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Abstract: Given a potential increase in low-carbon power generation, assessing the criticality of
metals used for its technologies is of significant importance. While several studies analyzed the metal
criticality of an individual technology, the national metal criticality for a wide range of low-carbon
power generation technologies and the comparison of overall criticality of each technology have yet
to be fully evaluated. Therefore, this study firstly evaluates the criticality of 29 metals used in facilities
for renewable energy and highly efficient thermal power generation in Japan and then compares
the overall criticality for each technology to identify metals that might impose limitations on these
technologies and to discuss measures for removal of factors hindering the spread of low-carbon
power generation technologies. It was discovered that solar power generation technology is the
most critical technology from the perspective of supply risk due to the use of indium, cadmium
and selenium, while wind power generation is the most critical technology from the perspective of
vulnerability to supply restriction because of the use of neodymium and dysprosium. A developed
approach would have a significant potential to contributing to energy-mineral nexus, which may
assist in providing policy implications from the perspectives of both specific metals and technologies.

Keywords: criticality matrix; import reliance; rare earth element; by-product metals; substitute metals

1. Introduction

In the last decades, the acceleration of energy demand and excess utilization of fossil fuels
have raised alarming issues of climate change and energy security. Securing a stable supply of
environmentally benign energy is of utmost importance for sustaining quality of human life [1].
Currently, given the significant risk of the use of nuclear energy observed after the Fukushima nuclear
accident [2], widespread acceptance of renewable energy and highly efficient thermal power generation
has become necessary for realization of a low carbon society and improvement of energy security.

Globally, the importance of renewable energy and high efficiency thermal power generation has
strongly increased. According to the Energy Technology Perspective 2017 (ETP2017), reported by the
International Energy Agency (IEA), renewable power generation in 2015 was expanded by more than
30% compared with 2010, and it is forecasted to grow by another 30% between 2015 and 2020 [3].
In addition, according to ETP2017, a slight increase in the thermal power generation is anticipated
with an improvement of overall plant efficiency.

Given the anticipated worldwide expansion of this new technology, metals required for
low-carbon power generation technologies cannot be simply ignored. Renewable energy technologies
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require various rare metals compared with conventional generation technologies, and it is anticipated
that demand for these metals will increase due to the widespread acceptance of the technologies [4-6].
Taking into account the difficulties of achieving breakthroughs on process of secondary metal recovery
from electronic waste in the near future [7], it is useful to study which metals might become constraints
that hinder the wider popularization of low-carbon power generation technologies.

In fact, following reports of the Department of Energy in the U.S.A. [8] and European Commission [9],
interest in energy-mineral nexus has been currently growing as an interdisciplinary research topic [10]
in response to resource constraints and drastic change of energy landscape [11]. Potential metal
requirements and bottlenecks in the energy sector were investigated, providing various scenarios
covering power mix on a basis of stringent greenhouse gas emission cuts [10] and power generation
and automotive sectors [12,13].

Particularly, metal criticality assessment applied into the energy sector would have a significant
potential to contributing to energy-mineral nexus. Various definitions of metal criticality have been
reported [14]. Defining the universal concept of metal criticality is difficult due to its nature, namely
that criticality concept context-dependent on global circumstances has over time become more complex.
In addition, a multi-dimensional approach has been widely utilized to quantify the metal criticality,
and the various selection of dimension appears to be dynamic and complicatedly evolves in response
to the diachronic transition of material landscape. In fact, due to its arbitrary choice, some components,
including economic factors and environmental impacts, have been disputed in terms of whether these
should be included in metal criticality dimension [15]. Besides these, additional dimensions such as
social issues [16,17] have recently been included.

Despite of the ambiguity of the concept, there seems to be an agreement that metal criticality
is highly associated with both supply risk [18] and vulnerability to supply disruption [19].
The combination of supply risk and vulnerability is widely utilized in promising frameworks [20-26].
Supply risk is also formed into another promising framework with economic importance [9,27,28].
Several research works primarily focus on supply risk of metal criticality in the context of market
structure [29], regulatory governance [16], external dependency [30] and geopolitical issues [31].
In addition, the aforementioned other components such as environmental, economic and social
implications have been preferably regarded as a factor that brings supply restriction through tightened
production regulation at the origin of metal mining [32,33]. As such, this paper focuses on these most
promising components, including supply risk and vulnerability in the criticality assessment.

National critical materials have been focused on in various earlier papers [34-37], since criticality
assessment is a driving force of material securement strategy. Although for energy-poor countries
such as Japan renewable energy highly contributes to increase in self-sufficiency of energy generations,
additional drawbacks of metal-poor situation exacerbate the reliance on resource imports [38—40].
The Japanese government sees securing rare metal resources as an important issue [41]. Given
that renewable energy is expected to account for 22-24% of power supplies in Japan in 2030 [42],
an evaluation of material criticality for low-carbon power generation technologies in Japan is of
paramount importance.

Several research works on metal criticality assessments for the energy sectors by employing the
multi-dimensional approach were published. Roelich et al. [43] assessed the neodymium criticality for
wind turbine in the UK. Goe and Gaustad [44] focused on metals associated with solar photovoltaic
technology including silicon-based and thin-film photovoltaic in the U.S.A. Helbig et al. assessed
the supply risks associated with lithium-ion battery [45] and thin-film photovoltaics including
cadmium telluride and copper-indium-gallium diselenide [46] and Habib and Wenzel analyzes wind
turbines [47]. However, these papers did not consider the metal criticality for a given nation. In contrast,
the national metal criticality for a wide range of low-carbon power generation technologies and the
comparison of overall criticality of each technology have yet to be fully evaluated.

Therefore, the objective of this study was to evaluate the criticality of 29 metals used in low-carbon
power generation technologies, including renewable energy and highly efficient thermal power
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generation in Japan, then to compare the overall criticality for each technology for the identification
of metals that might impose limitations on these technologies and the exploration of measures for a
removal of factors hindering the spread of low-carbon power generation technologies.

The paper is structured as follows: Section 2 presents objective technologies and metals, and the
methodology of evaluating supply risk and vulnerability to supply restriction of each metal and
technology. Section 3 illustrates the results of the criticality assessment for each metal and technology.
A comparison with previous studies, the policy implication, and future work are discussed in Section 4.
Finally, Section 5 presents the conclusions.

2. Methods

2.1. Objective Technologies and Metals

On the basis of Long-term Energy Supply and Demand Outlook [42], this paper selects eight types
of low-carbon power generation technologies for evaluation, based on: hydro, wind, solar, geo-thermal,
biomass, nuclear, liquid natural gas (LNG) and coal. In all, referring to reports of the literature [48-50],
29 kinds of metals used in these technologies were selected, namely, boron (B), magnesium (Mg),
titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn), cobalt (Co), nickel (Ni), gallium (Ga),
selenium (Se), yttrium (Y), zirconium (Zr), niobium (Nb), molybdenum (Mo), silver (Ag), indium (In),
tellurium (Te), neodymium (Nd), dysprosium (Dy), hafnium (Hf), tantalum (Ta), tungsten (W), lead
(Pb), aluminum (Al), iron (Fe), copper (Cu), zinc (Zn), cadmium (Cd) and tin (Sn). For solar power
generation, a copper-indium-gallium diselenide solar cell (CIGS), a cadmium telluride solar cell (CdTe),
and organic system, were included. For wind power generation, electric generators using permanent
magnets were included. For biomass generation, the existing facilities of coal power generation were
used. For thermal power generation, a gas turbine combined cycle (GTCC) and Advanced—-Ultra
Supercritical Coal power plant (A-USC) were included. The summary of low-carbon power generation
technology and relevant metals is presented in Table 1.

Table 1. Low-carbon power generation technology and relevant metals.

Required Metals Hydro Wind Solar Geo-Thermal Biomass Nuclear LNG Coal

Boron v
Magnesium
Titanium
Vanadium
Chromium
Manganese
Cobalt
Nickel
Gallium
Selenium
Yttrium
Zirconium
Niobium
Molybdenum v v

Silver
Indium
Tellurium
Neodymium v
Dysprosium v
Hafnium
Tantalum v
Tungsten
Lead v
Aluminum
Iron
Copper
Zinc
Cadmium
Tin v
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2.2. Evaluation of Metal Criticality Dimension

As presented in Section 1, this study evaluated metal criticality from two aspects of supply risk
and vulnerability. As a promising and comprehensive framework for supply risk (SR) and vulnerability
to supply restriction (VSR), indicators developed by the Yale University research group [21] were used
after the four modifications to adjust the evaluation structure for each of dimension to the present case.

The first point modified for this paper was a removal of the environmental impact (EI). This was
because the supply risk arising from environmental regulations was already covered in the SR.
The second point modified for this paper was a simplification of depletion time. This was because
the improvement of versatility was necessary for evaluating many types of metals. The concept of
“depletion time” corresponds to the indicator of “RP;”, which is used for minable years. The third
point modified was a removal of the rate of user population (PPU). This was because of difficulties of
collecting data dedicated for utilization in Japan. The fourth point modified was a removal of global
innovation index. This was because this index is dependent on the assessed demand countries and
this paper focused only on Japan.

2.2.1. Supply Risk (SR)

The risk in supply countries was evaluated from the viewpoints of geological, technological and
economic, social and regulatory and geopolitical.

1. Geological, technological and economic (GTE)

This aspect was evaluated based on minable years (RP;) and companion metal fraction (CMF). RP;
indicated the minable years under the assumption that the metal production amount in 2014 remains
the same in future. It was computed by using the following equation:

RP;; = 100 — 0.2 x RP; — 0.008 x RP? (1)

where i means metal and RP; is obtained by dividing reserves in 2014 by production volume in
2014 [51]. For RP;; to be normalized on a 0-100 scale, RP;; was set to 0 when RP; was over 100,
and RP;; was set to 100 when RP; was less than 0.

In addition, CMF represents the rate of metal being produced in the form of a by-product.
This evaluates the risk degree in which the production of compound metal is influenced by the demand
and supply balance of host metal. One earlier study reported in the literature [52] demonstrates that
the rate of production from other metals and CMF are estimated by adding these rates.

2. Social and regulatory (5&R)

This aspect was evaluated using the policy perception index (PPI) and the human development
index (HDI).

PPl is an indicator developed by the Fraser Institute, in which the national policy and regulation
for activities of metal production are evaluated on a basis of 15 attributes [53]. The PPI of a given metal
i is expressed in the following equation:

PPl = =1~ @)

where j means a country, PPI; means PPl in a country j and R; means a production rate in a country j.
For metals produced as a by-product, considering the production style, an estimation was made using
PPI mainly of the host metal producing country. Each production style in this methodology is shown
in Supplementary Figure SA.
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HDI is an indicator developed by the United Nations Development Programme (UNDP), in which
quality of health, education and quality of life of target countries were evaluated [54]. The HDI of a
given metal 7 is expressed in the following equation:

HDI = ==
]

®G)
where HDI; means HDI in a given country j and R; means a share of producing countries corresponding
to each production style described in Supplementary Figure SA.

3. Geopolitical (GP)

This aspect was evaluated using the worldwide governance indicator-political stability and
absence of violence/terrorism (WGI-PV) and the global supply concentration (GSC).

WGI-PV is an indicator developed by the World Bank, in which the country risk of the producer
country is estimated [55]. As earlier research did, this paper employed one of the dimensions in
WGI-PV, namely political stability and absence of violence/terrorism. The WGI-PV of a given metal i
is expressed in the following equation:

Y WGI-PV; x R;

WGI-PV; =
GI-PV; ST

)

where WGI-PV; means WGI-PV in a country j and R; means a share of producing countries
corresponding to each production style described in Supplementary Figure SA.

GSC s an indicator by using Herfindahl-Hirschman index (HHI), in which the degree of the producer
country oligopoly is estimated. The GSC of a given metal i is expressed in the following equation:

GSC; =175 xIn()_HHI;) —61.18 5)

where HHI; means Herfindahl-Hirschman Index (HHI) in a country j. HHI is commonly used to
measure market concentration in economics [56].

2.2.2. Vulnerability to Supply Restriction (VSR)

Influences of demand side countries when the supply of the target metal is restricted were
evaluated from the viewpoints of importance, substitutability and susceptibility.

1. Importance (I)

This aspect was evaluated by using the national economy (NE). The NE is defined as the market
size of each metal over the GDP. The NE of a given metal i is expressed in the following equation:

M; X D;
NE; = égpl

x 100000 (6)

where M means unit price of raw materials and D means domestic demand. The data in 2014 of M and
D is taken from the Japan Oil, Gas and Metal National Corporation [57], Arum Publications [58] and
U.S.A. Geological Survey (USGS) [59].

2. Substitutability (S)

This aspect was evaluated by substitute performance (SP) and substitute availability (SA). Given
that the existence of substitute materials affected the vulnerability of the demand country, whether
there were substitute metals or SA, and how adequate their performance is was or whether SP needed
to be evaluated.

SP was evaluated on the basis of five ranks of adequacy as provided in earlier works [22,23,60-63].
The SP; of a given metal i is expressed in the following equation:

_ ZSPk X Dy

Sh="+vp, @)
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where k means a substitute material and SPy means adequate performance of substitute material k.

SA was obtained by firstly computing the SR of the substitute metal and material following
the method in Section 2.2.1, and then computing the obtained SR with the weighted average of Dy.
The detail explanation about SP and D of each material is presented in Supplementary Figure SB.
This paper estimated the SR of new metals and materials for substitution including lithium (Li), sodium
(Na), cerium (Ce), samarium (Sm), terbium (Tb), platinum (Pt), gold (Au), bismuth (Bi), lime, talc,
plastic and wood. The production data for roundwood was taken from the Food and Agriculture
Organization [64]. The evaluated SR values of substitute materials are given in Supplementary
Figure SC.

3. Susceptibility

This aspect evaluates import reliance (IR). IR represents the degree of dependence on import.

The IR; of a given metal i is expressed in the following equation:

import;
IR; = — : . .
primary production; + second production; + import; + stock;

®)

The data for primary production;, secondary production;, import; and stock; is taken from Japan Oil,
Gas and Metal National Corporation [57] and Arum Publications [58].

2.2.3. Weighting and Aggregation

The normalized indicators on 0-100 scale were integrated into a composite index to quantify
supply risk and vulnerability of metal criticality dimensions. Before aggregation, the weight needed to
be put on the normalized indicator. In this paper, the most common approach of equal weight was
adopted [65], which has been widely utilized as a weighting scheme in various earlier research works
on criticality assessment. In addition, this paper employed the additive approach for aggregation [66],
where normalized indicators were first multiplied with the equal weight, and then summed to obtain
the composite index. Metal criticality constituting supply risk and vulnerability were estimated
using the following equations. The higher composite indexes corresponded to more critical metals.
The respective composite indexes were put on a supply risk versus vulnerability graph.

(RP+CMF) |, (PPI+HDI) , (WGI-PV+GSC)
SRe—2 2 * . ©)
3
NE + BPF54) | 1R
VSR= — 2 (10)

3

2.3. Overall Criticality of Low-carbon Power Generation Technologies

On the basis of the computed SR and VSR for each of assessed metals, the overall criticality of
each of low-carbon power generation technologies was evaluated. The overall criticality assessment
could evaluate the availability of each power generation technology in the context of specific critical
metals. Although the risk of power generation has been widely addressed from the perspective of
energy security [66], the approach developed in this paper would be also of a paramount importance
in resource-poor countries, such as Japan.

In this paper, the SR and VSR of metals used in each of the technologies were first summed
and then divided by the number of metal types to reach the SR and VSR of low-carbon power
generation technologies. It was assumed that any single lack of metal leads to incompletion of the
power generation technologies and the values of metals used in each power generation technology
were equally weighted.
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As such, the SR and the VSR of each of low-carbon power generation technologies were computed
in the following equation:

NE SRy
SR — i R N, b (11)
Ni
Ni VSR
VSRt—Zl N iz (12)
t

where t means a low-carbon power generation technology, SR; ; means SR of a given metal i used in a
given low-carbon power generation technology t and VSR, ; means VSR of a given metal i used in a
given low-carbon power generation technology . N; means the number of metals used in a low-carbon
power generation technology t.

3. Results

Metals associated with low-carbon power generation technologies were identified and the
quantifying approach of evaluating their criticality was presented in Section 2. Following the developed
methodology, the supply risk and vulnerability for each of the identified metals and the overall
criticality of low-carbon power generation technologies in Japan will be assessed in this section.

3.1. Assessment in Supply Risk and Vulnerability to Supply Restriction of Each Metal

Each dimension and indicator of the 29 target metals is evaluated on a basis of framework.
The result is shown in Figure 1.

In particular, among the 29 elements, indium, cadmium, cobalt and selenium were considered to
have the highest criticality from the perspective of supply risk.

Indium, cadmium and selenium exhibited a critical score in GTE, which indicates the high
possibility of depletion under the assumption of the current production rate and the severe dependence
on the host metal production. Indium is a companion metal of zinc and tin, and cadmium is a
companion metal of zinc, while selenium is a companion metal of copper. The productions of these
metals are highly influenced by the balance between demand and supply of host metals. Additionally,
there are possibilities of wasting these metals in cases where the cost for collecting them as by-products
from the host metal refinery is expensive [67]. The technological innovation for improvement of
exploration technology and reduction of recovery cost is required to mitigate the impact of GTE for
these metals.

Cobalt exhibits a critical score in not only GTE but also GP. This results from the high geopolitical
risk in the Democratic Republic of Congo, with a 50% share of the worldwide production. Political
instability such as recent internal strife caused by anti-government forces in 2013 [68] may lead
to sudden disruptions of cobalt supply. Besides cobalt, rare earth elements such as yttrium and
neodymium exhibit a critical score in GP due to a high concentration of its production in China (nearly
90%). Improvement of technology for exploration and refining low-grade ores may contribute to the
diversification of supply countries and the mitigation of risk in GP.

Among 29 elements, manganese, magnesium and yttrium are considered to exhibit the highest
criticality from the perspective of vulnerability to supply restriction. This attributes to the critical score
in S as shown in Figure 1.

90% of the manganese applications is steel metallurgy, as shown in Supplementary Figure SB.
Steel metallurgy is used for improvement of strength and abrasion resistance by deoxidization and
desulfurization in industrial appliances and building structures. 80% of the magnesium applications
are refractory used in furnaces for steel, non-ferrous and cement productions. 70% of the yttrium
applications are phosphors. Meanwhile, in their applications there are no substitutable metals which
have a similar performance with these metals [23,62].

According to Supplementary Figure SB, the non-existence of substitutable metals is a major
contributor to the increase in the score in SP and SA. Taking into consideration of change in
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environmental impacts [69], development of substitutable materials and reduction of consumption
rates are of significant importance.

Elements

Vulnerability to Supply Restriction

Supply Risk
GTE S&R GP SR
RPt | CMF | PPl | HDI |wai-Pv| GSC
- 32 me]
51 59
55
57 58 54
62
45
44
52 51
55 62
62 59
55
39 55
44
60
52
56
55 64 53
59 58
55
61

I s su
NE | sP|sa| R | "N
41 | 42 47
63 | 41 51
63 | 50 [NNGEEN 50 |
....... e
41 | 54 39
62 | 59 | 27 31
38 | 58 | 44 31
38 | 61
42 | 60
e
49 | 29 | 36
"3 | 58
""" 38 | 61 | s8
SR
e
e
41| a7
38 | 57
39 | 49 | 56
50 | 43
50 i
38 | 45 |
e
36 | 59 46

Figure 1. Criticality assessment values for indicators and axes of target metals. Each value is presented

in the range 0 to 100. The score near 100 is colored in red and the score near 0 is colored in blue.

The higher score corresponds to the more critical elements.

3.2. Assessment Aggregation of Two Axes

A summary of metal criticality for 29 elements is presented in Figure 2. The horizontal axis means

supply risk (SR) and the vertical axis means vulnerability to supply restriction (VSR).

This study categorizes the assessed metals into seven groups by referring to the study [22,60,61],
namely, light metals (B, Mg, Ga, Al), iron and its principal alloying metals (V, Cr, Mn, Nb, Fe),
superalloy metals (Ti, Co, Ni, Mo, Ta, W), copper metals and associated by-products (Se, Ag, Te, Cu),
zing, tin, lead metals and associated by-products (In, Pb, Zn, Cd, Sn), rare earth metals (Y, Nd, Dy) and
nuclear energy metals (Zr, Hf).

As shown in Figure 2, to generalize, it would appear that the metals with higher SR are the ones
with lower VSR. In general, the influence of host metals on a society would be greater than rare metals
because of their uses for various social infrastructures. On the other hand, the SR of rare metals is
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greater than host metals because of their uneven distribution and scarcity. This trend is remarkable for
each group, where the almost host metal of each group is located at the upper left (low SR and high
VSR), and the rare metal is located at the lower right (high SR and low VSR).

The metals located at the upper left and the lower right would be critical metals containing either
potential risk or influence on society. Meanwhile, the metals located at the upper right (high SR and
high VSR) would be also considered more critical region for both SR and VSR. Even for metals that
are hard to evaluate on a single dimension, the composition of each dimension enables to indicate
the aggregated criticality of the metals. As such, to comprehensively evaluate the metal criticality,
Graedel et al. [21] aggregated the two dimensions into a composite index called “criticality vector
magnitude”. This is obtained in the following equation:

VSR? + VSR?
V2

Yttrium, zirconium and dysprosium potentially exhibit a high score in the composite index.
These metals should be secured appropriately by reducing their risks or impacts on society, in addition
to indium, cadmium, cobalt, selenium, manganese and magnesium. The aggregation approach would
be useful to extract critical metals hidden behind the individual dimension assessment.

criticality vector magnitude = (13)

100
90
80
Zr
60 C Mo

Ti Hf Fe
v
cu//QQPb WO
30 T f f an

Vulnerability to Supply Restriction

Ni Ga Ag
20
Q— Zn L Se
10
Q Cd
0
0 10 20 30 40 50 60 70 80 90 100
Supply Risk
@ Lightmetals ( » Iron & its principal alloyingmetals @) Superalloymetals
() Copper metals and associated by-products @ Rare earth elements
@ Zing, tin, lead metals and associated by-products @ Nuclear energy metals

Figure 2. Location of target metals in criticality matrix.
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3.3. Overall Criticality of Low-Carbon Power Generation Technologies

Following Section 2.3, the overall aggregated criticality of low-carbon power generation
technologies is obtained. The result is presented in Figure 3.

Solar power generation is the most critical technology from the SR perspective. This results from
the use of selenium, indium and cadmium for the CIGS system. Considering its capacity installation is
expected to increase the most among renewable energy in Japan [42], ensuring the continuous supply
of these metals is necessary for the solar power generation.

Wind power generation is the most critical technology from the VSR perspective. This results
from the use of neodymium and dysprosium in the permanent magnet motor. These metals have high
scores in S and SU, which means that there are less substitutable metals and their production is highly
reliant on the other counties.

Coal, LNG, geothermal and biomass power generation also have a critical score in VSR.
These technologies use the steel containing manganese, chromium, nickel and titanium to prevent
oxidation and sulfurization. Among these metals manganese and chromium in particular have a
critical VSR score, leading to the high VSR in these technologies.

70
60
Coal Biomass
I~ ' — Wind
[
50
= Geothermal
LNG / v Nuclear
Hydro
40 Y
_— Solar
30
30 40 50 60 70

SR

Figure 3. Overall criticality in low-carbon power generation technologies.

4. Discussions

4.1. Comparison with Previous Metal Criticality Studies in Japan

Other than this paper, there have been three research studies, reported by New Energy and
Industrial Technology Development Organization (NEDO) [40], Japan Oil, Gas and Metal National
Corporation (JOGMEC) [70] and Hatayama and Tahara [39] that have worked on metal criticality
in Japan. Each of research works was compared to evaluate the validity of the factors used in
this study, presented in Table 2. This comparison focused on the metals that were targeted in this
criticality assessment.

All of the research studies, including this paper, had in common that indium, yttrium, cobalt,
magnesium and dysprosium were considered critical metals in Japan regardless of differences of
indicator and dimension selection.
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Cadmium, selenium, manganese and zirconium, which were denoted as a critical metal in this
study, were not considered critical metals in the other studies. This might be due to the inclusion of
consideration of risk in production as by-products in the form of CMF in the SR and of reliance on
import in the form of IR in the VSR. Taking into account the nature of rare earth elements, where its
balance between demand and supply with a small market scale is highly affected by the host metals
and the situation in Japan, hence depending highly on the metal import, this framework would be
useful for metal-poor countries.

On the other hand, niobium, which was denoted as a critical metal in the other three studies, was
not considered the critical metal in this study. This might be due to the difference of factors in SR.
JOGMEC [70] took recycling rate into consideration in the SR. Since niobium has hardly ever been
recycled in Japan, the evaluation highly depends on whether this factor is considered in SR or VSR. In
the study of NEDO [40] and Hatayama and Tahara [39], since the SR was evaluated by only minable
year and concentration, the SR of niobium was higher than this study. In addition, their studies
evaluated the risk of the concentration of not only producing countries, but also countries by proven
metal ores and countries by export to Japan. This may contribute to the higher SR of niobium.

Since the different selection of dimension and indicator affects the final outcome to some extent,
a construction of comprehensive methodology for evaluating critical metals is required.

Table 2. Comparison with previous studies in Japan.

Study Target Year Dimensions Elements Critical Metals
This study 2014 Supply Risk/ Vulngra}blllty to Supply 29 In, Cd, Co, Se, Mn, Mg,
Restriction Y, Zr, Dy
) Supply Risk/Price Risk/Demand
NEDO [40] 2007 Risk/Recycle/Potential Risk 36 W, Nb, In, Nd, Dy, Y
1
JOGMEC [70] 2012 Supply Risk/Economic importance 41 Nb, Dy(HREE ), W,

Mg, Co, Cr

Supply Risk/Price Risk/Demand
2012 Risk/Recycle/Potential Risk/Reserve 22 Nb, In, Nd, Dy
entitlements to demand

Hatayama and
Tahara [39]

Note: ! HREE means heavy rare earth elements.

4.2. Policy Implications

According to the results obtained in this study, among low-carbon power generation technologies
in Japan, solar power generation exhibits the highest SR, while wind power generation exhibits the
highest VSR. This was attributed to the use of selenium, indium and cadmium for the solar and the
use of neodymium and dysprosium for the wind.

From the perspectives of both specific metals and technologies, the strategies of mitigating the
impact of SR and VSR need to be developed.

The policy implications from the perspective of specific metals are as follows. For selenium,
indium and cadmium, the improvement of production and exploration technology contributes
to the mitigation of CMF. The support for exploring the ore deposit where rare metals could be
produced without any reliance on the host metals and the financial support such as subsidy for the
metals, which requires a high recovery cost, might be useful. As for neodymium and dysprosium,
the mitigation of the IR impact is required and the policy for the encouragement of stockpile for
the emergent cases where the import is restricted due to the political issues and the preferential
improvement of their recycling technology to increase in the secondary production would be useful.

The policy implications from the perspective of technologies are as follows. For solar power
generation, the policies for confining the share of thin films such as CIGS and CdTe and organic system,
which are expected to increase in its application [71] and for reducing the metal intensity, or the use of
metals per technology, would be useful. As for the wind power generation, the technological road
map for encouraging the non-use of rare-earth magnet for the generation motor needs to be developed.
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These policy implications for the future energy use would be unique, developed on the basis of the
metal criticality.

The summary of policy implications from the perspectives of both specific metals and technologies
is presented in Figure 4.

Focused on Metals Focused on Technologies
Reduce the risk of CMF | Solar | Reduce market share
S = -
Policy Implication J In) Policy Implication |
v Explore a new mine by ( \ & v Make a roadmap as
: ) \Se ‘ : : e it
funding and technical increasing crystalline silicon
support \Cd ) or organic share;
v Market formation enabling contrariwise, decreasing
the production of metal CIGS or CdTe share
alone by financial support v Reduce metal intensity
Focused on Metals Focused on Technologies
Reduce the vulnerability of IR Wind | Reduce market share
prmmm——— T peemmemi—_— N
3 i i -
Policy Implication | : \Nd \ | Policy Implication |
v Stock in advance by leading | /’\ : v Make a roadmap as
government : Dy : increasing share of magnet
v Improve recycling and 1 \ y I used other metals;
producing for self-supply by L __________________ ,' contrariwise, decreasing
funding and technical share of Nd-Dy-B magnet
support v Reduce metal intensity

Figure 4. Concept of policy implications from the perspectives of both specific metals and technologies.
The abbreviations are as follows: CMF = companion metal fraction; CIGS = copper-indium-gallium
diselenide solar cell; CdTe = cadmium telluride solar cell; IR = import reliance.

Finally, the metal criticality and overall criticality for the technologies assessed in this study would
be potentially integrated in the energy security. In the energy strategic plan of Japan, the security of
supply of fossil fuels was evaluated [72]; the criticality of metals highly associated with the concept
of energy security had never been considered in the energy policy. Moreover, it might be possible
to ignore the supply risk of low-carbon power generation technology. Since the energy security is a
driving force of energy policy, the metal criticality assessment would contribute to provision of insight
for considering the best energy mix from the perspective of material use.

4.3. Future Work

The developed approach for evaluating the metal criticality of low-carbon power generation
technologies implements the assessment of not only each metal, but also each technology. This may
contribute to the development of strategies for mitigating the criticality of the target metal used in a
particular technology, such as next-generation vehicles or IT devices.

Furthermore, the analysis could be improved by the inclusion of additional considerations. Firstly,
although this paper employs the equal weight, the outcomes of aggregation highly depend on the
weighting scheme in the multi-faceted approach, leading to the difficulties of depicting the universal
conclusion [73]. Comparative analysis with changing the weighting scheme (e.g., principle component
analysis (PCA), analytic hierarchy process (AHP) and data envelopment analysis (DEA) [74]) may
improve the evaluation methodologies of material criticality. Secondly, the indicators selected in
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this paper do not fully cover the characteristics of the assessed country (e.g., Japan). The specific
factors, such as sea lane risk [75], associated with the assessed country, need to be incorporated
in the framework. Finally, uncertainties in quantification of qualitative components and in data
assumption [76] must be assessed by conducting sensitivity assessment.

5. Conclusions

A literature review identified the significance of evaluation for the criticality of metals used in a
wide range of low-carbon power generation technologies in Japan. The supply risk and vulnerability
to supply restriction of 29 metals used in low-carbon power generation technologies were evaluated to
identify metals that might impose limitations on low-carbon power generation technology using the
metals. Finally, the overall aggregated criticality of low-carbon power generation technologies was
evaluated to identify metals that might impose limitations on these technologies and discuss measures
for a removal of factors hindering the spread of low-carbon power generation technologies.

In the criticality assessment for each metal, it was found that indium, cadmium, cobalt and
selenium exhibit the highest criticality from the perspective of supply risk. For these metals,
the technological innovation for improvement of exploration technology and reduction of recovery
cost was required to mitigate the impact of GTE for these metals. Meanwhile, manganese, magnesium
and yttrium indicated the highest criticality from the perspective of vulnerability to supply restriction.
For these metals, the development of substitutable materials and reduction of consumption rate are
of significant importance. In addition, the composite index developed by aggregating SR and VSR
identified the high criticality of yttrium, zirconium and dysprosium. Furthermore, it was found that
among the low-carbon power generation technologies, solar power generation was the most critical
technology from an SR perspective, while wind power generation was the most critical technology
from a VSR perspective. The provided policy implication might assist policymakers in designing
well-grounded energy strategies taking into account the mitigation of metal criticality.

Supplementary Materials: The following are available online http://www.mdpi.com/2075-163X/9/2/95/s1.
List of abbreviations, list of subscript, Figure SA: The data used for evaluation social and regulatory and
geopolitical in supply risk, Figure SB1: The data of light metals used for evaluating vulnerability to supply
restriction, Figure SB2: The data of iron and its principal alloying metals used for evaluating vulnerability to
supply restriction, Figure SB3: The data of superalloy metals used for evaluating vulnerability to supply restriction,
Figure SB4: The data of copper group metals used for evaluating vulnerability to supply restriction, Figure SB5:
The data of zinc, tin, lead group metals used for evaluating vulnerability to supply restriction, Figure SB6:
The data of rare earth elements used for evaluating vulnerability to supply restriction, Figure SB7: The data of
nuclear energy metals used for evaluating vulnerability to supply restriction, Figure SC: The supply risk results of
substitute metals for evaluating substitute availability.
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