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Abstract. The global energy transition is evolving rapidly with several multi-million-dollar
projects in numerous technologies around the globe. Hydrogen is not an exception. Thanks to its
properties, hydrogen represents an unavoidable energy vector that could play a crucial role in
energy transition programs. Portugal aims to be on the “green hydrogen” front row, settled on
the country’s high irradiation and strong winds to couple renewable energy production with elec-
trolyzers. Implementing these technologies requires raw materials, and we will focus on the elec-
trolyzers’ requirements to assess this technology’s impact on the availability of cobalt, iridium,
nickel, platinum, and titanium. The Portuguese hydrogen plan envisages 2 GW of electrolyzers
installed capacity by 2030. Far more impressive is the need to install around 720 GW of electro-
lyzers globally to get on track with the Net Zero Scenario by 2030. Currently, the primary type
of electrolyzers deployed are alkaline. Still, it is expected that the proton exchange membrane
alternative will start gaining momentum, and by 2024 the deployment should achieve parity,
which we assume will maintain until 2030. To accomplish the 2030 plan, for the electrolyzers
alone, Portugal will take between 7 to 8 tons of cobalt, 0.7 to 1.4 tons of iridium, 800 to 1000
tons of nickel, 0.07 to 1.7 tons of platinum, and 400 to 500 tons of titanium. Worldwide we
calculate 2520 to 2880 tons of cobalt, 252 to 504 tons of iridium, 288000 to 360000 tons of
nickel, 25 to 612 tons of platinum, and 144000 and 180000 tons of titanium, strictly for the elec-
trolyzers. Considering these figures, constrictions in the future supply of iridium are expected
since its current annual production does not exceed ca. 8 tons. Technical improvements regarding
iridium material intensity or its substitution in the catalyst are crucial for a proper hydrogen econ-
omy based on the versatile PEM electrolyzers to develop and avoid supply bottlenecks.

Keywords: Hydrogen, Electrolyzers, Raw Materials, Iridium

1 Introduction

The hydrogen momentum is strong, pushed mainly by the recognition of its critical role
in realizing the commitments governments have announced in recent years to uphold
net zero GHG emissions [1]. Portugal is no exception and intends to be on the front row
for “green hydrogen” production, settled on the country’s high irradiation and strong
winds to couple renewable energy production with electrolyzers. The Portuguese hy-
drogen roadmap envisages 2 GW of installed “green” electrolyzers by 2030 [2]. Far
more impressive is the global need for around 720 GW of installed electrolyzers to get
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on track with the Net Zero Scenario by 2030 [4]. Notably, if all current projects in the
pipeline are realized, 240 GW of electrolyzers will be installed by 2030 [1].

Hydrogen may be produced from water electrolysis using renewable sources of elec-
tricity (“green hydrogen”), from steam reforming of fossil fuels (“grey hydrogen™),
from steam reforming of fossil fuels and subsequent capture of the produced carbon
dioxide (“blue hydrogen”), and even other alternatives [3]. Implementing any of these
technologies requires raw materials. In this work, we focus on the requirements for
electrolyzer production to assess the impact on the availability of cobalt (Co), iridium
(Ir), nickel (Ni), platinum (Pt), and titanium (Ti).

2 Data, scenarios, and assumptions

The analysis is based on the Portuguese Hydrogen Roadmap [2], which aims to deploy
2 GW of electrolyzers by 2030, the currently known project on the pipeline for 2030,
standing at 240 GW [1], and the Net Zero Scenario of IEA [4] with 720 GW of installed
capacity by 2030. One of the most challenging tasks is the definition of the market share
for each electrolyzer technology. Alkaline and proton exchange membrane (PEM) elec-
trolyzers are the leading technologies in the market. Alkaline electrolyzers are a well-
established technology, but it is expected that PEM will compete for a substantial mar-
ket share [5], and by 2024 they will achieve market parity which we assume will main-
tain until 2030. Estimates on the material intensity considered for each technology were
based on data compiled from the literature (Table 1).

Table 1 - Material intensity (kg/MW) for alkaline and PEM electrolyzers.

_A_Ikaline electroly_zer : I?EM electrolyze_r Sources
minimum maximum minimum maximum
Cobalt 7 8 [6]
Iridium 0.7 1.4 [5], [7], [8]
Nickel 800 1000 [0l
Platinum 0.07 1.7 [7], [10]
Titanium 400 500 [51 [7]
3 Results

The requirements pondered in each scenario were calculated according to the assump-
tions indicated in the previous section. The results are summarized in Table 2, with the
maximum and minimum material needs for each scenario, up to 2030.

Another critical part of the intended analysis is the impact the implementation of
hydrogen technologies may have on the supply of raw materials. For this, we consid-
ered as reference the data from USGS regarding the production of the selected metals
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in 2020, the available reserves, and estimated resources (Table 3) [11]. As Pt and Ir are
platinum group metals (PGM), the resources and reserves are combined in PGM, thus
including palladium (Pd), osmium (Os), ruthenium (Ru), and rhodium (Rh).

Table 2 - Material needs for the three different scenarios studied—values in tonnes.

Portugal WorSId Net_Zero World Eipeline
cenario Projects
minimum  maximum minimum maximum minimum  maximum
Cobalt 7 8 2,520 2,880 840 960
Iridium 0.7 14 252 504 84 168
Nickel 800 1,000 288,000 360,000 96,000 120,000
Platinum 0.07 1.7 25 612 8 204
Titanium 400 500 144,000 180,000 48,000 60,000

Table 3 - Available reserves, resources, and yearly production (in tonnes) for key metals.

Reserves Resources Annual Production
Cobalt 7,500,000 25,000,000 170,000
Iridium 8
Nickel 100,000,000 300,000,000 2,700,000
Platinum 180
Titanium 750,000,000  2,000,000,000 9,000,000
PGM 70,000 100,000 450

4 Discussion and conclusions

The requirements for the Portuguese hydrogen roadmap are almost negligible compared
to the global raw material needs for the same purpose. If enacted in the next five years,
no problems should arise in its implementation. Regarding the calculated demand for
Co, Ni, Pt, and Ti, none seem to raise red flags for implementing hydrogen technology
worldwide. The exception is Ir, whose needs range from 84 to 168 tonnes in the Pipeline
Projects scenario, and from 252 to 504 tonnes in the Net Zero scenario.

Iridium is a by-product of Pt and Pd mining, being always dependent on the produc-
tion of the latter two metals. Moreover, the current production hegemony could gener-
ate further stability problems in the global supply chain. In fact, South Africa ensures
83% of the worldwide Ir production, complemented by outputs from Canada (4%),
Russia (3%), and Zimbabwe (10%), according to the latest available USGS data in 2020
[12]. These four countries supplied 8.1 tonnes of Ir in 2020.
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We are assessing the material needs for electrolyzers up to 2030. Therefore, none of
the newly built electrolyzers is expected to be decommissioned by 2030. Consequently,
recycling Ir from electrolyzers is not a real possibility for the short term, and the outputs
potentially yielded by EOL products are not enough to fulfill the expected demand.
Thus, we consider all the needs for Ir in the following years to come mostly from pri-
mary production, despite the current >25-50% range of Ir recycling rate from EOL
products. In such conditions, the demand for Ir in the least material intensity scenario
(minimum world projects pipeline) will triple by 2030. For the highest demanding sce-
nario (Net Zero Scenario maximum values), the yearly production must steeply increase
to meet demand sixteen times above the level recorded in 2020. These figures highlight
one fundamental issue: it will be challenging to attain the commitments using a large
share of PEM electrolyzers and only employing “green hydrogen” technologies. More
research is needed focusing on the Ir material intensity, as it needs to fall considerably,
or finding a proper replacement for Ir. Another consequence is the need to consider
alternative hydrogen technologies other than “green hydrogen,” especially the low-car-
bon ones like “blue hydrogen,” “turquoise hydrogen,” or “pink hydrogen” [3]. The re-
sulting mix of technologies will be fundamental to develop a fully sustained hydrogen
economy.
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