η∗

Electrolyzer), as shown by Equation (1). It is important to
remember that b̄∗PES,Electricity already contains all the information regarding the life cycle
of each renewable energy source (e.g., the capacity factor, the lifetime, and the cost of the
infrastructure). b̄∗PES,Electricity has 3 components: (1) fuel (it is renewable when electricity
is produced from a renewable technology, sunlight, potential energy of water, or wind,
whereas it is non-renewable when electricity is produced from a non-renewable source,
such as fossil fuels or nuclear energy); (2) non-renewable exergy cost of the infrastructure;
(3) renewable exergy cost of the infrastructure. Therefore, b∗Fuel,H2

is also disaggregated into
these 3 components.

b⃗∗Fuel,H2
=

b⃗∗PES,Electricity

η̄Electrolyzer
(1)

This equation is repeated for each studied electrolyzer technology, AWE, PEM, SOEC,
and AEM, and each of the studied electricity sources. In this study, we chose to evaluate
different electricity production scenarios by combining HYD, WIND, PV and electricity
grid of Table 4: the first group involves individual fully renewable sources (either HYD,
WIND, or PV), whereas the second group considers hybridization of renewable sources
(e.g., HYD + WIND, WIND + PV, etc.); and the third group assumes hybridization between
renewable sources with electricity grid (e.g., HYD + GRID, WIND + PV + GRID, etc.).
And by comparing these possibilities with a scenario where only the electricity grid is
used to produce hydrogen, we obtain a total of 14 evaluated energy source scenarios. In
each of these cases, hydrogen is produced from a different electrolyzer technology and
under different IEA energy projections up to 2050, thus resulting in 14 × 4 × 3 × 3 = 504
different combinations.

2.3.2. Hydrogen Infrastructure

We need to calculate the exergy cost of all required materials from each elec-
trolyzer technology infrastructure to obtain a-1 MW electrolyzer (⃗b∗Infra,Electrolyzer). But
first, we need to evaluate the energy intensity of each material required by the elec-
trolyzer infrastructures. Equation (2) relates the material intensity of each electrolyzer
(MI∗Material,Electrolyzer measured in kgMaterial/MW) Table 3 and the energy intensity of each

material from their sources (⃗b∗Material, measured in MJMaterial/kgMaterial) [34]. Iridium energy
footprint was not presented, but we had estimated it following the same methodology:
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b∗
Ir = [1.43 × 106; 180.4 × 103; 449.8 × 100; 1.39 × 106][MJ/kgIr]. b⃗∗Material can be split into

two groups: one that accounts for fossil fuels usage during its extraction or production
(⃗b∗Materials,FF) and another for electricity usage (⃗b∗Materials,Electricity). The latter is multiplied

by the electrical energy required to produce a material (⃗b∗Materials,Electricity), and for that
we adopted the instantaneous exergy cost of electricity (ExCOE), b∗PES,Electricity [35]. This
approach allows us to classify the material exergy cost due to electricity into non-renewable
and renewable sources, as we did before with b⃗∗PES,Electricity.

b⃗∗Materials,Electrolyzer = MI∗Material,Electrolyzer (⃗b
∗
Materials,FF + b⃗∗Materials,Electricityb⃗∗PES,Electricity) (2)

In total, we evaluated the contribution of 14 different materials for the electrolyzers:
aluminum, copper, iron, iridium, lanthanum, nickel, palladium, platinum, tin, yttrium,
zirconium, stainless steel, glass, and graphite Table 3.

Once b⃗∗Materials,Electrolyzer (measured in MJMaterials/MJ) is obtained, it is possible to
calculate the exergy cost due to the infrastructure for each technology and electricity
scenario (⃗b∗Infra,Electrolyzer) measured in (MJ/MJ) (Equation (3)). b⃗∗Materials,Electrolyzer is divided
by t̄Electrolyzer,lifetime (measured in hours), which represents the operating time of each
technology. For transforming the units to (MJ/MJ), it is necessary to multiply the number
of hours by 3600.

b⃗∗Infra,Electrolyzer =
b⃗∗Materials,Electrolyzer

3600tOperation,Electrolyzer
(3)

As Tables 2 and 3 show, each electrolyzer technology had their operation and in-
frastructure material intensity evaluated based on diverse references [7,37,42]. A yearly
operation working time of 8760 h was assumed in our analysis. Thus, b⃗∗Infra,Electrolyzer repre-
sents the exergy invested on the infrastructure for producing H2 throughout its lifetime.

Although b⃗∗Fuel,H2
is calculated for all electrolyzer technologies and several electric-

ity renewable sources scenarios, (⃗b∗Infra,Electrolyzer) Equation (3) is only calculated for the
four electrolyzer technologies since the electricity scenarios only affect the production of
hydrogen, but not the electrolyzers.

Thus, the main results of this work are the b⃗∗H2
and b⃗∗Infra,Electrolyzer arrays.

b⃗∗H2
= b⃗∗Fuel,H2

+ b⃗∗Infra,Electrolyzer (4)

2.4. Model Assumptions

We adopted some simplifications for both water electrolyzer operation and hydro-
gen production in order to shed a light on the importance of the infrastructure, required
materials, and the electricity origin of the overall exergy cost. For example, these include
electrolyzer cell degradation rate, water source (groundwater, seawater, or wastewater),
oxygen co-production, renewable energy variability and electricity curtailment, SOEC
demanded heat input and heat co-production, H2 thermodynamic conditions (tempera-
ture and pressure), auxiliary electrical components (transformers, rectifiers, cables, etc.),
pipelines and storage tanks, and so on. Naturally, we expect higher physical costs due to
all these aspects, but these do not restrict this analysis of reaching its previously mentioned
main goal. Table 5 presents and summarizes each of our model’s assumptions adopted in
this study. These aspects will be further addressed in future works related to our research.
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Table 5. Model assumptions adopted in this study.

Assumption Reason Effect Limitation

Water availability

To avoid complications
regarding its possible

sources (seawater,
wastewater, groundwater,
deionized water, etc.) and
auxiliary processes effects

(e.g., treatment
and pumping)

Water presenting negligible
exergy costs

Unavailability to compare
exergy costs from distinct

water sources

Renewable energy
variability and

electricity curtailment

Need for local plant
commission specifications.
Model complexity for an

initial evaluation.

First perspective on initial
exergy-based values under
a global perspective with

lifetime-averaged
electrolyzer

conversion efficiencies.

Unavailability to evaluate
dynamic H2 exergy costs

under more realistic
industrial conditions

H2 thermodynamic
state (T, p)

Focus on the chemical
exergy/chemical

compound need. Need to
integrate H2 physical

exergy to specific
industrial demands

Chemical exergy of H2 as
the main and only product

Restriction on valuing H2
physical exergy as exergy

savings under
high-temperature for

SOEC and high pressure
for low-temperature
electrolysis systems

Negligible exergy cost
contribution from O2 as a

co-product [31]

To simplify the exergy cost
analysis to only the

chemical exergy
contribution [31]

H2 exergy as the main and
only product

Unavailability to properly
evaluate O2 potential as a
co-product for industrial
symbiosis opportunities

(e.g., metallurgy)

Constant cell degradation
rate [14,37]

Uncertainty related to how
degradation rate will

unveil up to 2050

Averaged efficiency
conversion rate over the

electrolyzer lifetime
electrical potential

variation

Unavailability of
evaluating dynamic exergy

costs of H2

Industrial process
integrated with the SOEC
system capable of keeping

the electrolyzer’s heat
demand and using the

heat output

To avoid increasing model
complexity and to focus on

hydrogen as the
main product.

Net-zero heat exergy

Unavailability of
evaluating a

comprehensive exergy cost
variation due to other

industrial
process integration

Negligible auxiliary
electrical components

contribution (e.g.,
transformers, rectifiers,

cables, etc.)

To avoid extra LCA
complexities due to energy
and material intensities of
such components. Main

components: steel and Cu

Electrolyzer as the main
contributor to increase H2

exergy cost

Simplification of the
electrical system to

only electrolyzer

Negligible electrolyzers
manufacturing and
membranes energy

intensities on the overall
exergy cost [37]

Uncertainty on energy
sources energy sources on

LCA analyses of such
processes

Electrolyzers exergy cost
mainly due to required raw
materials on infrastructure

and efficiency

Unavailability of tracking
the weight of highly

specialized high-entropy
materials on the overall

exergy cost

Negligible effects of
pipelines and storage tanks

on H2 exergy cost

Need of LCAs to evaluate
energy and material

intensities. H2 storage
tanks are

highly technological

Model focus on
electrolyzers operation

Unavailability of checking
the irreversibilities

associated to transport and
storage [43]

Industrial plant
infrastructure material and

energy intensity

To avoid extra LCA
complexities on required

materials energy intensities

PESs and electrolyzers’
infrastructures as the only
contributors on the overall

exergy cost

Incompleteness of
infrastructure exergy costs

contribution on H2
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Based on our assumptions, Figure 2 summarizes the algorithm adopted in this study.
We evaluated the ExCOE values from 2025 to 2050 as evaluated in [35]. We split up the
14 materials’ energy intensities required for each primary energy source (PES) infrastruc-
ture, and we used LCAs to evaluate fossil fuel, nuclear energy, and renewables usages
on each material extraction, refining, and manufacture [34]. These values, together with
each PES capacity factor, average lifetime, conversion efficiency, EROI, and ExROI data
used to model them, were used to project the electricity intensity. The IEA energy transi-
tion scenarios provided us the required, commissioned, and decommissioned power, and
installed capacity from each PES for the future, whereas [44] provided us the electricity
data (from 1900 to 2017) to estimate past ExCOEs (dark blue icon). Then, we collected
representative data from each water electrolysis technology (material intensity, conversion
efficiency and lifetime) [7,14,36,37] to represent their average behavior for each studied
year and by applying the ExCOE, we were able to estimate overall exergy costs of hydrogen
under such circumstances, as is detailed in the subsequent sections.

Electrolyzer 
Material 
intensity 
[kg/MW]

Electrolyzer 
Average 

conversion 
efficiency

Electrolyzer 
Average 
Lifespan

Electrolyzer 
technologies

Overall exergy 
cost green H2

[MJ/MJH2]

Literature 
review & 

LCAs

Global 
electricity 

production 
IEA

Commissioned, 
decommissione
d and required 

power

Electricity 
intensity 

[MJ/MJel]

PES Capacity 
factor

PES Lifetime

PES 
Conversion 
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PES EROI & 
ExROI

Materials 
energy 
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[MJ/kg]

Electricity 
exergy cost 
[MJ/MJel]

ExCOE
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ExCOE
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PES material 
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PES energy 
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[MJ/MW]
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Figure 2. Adopted algorithm for evaluating the non-renewable and renewable exergy cost of H2 via
water electrolysis. The dark blue icon refers to the ExCOE function [34,35,44], whereas the gray ones
refer to the electrolysis functions [7,14,36,37] and the green to the overall exergy cost of hydrogen.

2.5. Example of Hydrogen Renewable and Non-Renewable Exergy Costs in 2025

As an illustrative example, we chose an alkaline water electrolysis (AWE) solar-PV-fed
system in 2025 under the NZE scenario as an illustrative example of how to evaluate
the green hydrogen overall exergy cost in this work. The first step involves evaluating
the electrolysis (process) requirement to produce 1 MJ of hydrogen (unit: MJ/MJH2) via
Equation (1). In this case, however, the electricity power (assuming electrical energy as pure
exergy) not only includes meeting electricity demand but also the exergy costs required to
build the primary energy source (PES) infrastructures that provide the electricity grid [35].
While fossil fuel sources and infrastructure do not present a significant contribution to
their electricity production costs (via their EROI and ExROI), this is not the case for re-
newable energy sources. These demand materials that have very energy-intensive origins
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(e.g., refined silicon for PV) or require significantly large amounts (e.g., stainless steel and
concrete for wind and hydro, respectively).

Under this context, we adopted the exergy cost of electricity ExCOE to repre-
sent b̄∗PES,Electricity. The overall ExCOE values are available on Table 4 and were evalu-
ated as shown in [35]. For this example, the ExCOE vector b̄∗PES,Electricity and bFuel,H2

∗

are, respectively,

b∗PES,Electricity = [1.00 × 100; 2.87 × 10−1; 2.61 × 10−2; 2.73 × 10−1; 2.20 × 10−2; 1.46 × 10−2;

3.94 × 10−3; 1.50 × 10−2; 1.33 × 10−2]
(5)

b∗Fuel,H2
= [1.68 × 100; 4.83 × 10−1; 4.39 × 10−2; 4.60 × 10−1; 3.70 × 10−2; 2.45 × 10−2;

6.64 × 10−3; 2.52 × 10−2; 2.24 × 10−2]
(6)

The b∗Fuel,H2
elements represent the process exergy demand (first value) and the cu-

mulative exergy costs from PES infrastructures (values for natural gas, oil, coal, hydro,
nuclear, biomass, wind, and solar PV, respectively) to produce 1 MJ of hydrogen. A linear
interpolation on the estimated AWE’s average efficiency (Table 2) provided us a value of
0.594 for this year and was used on Equation (1).

The next step is to estimate the electrolyzer infrastructure exergy costs and how they
affect overall H2 production exergy cost (Equations (2) and (3)). Based on the material en-
ergy intensities MI∗Materials,Electrolyzer (Table 3) and material energy intensities b∗Materials [34],
one can obtain the following:

b∗Materials,Electrolyzer = [1.01 × 106; 3.43 × 105; 3.30 × 106; 2.13 × 105; 1.44 × 105;

4.04 × 104; 1.72 × 105; 1.75 × 105][kJ/kWelectrolyzer]
(7)

By interpolating the expected AWE electrolyzer lifetime for 2025 (66,666.7 h),
Equation (3) gives b∗Infra, Electrolyzer,H2

:

b∗Infra, Electrolyzer,H2
= [4.19 × 10−3; 1.43 × 10−3; 1.38 × 10−2; 8.88 × 10−4; 5.98 × 10−4;

1.68 × 10−4; 7.15 × 10−4; 7.29 × 10−4]
(8)

and consequently Equation (4) provides us the disaggregated overall exergy cost of hydro-
gen production, b∗H2

:

b∗H2
= [1.68 × 100; 4.87 × 10−1; 4.53 × 10−2; 4.74 × 10−1; 3.79 × 10−2; 2.51 × 10−2;

6.80 × 10−3; 2.59 × 10−2; 2.32 × 10−2][kW/kWH2 ]
(9)

This is a vector with 9 elements, where the first term represents the direct pro-
cess exergy cost, whereas the rest represent the indirect infrastructure costs. Their sum
(2.81 kW/kWH2) represents the overall exergy cost of producing H2 by this configuration
in 2025. Another viewpoint from this vector is by filtering the exergy costs associated
with each PES: 1.007 kW/kWH2 is related to fossil fuel and nuclear energy usages through-
out the production chain process, 1.777 kW/kWH2 to renewables (solar-PV + electrolysis
process and renewables infrastructures). Therefore, this approach allows checking how
non-renewable natural resources (fossil fuels and raw materials) affect even renewable
electricity production and its sub-sequential products.

3. Results and Discussion
In this section, we present how the overall exergy costs of producing hydrogen range

for each evaluated water electrolysis technology between 2025 and 2050 (under projected
IEA scenarios). A Grassmann diagram illustrates the non-renewable and renewable exergy
cost contributions in 2025 to show how the costs can be split from natural resources. Current,



Energies 2025, 18, 1398 13 of 24

short-term, and long-term hydrogen costs of different energy source cases, including hybrid
sources for PEM electrolysis, are compared. Then, we assess the evolution of the non-
renewable and renewable exergy cost of green hydrogen and finish by discussing our
model’s current advantages and shortcomings and future pathways that our research can
proceed to address the renewability of hydrogen production.

3.1. Grassmann Diagram of Hydrogen Production from AWE Electrolyzers Under IEA
NZE Projection

Figure 3 presents a Grassmann diagram of the projected hydrogen exergy costs (in
kW/kWH2 ) for the AWE + Wind + PV + electricity grid combination under the IEA NZE sce-
nario in 2025. The idea here is to show how we disaggregated hydrogen exergy cost in this
study: between production stages and between non-renewable or renewable exergy costs.

Figure 3. Grassmann diagram of the projected hydrogen production exergy cost for the AWE + Wind
+ PV + electricity grid combination under IEA NZE scenario (2025) (kW/kWH2 ). B∗ refers to the
overall exergy costs related to each primary energy source type: coal, oil, and natural gas (black, dark
gray and light grey); nuclear (yellow); renewable (green).

Regarding the production stages, the exergy cost of hydrogen (2.690 kW/kW) is first
split into the exergy cost of electricity (2.668 kW/kW) and the exergy cost of the electrolyzer
infrastructure (0.023 kW/kW). This corroborates that the higher exergy cost contribution of
hydrogen from water electrolysis comes from the exergy cost of the electricity, as affirmed
by other studies [1,19,23,24]. In this case, from the electricity production sources (wind, PV,
and electricity grid). The exergy cost of fossil fuels for the grid (0.964 kW/kW) is higher than
the renewable’s (0.561 kW/kW). This happens because part of the non-renewable fuel’s
exergy is destroyed during its transformation into electricity. For instance, a combined-
cycle plant that uses natural gas as fuel usually has an exergy yield of 50%, i.e., 50% of
the exergy of the natural gas is destroyed. On the other hand, we consider that renewable
technologies have an exergy yield of 100% following the physical content method (PCM),
wherein primary energy is defined as the first commercially available form of energy. And
this method is more appropriate when a study focuses on the energy sector [35]. As for
the primary energy source infrastructures, Figure 3 also shows that their exergy costs
(0.582 kW/kW) are not negligible, since they account for approximately 22% the total
exergy cost.

Hydrogen exergy costs can also be disaggregated between non-renewable and re-
newable sources. The non-renewable contribution is composed of coal, oil, natural gas,
and nuclear, and the renewable contribution is composed of sunlight, wind, water, and
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biomass [35]. Sunlight and wind exergy are both utilized in the grid and for PV and
wind turbines, respectively. However, water and biomass are only used in the grid in the
example of Figure 3. Considering this disaggregation, the electricity grid’s non-renewable
exergy cost constitutes 0.996 kW/kW of the total cost (2.690 kW/kW), i.e., 37%. Therefore,
this figure graphically reflects the renewability of the hydrogen produced via electrolysis.
Furthermore, we can identify which stage contributes more to the non-renewable exergy
cost. The exergy cost of fuels contributed with 0.500 non-renewable kW/kW and the exergy
cost of infrastructure with 0.496 non-renewable kW/kW. Although the overall exergy cost
contribution in the infrastructure is around 22%, the contribution of the infrastructure in-
creases significantly when we consider the non-renewable exergy cost. Another important
concept shown in this diagram is the investment of non-renewable exergy in the infrastruc-
ture required for the capture of renewable exergy. Therefore, to capture 1.585 kW/kW of
renewable exergy (0.561 kW/kW from both wind and PV and 0.463 kW/kW from the grid),
it is required to invest 0.4757 kW/kW of non-renewable exergy in the infrastructure. This
concept, the so-called Renewable Exergy Return On Investment (RExROI) or Renewation
Index (RI) [25], is key for understanding the renewability of the electricity and hydrogen
produced via electrolysis. Renewable technologies always depend on the materials and, in
turn, the material’s dependency on non-renewable exergy. Therefore, to increase renewabil-
ity (measured with RExROI), it is necessary to decrease the investment in non-renewable
exergy, usually used in the material production stage.

The disaggregation of non-renewable and renewable exergy is key for long-term
production sustainability. Non-renewable exergy relies on finite reserves such as oil wells
or coal mines. However, renewable exergy can be considered as infinite since it ultimately
comes from the Sun. Therefore, long-term sustainability of the commodity production (such
as hydrogen) that relies on non-renewable exergy will be limited. Given this importance,
the next section analyses more cases regarding this context.

3.2. Evolution of Non-Renewable and Renewable Exergy Costs Range Under IEA Scenarios

Figure 4 summarizes the overall exergy cost of producing H2 under three IEA pro-
jections from 2025 up to 2050, fourteen electricity production scenarios and four water
electrolysis technologies. We compacted all possible results in surface areas for each IEA
projection. For example, the green area represents all possible exergy cost values that all
studied technologies provide throughout the years. The same interpretation can be given
to APC (dark yellow) and STEPS scenarios; what occurs is simply area overlap (the green
area overlapping the dark yellow one, which overlaps the gray one). Therefore, the NZE
scenario presents the lowest exergy cost range throughout the studied period. Moreover,
2025’s overall exergy costs range between 1.38 (for the HYD + SOEC combination) and
3.41 kW/kWH2 (for the GRID + PEM combination), whereas in 2050, they will depend on
the energy transition scenario. The NZE case presents the highest exergy cost reduction
(smallest area), which ranges between 1.22 and 1.47 kW/kWH2 , while the APC and STEPS
maximum values are 1.54 and 1.79 kW/kWH2 , respectively. The bottom part of all three
areas is covered by fully renewable production systems (hydro presents the lowest exergy
costs). Therefore, depending on how the energy transition scenario takes place, there
might be at least a 17.8% overall exergy cost difference (between maximum cost values).
This finding indicates that the energy transition rate will dictate the amount of wasted
exergy to produce hydrogen and, therefore, how renewable and sustainable this produc-
tion might become over the years (without even including proper recycling of end-of-life
electrolyzer materials).
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Figure 4. Range of projected hydrogen production exergy costs (unit: kW/kWH2 ) under IEA projected
scenarios (2025–2050). Green represents NZE, dark yellow represents APC, and gray represents STEPS.
The arrows indicate the electricity source–electrolyzer technology combination that represents the
minimum and maximum values in 2025, 2030, and 2050. NZE exergy cost range in 2025: [1.38; 3.41]
and in 2050: [1.22; 1.47]. APC exergy cost range in 2025: [1.38; 3.51] and in 2050: [1.22; 1.54]. STEPS
exergy cost range in 2025: [1.38; 3.55] and in 2050: [1.22; 1.79].

Other important factors suggested by Figure 4 are the lower and upper limiting
cases, that is, the best and worst exergy costs over time. The combination hydro + SOEC
presents the lowest exergy costs [1.38; 1.22] kW/kWH2 , showing the benefits of hydro’s long
lifetime and low energy-intensive materials dependency with SOEC’s high energy efficiency.
However, SOEC is still under research and development; thus, some uncertainty arises from
its current usage to produce green hydrogen. On the other hand, the highest exergy costs
belong to using the electricity grid together with PEM or AWE [3.54; 1.79] kW/kWH2 . This
result is not surprising since other authors found that using the electrical grid for hydrogen
production via water electrolysis could be more polluting than producing it directly from
fossil fuels [1]. Regarding electrolyzer technologies, PEM initially presents higher exergy
costs due to the weight of PGMs on the infrastructure exergy cost, but newer versions are
expected to decrease this material dependency up to 2050 [14]. AWE, on the other hand,
is already a consolidated technology and it is close to its optimal point. Environmentally
speaking, Krishnan [15] stated that there is no clear winner between AWE and PEMs.
When AEM is included in the discussion, both PEM and AEM’s efficiencies overcome
AWE’s performance over time with higher lifetime and efficiencies, so they will likely
become interesting options over the next years. In summary, AWE is viable for immediate
implementation but its performance will be limited over time.
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3.3. Hybridization of Electricity Origin for Hydrogen Production

Having discussed the range of hydrogen production exergy costs up to 2050, we note
that Figure 5 details the exergy cost of H2 production via PEM electrolysis for the IEA NZE
projection between 2025 and 2050. This figure covers four different regions of different en-
ergy technology sources: fully renewable (hydro, wind, and PV-green hydrogen), electricity
grid (yellow hydrogen), hybrid renewable (also green), and hybrid renewable grid (mix
between green and yellow). The idea is to explore the effect of distinct electricity scenarios
on the hydrogen exergy cost.

Figure 5. Current, short-term, and long-term projected green or yellow hydrogen production unit
costs for PEM water electrolysis under the IEA-NZE scenario (2025–2050). The dashed line shows the
theoretical exergy cost limit that represents a reversible process.

For green hydrogen production scenarios, it is noteworthy how they evolve over
time. All three renewables show cost reductions up to 2050, especially since manufacturing
processes are affected by the increase in the renewables’ contribution on the electricity
grid and throughout the materials chain production. Hydro presents the lowest exergy
costs among all studied renewables (between 1.8 and 1.3 kW/kWH2) at all times. This
technology does not significantly depend on energy-intensive materials (highest contribu-
tion is concrete). Projections on PEM´s efficiency improvement naturally contributed to
hydrogen’s exergy cost reduction, as expected. Additionally, its high lifetime (60–100 years)
mitigates its infrastructure cost, thus showing how overall exergy costs are low throughout
the studied period.

Wind presents intermediate exergy costs, but it is very close to those for hydro. This
indicates how the increase in renewable energies on the electrical grid benefits future new
generations of renewables, therefore reducing their infrastructure exergy cost (from 2.1 to
1.35 kW/kWH2 ). An additional factor that supports this trend is the reduction of fossil fuel
consumption on the electricity grid assumed by the NZE projection. PV, on the other hand,
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presents significantly higher exergy costs than the other two, mostly because its required
infrastructure is very energy intensive (e.g., refined silicon, 1200 MJ/kg). However, as it
happened to wind, infrastructure exergy costs from newer generations are expected to
decrease due to the renewable energy contribution from previously commissioned PV cells.
Actually, PV presents the highest exergy cost reduction rate. Therefore, hydrogen exergy
cost from PVs is likely to significantly decrease up to 2050 (from 2.9 to 1.4 kW/kWH2 ).

Hybrid renewable scenarios are included in this study due to their growing importance
as alternatives to stabilize renewable electricity production (power and curtailment). Under
the four evaluated conditions, hydrogen exergy costs present intermediate results between
the individual contributions among all three (from 2.5 kW/kWH2 in 2025 to 1.4 kW/kWH2

in 2050). The hybrid scenarios assume an equivalent ExCOE contribution from each
renewable source. This means 50% power from each source for pairs and 33.33% for trios.
An additional assumption is that the hybrid electric system capacity factor [35] is not
affected by the mix between the renewable sources. Thus, the presented exergy costs can
be somehow conservative, although even their combinations have limits on how much
the overall capacity factor can increase. Following the same reasoning, hybridization
between renewables and the grid can be used to cover the lack of renewable electricity
in order to keep hydrogen production stable for specific industrial processes that cannot
stop (e.g., ammonia industries to avoid catalyst damage). Under this context, the hybrid
renewable grid combinations (last six) show higher exergy costs due to the non-renewable
exergy cost contribution from the electricity grid. In 2050, these costs will be comparable to
fully renewable plants because the electricity grid is mostly dominated by renewables (NZE
projection). Nevertheless, these results show how it is more expensive to use grid electricity
to cover yellow hydrogen production, which naturally affects the degree of sustainability
of such a system and, therefore, its renewability.

3.4. Evolution of Non-Renewables, Renewables, and Hydrogen Exergy Costs

The Grassmann diagram illustrated how hydrogen exergy costs can be tracked from
the natural sources’ origins, thereby emphasizing the non-renewable cost aspect of either
green or yellow hydrogen production. In this section, we show how infrastructure exergy
cost evolves for all three renewables and four electrolyzers under the IEA NZE projection.

Figures 6–8 present a summary of how H2 exergy costs evolve in each scenario
and highlight the weight of infrastructures and of non-renewable on the overall cost.
In this study, the non-renewable exergy cost basically shows the contribution of non-
renewable sources throughout the whole hydrogen production chain (fossil fuels and
mining), encompassing all exergy sources not originating from water (hydro), wind, or sun
(PV). Figures 6–8 indicate that all hydrogen infrastructure exergy costs are mainly from
the energy sources rather than from the electrolyzers. Therefore, this finding emphasizes
how renewable infrastructure weighs more on the overall exergy cost. Additionally, it is
the fossil fuel consumption on the infrastructure manufacturing that most contributes to
hydrogen’s exergy cost. This trend is even more emphasized in the PV case (Figure 8),
especially in the short term. These trends mean that if we could replace the fossil fuel
contribution on the material origins for renewable electricity, the overall exergy costs would
naturally significantly drop, and thus, the overall H2 chain production would become more
renewable and sustainable.
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(a) (b)

(c) (d)

Figure 6. Dynamic non-renewable and renewable H2 exergy costs up to 2050 under the IEA NZE
scenario (HYD + electrolyzers). Exergy costs are split up between the electrolyzer efficiency, the energy
source used on the PES, and electrolyzer infrastructures. (a) AWE. (b) PEM. (c) SOEC. (d) AEM.

Figure 7 shows how competitive the exergy cost of wind can be in comparison to
that for hydro. Their overall cost ranges between approximately 2 and 1.3 kW/kWH2 and
presents viable results even for low-temperature electrolyzers (AWE, PEM, and AEM). Ad-
ditionally, its availability is higher than that for hydro around the world (very concentrated
in countries such as China, Brazil, Canada, and the US). Therefore, it will keep assisting
with the energy transition scenario if proper end-of-life recycling of older versions of wind
turbines takes place.

In summary, infrastructurally speaking, renewables demand higher exergy costs than
electrolyzers, but the electrolyzers’ performance affects more of the overall exergy costs for
hydrogen. Additionally, our results suggest that the most favorable renewable sources are
likely hydro, wind, and photovoltaic, in this order. Other studies [23,24] reached the same
conclusions. Complementarily, the environmental footprint of hydrogen production is di-
rectly influenced by the electricity source utilized. Other studies have similarly highlighted
this point [19,23]. For instance, [23] pointed out that only 4% of the carbon footprint (which
shows similar trends with exergy cost) corresponds to an electrolyzer.
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(a) (b)

(c) (d)

Figure 7. Dynamic non-renewable and renewable H2 exergy costs up to 2050 under the IEA NZE
scenario (WIND + electrolyzers). Exergy costs split up between the electrolyzer efficiency, and
the energy source used on the PES and electrolyzer infrastructures. (a) AWE. (b) PEM. (c) SOEC.
(d) AEM.

3.5. Discussion on Model Limitations and Future Steps

The mathematical model adopted in this study, although simple, showed great poten-
tial to first attempt to indicate how renewable hydrogen can be. Depending on the overall
infrastructure, the materials adopted, their energy footprint, and exergy conversion efficien-
cies, hydrogen (or any other product) can have its renewability evaluated. However, our
model can be improved to encompass more aspects and intricacies of the studied process
(e.g., electrolyzer modeling, storage, plant auxiliary component infrastructures) and any
specifics of local production. Next, we address some aspects that will be improved as our
research advances and then comment on some future aspects to be added to our model.

The method used to calculate LExCOE and ExCOE in this paper has some limitations.
First, the study [35] did not take into account the exergy cost of assembling renewable
energy technologies such as wind turbines or photovoltaic panels. Additionally, the
exergy cost associated with their installation, maintenance, and decommissioning was
not considered. Regarding the electrical infrastructure, transmission lines play a crucial
role and require large amounts of metals such as copper, steel, and aluminum. However,
these were also excluded from the calculation due to a lack of information on their future
global deployment. Another limitation concerns the calculation method itself, as the global
LExCOE of electricity used in this paper is not fully leveled since it does not account for
the exergy cost of electricity from previous years. Due to all these factors, the exergy cost
of electricity used in this study could be higher than estimated. Therefore, the results
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presented here should be interpreted as an estimation of the minimum exergy cost of
hydrogen production via electrolysis.

(a) (b)

(c) (d)

Figure 8. Dynamic non-renewable and renewable H2 exergy costs up to 2050 under the IEA NZE
scenario (PV + electrolyzers). Exergy costs split up between the electrolyzer efficiency, and energy
source used on the PES and electrolyzer infrastructures. (a) AWE. (b) PEM. (c) SOEC. (d) AEM.

In terms of raw materials, we decided to address the Iridium (Ir) issue. Ir is a very
rare metal and a co-product of platinum group metals (PGMs). To the best of the authors’
knowledge, there are no available data on the energy consumption or carbon footprint of
this metal. Therefore, as previously mentioned, this article proposes some hypotheses for
its estimation. First, we start with the energy cost of platinum, which is 76,135 MJ/kg [34],
and which has a concentration in the Earth’s crust of 5.99 × 10−10 kgmetal/kgcrust. Second,
we assume that the energy cost of extracting iridium is inversely proportional to its con-
centration in the Earth’s crust. Based on this assumption, by knowing the energy cost of
platinum, its concentration in the Earth’s crust, and the concentration of iridium, which
is 2.20 × 10−11 kgmetal/kgcrust, we can estimate the energy cost of iridium extraction as
presented in Section 2.4.

Another limitation of this study is the assumption that the energy cost of metals
remains constant over time. This assumption was made due to the challenge of estimating
how metal exergy costs will change in the future. The difficulty lies in the fact that three
main factors influence the exergy cost: (1) the ore grade of the mines; (2) the extraction and
refining technology; (3) the type of energy used for extraction and refining. The first factor
means that the exergy cost increases as mines become depleted since a decline in ore grade
leads to an exponential increase in the energy required for mineral extraction. However,
this is difficult to measure on a global scale. The second factor relates to technological
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advancements. As larger quantities and a greater variety of metals are extracted from
previously unexploited ores, extraction technologies are expected to improve, leading
to a reduction in exergy costs. Once again, it is a significant challenge to predict which
ores will be mined in the future and what technologies will be used for their extraction
and refinement. The third factor concerns the energy transition. Renewable technologies
require fewer primary resources than fossil fuels in terms of exergy consumption; however,
integrating them into mining and metallurgical processes may be complex. Therefore, there
is considerable uncertainty regarding the adoption of renewable technologies in metal
production and the resulting decrease in exergy costs.

In summary, our model is already capable of providing useful findings about the
renewability of certain products but naturally can become more refined by adding newer
features to the overall process. Therefore, future studies will focus on refining the as-
sumptions previously presented, evaluating ExCOE and hydrogen’s under local distinct
natural resources availability (groundwater or seawater availability, natural H2, soil exergy,
renewables, and weather variation), electrolyzers model refinement, electricity curtailment
management and control, and inclusion of the non-renewable exergy costs of electrolyzers
manufacturing [37], industrial auxiliary components (electrical, storage, etc.) or over-
all infrastructure [45] on the overall exergy cost and, finally, a physical-based degree of
recyclability of critical raw materials of renewables origins (end-of-life cycles).

4. Conclusions
Hydrogen production via water electrolysis is key for the energy transition. This

study examines the renewability of green hydrogen production by analyzing the exergy
costs of hydrogen infrastructure, encompassing electrolyzers and renewable energies, with
a particular focus on their metallic composition. The ExCOE concept [35] is adopted
here to evaluate how materials required in primary energy sources and in electrolyzer
infrastructures affect the overall exergy cost over time. Several energy scenarios were
evaluated under distinct IEA energy transition projections and for the most discussed water
electrolyzer technologies.

Despite the rise in the exergy cost of metal extraction due to declining ore grades, the
exergy cost diminishes over time for all cases thanks to technological advancements such
as lower material intensity in both renewables and electrolyzers, enhanced efficiency, and
prolonged electrolyzer operation time. SOEC presented the lowest hydrogen exergy costs
among the electrolyzers, although its current TRL emphasizes it is still under research and
development. AEM and PEM showed significant exergy cost reduction over time, mostly
due to prolonged operation time and to a projected lower dependency on noble metals.
AWE presented better results for the current application; however, in the long run, it is
surpassed by AEM and PEM´s better performance.

Hydro presented the lowest exergy costs among all renewables, but it is less available
throughout the world. On the other hand, wind and PV are becoming more diffused, and
their hydrogen exergy costs are expected to significantly decrease due to the increase in
renewable energy on the electricity grid and to the reduction of fossil fuel usage on the
material production chain.

In conclusion, while green hydrogen production is predominantly renewable, the
materials required for its production entail a non-renewable exergy cost. Although this
exergy cost is expected to decrease over time due to technological advancements, it will
persist mainly for steel, concrete, silicon, and PGMs. Therefore, reducing the reliance
on non-renewable energies in their manufacturing processes and promoting recycling
will be pivotal in achieving more renewable green hydrogen production. In addition,
there are other challenges related to the hydrogen economy. These issues concern the
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economic costs of production, transportation, storage, and safety, which will also have to
be overcome to be successfully implemented as an energy carrier in the energy transition
context. Finally, this study provides a basis for assessing the exergy costs of any industry
that uses green hydrogen to reduce its environmental impact, including the fertilizer or
metallurgical industries.
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Abbreviations
The following abbreviations are used in this manuscript:

AWE alkaline water electrolysis
Ag silver
Al aluminum
Cu copper
H2 hydrogen
IEA International Energy Agency
Ir iridium
La lanthanum
Ni nickel
NZE IEA’s Net-zero emission scenario
O2 oxygen
Pb lead
Pd palladium
PEM Proton-exchange membrane electrolysis
PGM Platinum group materials
Pt platinum
PV photovoltaic
RE renewable energy sources (Hydro, wind, or PV)
REE rare earth elements
Si silicon
SOEC solid oxide electrolysis cell
TEC electrolysis technology
η̄Electrolyzer Average electrolyzer efficiency
t̄Electrolyzer,lifetime Average electrolyzer lifetime [h]
ExCOE exergy cost of electricity [MJ/MJelectricity]
b∗Materials,FF,Electrolyzer Fossil fuel contribution on the exergy cost of electrolyzer materials [MJ/MJ]

b∗Materials,Electricity,Electrolyzer Electricity contribution on the exergy cost of electrolyzer materials [MJ/MJ]

b∗Materials,Electrolyzer Exergy cost of electrolyzer materials [MJMaterials/MJ]

b∗Infra,Electrolyzer Exergy cost of electrolyzer infrastructure [MJ/MJ]
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b∗Fuel,H2
Fuel exergy cost of hydrogen from water electrolysis [MJ/MJ]

b̄∗Hydro Average exergy cost of electricity from hydro sources [MJ/MJelectricity]

b̄∗Grid Average exergy cost of electricity from the electricity grid [MJ/MJelectricity]
b̄∗PES,Electricity Average exergy cost of electricity [MJ/MJelectricity]

b̄∗PV Average exergy cost of electricity from solar PV sources [MJ/MJelectricity]
b̄∗Wind Average exergy cost of electricity from wind sources [MJ/MJelectricity]
Y yttrium
Zn zinc
Zr zirconium
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