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Abstract: End-of-life waste disposal is a major issue in Malaysia, where the country’s economy
has suffered due to waste recovery issues. Many countries have successfully identified critical
materials and products for increasing recycling rates, but not in Malaysia. Thus, the Malaysian
government and businesses have had difficulty prioritising products for recycling. The absence of
critical materials data has meant that a recovery strategy could not be planned wisely. In addition,
the Product Recycling Desirability Model that was utilised by many countries to improve their
recycling strategy could not be applied to Malaysia, as it requires critical materials data as input.
To start with, Malaysia’s important materials have been identified. Next, two risk dimensions are
defined: supply risk and material risk. The indicators are then weighted according to Malaysia’s
scenarios. The scores are analyzed and applied to the Product Desirability Model to find desirable
products for recycling. As a result, 89 materials were classified as critical to Malaysia’s economy, with
palladium, rhodium, gold, platinum, and tellurium ranking first through to fifth. Critical materials
scoring was used for the first time in Malaysia to comprehend the Product Recycling Desirability
Model, a tool for prioritizing products for recycling. Additional analysis reveals that car batteries,
tyres, PET bottles, mobile phones, and DVD-R are the top five most important recyclable products
in Malaysia. With the material security database readily available and the novel evaluation system
being employed to prioritize critical material supply, using risk supply and material security for
Malaysia, the government, or private sector, can strategically start to implement recycling policies
and initiatives to strengthen recycling efforts, which help to increase recycling rates.

Keywords: critical material; material security; sustainability; recycling; prioritization

1. Introduction

End-of-life products pose a significant issue as they are often disposed of in landfills.
Recycling to recover usable materials has become a critical strategy for addressing these end-
of-life waste issues because it avoids the extraction and refining of virgin raw materials [1-3].
It is not uncommon to recover materials such as steel, aluminum, cast iron, and rubber
from end-of-life vehicles (ELVs). They may be recovered and repurposed to produce
new materials for the manufacture of new vehicles or other products. Rubber tyres, for
instance, can be recycled and reprocessed to produce a variety of secondary products [4].
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In addition to this, the recycling process is also capable of extracting various valuable
materials, including precious metals (i.e., palladium, platinum, gold, and silver) and rare
earth elements (REEs).

Recent decades have seen an increase in the demand for REEs as mobile and electronic
technology have advanced, with China currently dominating the market. REEs are com-
monly found in electronic devices and can be recovered from e-waste [5]. For instance,
lithium-ion battery recycling could result in the recovery of steel, copper, iron, graphite, and
cobalt [6]. By reclaiming materials, manufacturers can reduce costs and landfill usage [7],
save up to 13 percent on batteries [8], decrease mining and extraction, and reap a variety of
other benefits. However, only a small percentage of these end-of-life wastes are converted
into useful products. For example, one percent of REEs and less than three percent of
lithium batteries are recycled.

While countries like China and Australia are abundant in REE resources and are
dominant exporters, a low recovery rate for REEs poses a threat to consumer countries,
such as the United States and countries in the European Union, unless there is enough
supply for industrialization. Supply and material restrictions are a problem that can happen
in any country of the world, and they have a negative impact on the country’s economy.
The challenge of overcoming this type of constraint has been addressed in numerous ways,
including reducing a country’s reliance on critical resources. As a result of the urgency
of this issue, numerous countries, including the U.S.A., countries in the EU, Japan, and
Australia have begun implementing strategies to reduce the risk of breaches of critical
infrastructure. Table 1 displays some examples of initiatives and strategies for mitigating
critical material supplies.

Table 1. Strategies for mitigating critical materials in the world [9].

Region Characteristics Initiatives Strategies
Declare REEs as protected and
. Increase competitiveness among strategic materlals.. . ..
local manufacturers. Introduce several. 1n(.:lustr1al policies to
e  Resource rich. e  Hold back REEs for control the exploitation of REEs.
. . Dominant producer. domestic purpose. Offer grants and loans to countries in
China Largest REEs supplier e Protect exploitation of REEs. exchange for access to their
and consumer. e Avoid restriction of REEs in future. raw materials.
RS Implement circular economy as new
e Reduce availability of .
raw materials economic model.
) Apply Reduce, Reuse and Recycle (3R)
in production process.
Devise policies targeting
the environment.
Establish a list of critical materials to the
US economy.
. Assure materials availability for Establigh an agency for maximising
. REE dominator in second half national economic well-being. domestic mineral resource development
of 20th century. Solve environmental problems. and environmental mitigation.
USA ° REE goods manufacturer such Limit availability of REEs. Provide funding for development of

as neodymium-iron-boron-
magnetic powders.

Change in geopolitics in late 1980s.

China tightens its REE
export quotas.

techniques which improve separation
and decrease cost of processing REEs.
Develop substitute materials and
technology and eliminate the use of
critical materials in certain industries.
Develop recovery and separation
technology for REEs from

electronic waste.
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Table 1. Cont.

Region Characteristics Initiatives Strategies
Maintain access to sources .
Recycle waste and substitute other
Resource poor. of supply. materials to prevent shortage of
L Insufficient data of availability . .
Low production of . certain materials.
L of minerals. . .
metallic minerals. . Promote domestic exploration of
S Reduce the environmental .
High import dependence . . raw materials.
. impact of the industry. . o .
Europe on raw materials. Improve material and Identify the most critical materials
Low exploration and P . and update the mining inventory.
. energy efficiency. . .
development of minerals. Sustain the supply of Focus on recycling projects and
Main REE sources are from ; SUPPYY increase R&D in substitution.
. raw materials. s
finished good products. . Develop policies in management of
Decrease import dependence )
. raw materials.
on raw materials.
Japan’s government declare policies
Resource poor. that support material exploration
Highly dependent on and development.
import minerals. Focus on recycling and stockpiling
Economy significantly Economic warfare during of rare metals.
dependent on refining World War 2. Improve resource security by
REEs into metals Reduce import dependency on increasing self-sufficiency by
Japan and alloys. certain raw materials. launching Strategic Energy Plan.
REE Sustain economic security. Recycle scrap and
products manufacturer. Lower the usage of REEs. end-of-life products.
Largest consumer of R&D in recycling technology.
dysprosium (one of Collect end-of-life products and
the REEs). transform into secondary supply of
raw materials.
Increase in metals’ prices. Declare REEs as critical minerals
Increase due to high resource potential.
. . international competitiveness. Provide information on sustainable
Major minerals exporters. . S s . . .
. . Sustain resources’ availability. mining practices to mine managers
: Leader in extracting Provide secure suppl and other related departments
Australia several raw materials PPy P )

including REEs.

of REEs.

Increase investor confidence in
resources sector.

Improve

regulatory environment.

Design a framework to support
minerals” development.

Develop methods to extract REEs
with better energy efficiency.

A strong industrial base and a wide range of products and applications are critical to

economies around the world, especially in modernised societies. The concept of material
security has gained momentum globally as a way to assist regions in securing their raw ma-
terial supplies, as a means of dealing with future challenges of material supply restrictions.

1.1. Material Security

Material security is a global economic concern, as it enables the identification of critical
materials for a nation’s economy. It is critical in the selection of materials, product design,
recycling of materials, and investment decision-making. Material security has been used
interchangeably with material criticality, critical mineral security, and mineral resource
security in some studies [10-13]. This has been explored by many researchers in several
countries due to increasing demand for raw materials and rising supply risks globally [14-17].

Countries and businesses employ criticality assessments to identify and prioritize mate-
rial resources in need of attention, as well as supply chain risk mitigation techniques [17,18].
This encompasses growing and new demand for materials from developing economies;
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increased need for a larger range of material inputs as a result of new technologies; con-
centrations of production; supply monopolies; and recognition of mining’s social and
environmental effects. Material security is capable of sustaining economies, addressing en-
vironmental concerns, lowering industrial costs, and averting future material shortages [19].
This is because assessing material security enables the monitoring of a mineral’s use pattern
across industrial sectors and the material’s contribution to the overall economy [11].

There are two main dimensions that are used to determine critical material: material
risk and supply risk [17,20]. Material risk criteria include global consumption level, lack
of substitutability, global warming potential, and total material requirement. Supply risk
criteria include scarcity, monopoly supply, political instability, and vulnerability to effects of
climate change [21]. The material security dimension, with classification of all the indicators
under this framework by [22], is shown in Figure 1. There are several determinants that
are necessary to assess supply risk, with five main determinants listed in many reports:
geological, technical, political, environmental and social, and economic [23]. The geological,
technological, and economic elements are comprised of two equally weighted indicators.
One examines relative abundance of the metal, and the other percentage of the metal
mined [10]. For the environmental and social indicators, these two indicators can influence
and inhibit primary production.
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Figure 1. The framework of material security dimensions and indicators.

Environmental factors are more likely to restrict material supply than physical scarcity.
For example, international and national laws curbing greenhouse gas emissions may come
to restrict the more carbon-intensive extraction processes required for a range of minerals.
In the study by [21], two proxies for environmental impacts were used, which were global
warming potential and total material requirement.

The assessment determining critical materials can be affected by future demand as well.
Future demand is the key determinant of future availability. There are two factors that are
used in criticality assessment, which are future demand projections and substitutability [19].
Normally, a material that is listed in a critical material list has a low mining rate and a
low recycling rate, so it should improve its resource efficiency to prevent restriction of



Appl. Sci. 2022, 12, 3456 50f 16

the material. The supply risk dimension goes beyond output concentration and takes
into account other considerations, such as substitutability and recyclability. If a material
has high functional substitutability, then this can lower its supply risk [11]. A summary
explanation of critical material indicators is tabulated in Table 2.

Table 2. Descriptions of critical material security indicators, adapted from [21].

Dimensions Descriptions

For some materials, data on total annual use is available.
Consumption Levels This data shows how reliant national or global economies
are on the material’s future availability.
The readier a substance is to be replaced by another; the
more secure economies will be regarding future supply
Substitutability shortages. In some cases, copper can be replaced by
aluminum, a more common metal. However, substitutes for
magnesium, required to harden steel, are few.
The Eco Invent database provides the GWP over 100 years
in kg CO, equivalents generated per kilogram of material
mined. The GWP of minerals varies greatly. For example, a
kilogram of platinum requires almost 15 tonnes of CO,
equivalents to mine and beneficiate, while the same weight
of aluminum from bauxite requires only 8 g.
The total weight of rocks and other substrate mined to
Total Material Requirement obtain a given weight of metal or other mineral also
provides a rough indication of environmental impact.
Physical scarcity has a clear impact on a material’s overall
security, but determining scarcity is notoriously difficult.
Japan’s National Institute for Material Science recently
presented predictions for which metals’ reserves, and, in
some cases, reserve bases, will be depleted by 2050.
Scarcity Aluminum consumption, for example, is not expected to
have an impact on reserves by 2050. In contrast, the institute
predicts that silver will significantly outgrow its reserve
base over the same time period. Such projections are likely
to be overly pessimistic, and thus data on material scarcity
is deemed secondary in importance.
When the world’s production of a certain substance is
concentrated in a single or in two countries, future supply
becomes vulnerable. For instance, over 80% of the world’s
platinum is being mined in South Africa.
Material security, arguably, is impacted by a country’s
governance, notably its political stability and the countries
from which materials are sourced. War, starvation, and
other forms of disturbance can disrupt supplies. By
analysing the principal nation’s production data, it is
Political Instability possible to assign a (rough) political stability score to each
substance. The World Bank’s Governance Indicator was
used to collect information on political stability. The website
provides percentile rankings for 212 countries and territories
based on a variety of criteria, including “political stability
and the lack of violence/terrorism.”
Certain regions are anticipated to be more vulnerable to
climate change consequences than others. Additionally, this
susceptibility can be utilized to forecast future material
insecurity. The German Advisory Council on Climate
Vulnerability to Climate Change  Change issued a map indicating which regions of the world
are most likely to suffer disproportionately from climate
change. These hotspots were very poorly translated into
climate change in the Material Security Spreadsheet. Score
of vulnerability is based on proximity to hotspots.

Global Warming Potential

Monopoly Supply
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Several countries have started to conduct studies considering material security as a
vital factor, such as the countries in the European Union (EU) [24], the United Kingdom
(UK) [21], the United States (US [25], India [11], Japan [13,26], Australia, South Korea and
Russia [27]. In the EU, criticality of materials is used to strengthen industrial competi-
tiveness by implementing EU industrial policy to increase the overall competitiveness
of the EU economies. With critical materials for the EU identified, they can be used to
prioritize needs and actions. Furthermore, it can help to promote the European production
of critical raw materials and encourage the launch of new mining and recycling activities.
In India, material security is established to deal with two main problems; a lack of suitable
technology adoption and an inefficient policy mechanism to drive mining and exploration.
Table 3 shows the critical materials for the UK [21], the EU [24], India [11], Australia [27]
and Japan [13].

Table 3. Top 20 critical materials for the UK, the EU, India, Australia and Japan.

Rank UK EU India Australia Japan
1 Gold Dysprosium Strontium Gallium Neodymium
2 Rhodium Magnesium Phosphate Indium Dysprosium
3 Mercury Samarium Potash Tungsten Indium
4 Platinum Gadolinium Vanadium Cobalt Niobium
5 Strontium Rhodium Boron Niobium Tin
6 Silver Tungsten Barium Manganese Silver
7 Antimony Neodymium Lithium Molybdenum Zinc
8 Tin Cerium Chromium Antimony Tantalum
9 Magnesium Holmium Molybdenum Lithium Manganese
10 Tungsten Lutetium Silicon Vanadium Cobalt
11 Baryte Terbium Niobium Nickel Gold
12 Talc Thulium Cobalt Tantalum Platinum
13 Bismuth Ytterbium Limestone Terbium Iron
14 Palladium Antimony Selenium Chromium Rhodium
15 Nickel Phosphorus Antimony Selenium Palladium
16 Boron Niobium Gypsum Titanium Lead
17 Andalusite Erbium Nickel Strontium Copper
18 Molybdenum Cobalt Bentonite Graphite Chromium
19 Zinc Palladium Germanium Tin Molybdenum
20 Holmium Bismuth Graphite Germanium Tungsten

A mineral’s, or material’s, availability will be restricted when there are sudden supply
shocks in the supply chain [28]. It can be more serious when there are no substitutes
available for specific applications. The study on material criticality has the advantage of
providing policymakers with a detailed analysis on the determinants of criticality associated
with minerals, as well as the economic importance of minerals [11]. In the UK, a material
security database classified 60 critical materials to ensure resource availability for the British
economy [21]. The identified critical materials would assist the relevant stakeholders in
making recommendations and suggestions for mitigating actions, including the need for
investigation, and policies to reduce future supply restrictions [15,23]. This is possible by
further working with the identified critical materials together with other relevant models
or approaches, such as the Product Recycling Desirability Model [29].

1.2. Product Recycling Desirability Model

Although numerous approaches to increase recycling rates have been investigated in
the literature, the Product Recycling Desirability Model (PRDM) was coined as a competent
model for prioritizing product selection for recycling due to its successful application in
several international cases, including those of the United States, the United Kingdom,
the European Union, China, and India [29]. The model’s critical parameters were: (i) the
ease with which the product’s components could be disassembled for recycling, (ii) the
readiness of the recycling technology in place to carry out the recycling operation; and
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(iii) the criticality of the materials contained in end-of-life products, which make them prime
candidates for recycling. Equation (1) shows the product desirability calculation by [29].
Dpesiravitity 1s the desirability recycling index for the selected product and is calculated
considering the index of ease to disassemble the end-of-life product, the product’s material
security, and the recycling technology readiness index.

Dpesiravitity = (DSimplicity + Dmsr + DTRL) 1

Equation (2) illustrates the ease of material separation, Dg;pspiicity, considering mass
fraction and distributed materials for parts. Where H is the inverted complexity measure
which is known as the simplicity index.

H
Dsimpiicity =1 — < o, ) (2)
op

It assesses the ease with which materials in a product can be disassembled quantita-
tively, as proposed by [30], using a complexity theory. A parameter H(bits) based on binary
separation steps is used to quantify this. This is the collection of individual separations that
are gradually required to separate a product’s materials. A product with fewer separation
steps would have low material mixing, whereas a product with more separation steps
would have higher material mixing.

Material security is the availability and access to the material resources upon which
economies rely, as well as the capacity to withstand volatility, increasing scarcity, and rising
price [29,31]. The presumption is that there will be no adverse effect on the country’s
economy as a result of a shortage or restricted access to the specified substance. Material
security is a negative indicator, implying a lack of scarcity in order to achieve the lowest
acceptable limit, rather than a positive requirement for abundance. The material security
index for recycling, Dyssj is shown in Equation (3). Where 7 is the maximum number of
a material type in the product, M; and My are the mass of material, or part in a product
and total product mass respectively. S; is the material security index of recycling a partic-
ular material that is part of a product assembly and Sy is the top scale for the material
security index.

= (_M;S;
Dsr 1; ( My ngp) ®)

Technology Readiness (TRL) is a method for determining technological maturity. TRL
looks at program conceptions, technological needs, and proven technological capabilities.
The TRL of the United States National Aeronautics and Space Administration (NASA)
inspired this notion [32]. TRL refers to a classification of recycling methods for various
materials in this model, with the assumption that it can be done for a certain country and
geographic region, taking into consideration locally accessible technologies [29].

The recycling technology readiness desirability is represented by parameter Drgy,
in Equation (4), which takes into account the maturity of recycling technology. Where n
is the maximum number of a particular recycling technology used in a product, M; and
M are the mass of the discrete material in a product or component and the total product
mass, respectively.

Drre 1; < My Rmp) 4)

Once the product recycling desirability index is determined, the various product
distributions can be mapped through the “What Should be Recycled Model’ to better
illustrate their importance for recycling, by considering monetary implication [29]. For
instance, car batteries, mobile phones, plastic bottles, and computers are the preferred
end-of-life products for recycling in the UK.
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The Product Recycling Desirability Model was regarded as ideal for developing
countries such as Malaysia in order to re-orient their recycling initiatives. However, the
absence of a material security database has precluded this approach from being properly
applied to the Malaysian scenario. Thus, this paper determined the critical materials data
and elaborated on the novel evaluation system to prioritize critical material supply using
risk supply and material security for Malaysia. The finding could be used as data input for
assessing end-of-life product selection for product recovery planning. This can be further
extended to evaluate the Product Recycling Desirability Model based on its economic
importance in Malaysia. By doing so, the majority of the end-of-life products that are
currently sent to landfills could be recovered by initiating strategic action; starting with the
products that possess the highest priority environmentally and economically.

2. Methodology

In order to assess critical materials, there are four phases to be executed, which are:
(i) selecting the critical material for the economys; (ii) selecting the relevant dimensions and
indicators; (iii) scoring of the indicators in relation to the identified scenarios of the country;
and (iv) data analysis. The entirety of the phases used to determine critical materials are
explained as below:

Phase 1: Material Security Selection.

In Phase 1, the materials are selected, mainly based on the Malaysia Mineral Yearbook,
published by the Minerals and Geoscience Department Malaysia [33] and Malaysia Mineral
Yearbook advance release [34], which provides information on materials in Malaysia, such
as operating mines in Malaysia, material annual production in global and local markets,
material prices, and the amount of material imported and exported. The information and
data in the mineral yearbook are sufficient for the scoring process in Phase 3. Secondly,
famous materials in the global material list were identified through the databases of several
countries’ lists as benchmarks for comparison, such as the databases from the UK, the US,
India, Japan, the EU, and Australia. A Two-Dimensional Material Security Matrix was
deployed for the evaluation and assessment of material security by [22,25,35].

Phase 2: Selecting Dimensions and Indicators

The established dimensions of supply risk and material risk are referred to [22]. The
indicators are scarcity (SC), monopoly of supply (MS), political stability (PS), vulnerability
to climate change (VCC), consumption level (CL), substitutability (SUB), global warming
potential (GWP), and total material requirement (TMR).

Phase 3: Scoring

The scoring matrix used to determine the material’s score is shown in Table 4. The
higher the scoring matrix, the higher the material security and criticality, as referred
to by [10,24,25].

Table 4. Scoring matrix used to determine a material’s criticality score.

Dimension
Indicator/
Criteria

Scarcity

Supply Risk (SR)

Monopoly Supply

Political
Instability

Vulnerability to
Climate Change

Malaysia
Consumption Level

Material Risk (MR)

Substitutability

Global Warming
Potential

Total Material
Requirement

Score

1

Not predicted to
reach reserves
by 2050

Predicted to
overrun reserves
by 2050

Predicted to
overrun reserve
base by 2050

Any one country
has a concentration
of less than 33.3%.
Any one country
has a concentration
of between 33.3%
and 66.6%.

Any one

country has a
concentration
greater than 66.6%.

Political Stability
Percentile greater
than 66.6%
Political Stability
Percentile
between
33.3-66.6%
Political Stability

Percentile less
than 33.3%

More than 51
climate risk index

21-50 climate
risk index

1-20 climate
risk index

Less than
1000 tonnes per year

Between 1000 and
1,000,000 tonnes
per year

More than
1,000,000 tonnes
per year

High

If the data is
not readily
available

Low

Less than 1 kg
CO;, per kg
material extracted
Between 1 and
100 kg CO, per kg
material extracted

More than 100 kg
CO;, per kg
material extracted

Less than
100 tonnes/
tonne mineral

Between 100 to
10,000 tonnes/
tonne mineral

More than
1000 tonnes/
tonne mineral

Phase 4: Data Analysis.

The determined scores for each case in relation to the identified materials from Phase
3 will be further extended by integrating those scores to get one unified overall score.
The top value of this overall score would be 24, as each indicator is valued at a score of
3 for maximum value, and the lowest score would be 8, reflecting the lowest score for
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each indicator were set at one. Once all the phases are completed, additional analytical
inclusion of several applications of the data to the Product Recycling Desirability Model
were presented.

3. Data of the Critical Materials for Malaysia

After the completion of the entire four phases, a set of 89 materials were classified as
important to the Malaysian economy, with different levels of criticality. Each parameter was
analyzed and referred to the genuineness of the score based on the specific justifications for
each. The top five materials that dominated the critical list are palladium, rhodium, gold,
platinum, and tellurium, with scores of 19 and 18, while the top value for the score is 24.
It is not surprising that the entire platinum group of metals and the rare earth elements
were on the list. Table 5 shows the top 28 critical materials data for the Malaysian economy,
concerning the four supply risk elements and four material risk factors for each material.
The full data is available in Table A1 .

Table 5. Extracted top 28 Critical Materials list for Malaysia.

Material Symbol Supply Risk (SR) Total Material Risk Total Criticality
sC MS PS vCC SR CL Sub GWP TMR MR Score

Palladium Pd 3 2 2 2 9 2 2 3 3 10 19
Rhodium Rh 2 2 2 2 8 2 3 3 3 11 19
Gold Au 3 1 2 2 8 3 1 3 3 10 18
Platinum Pt 3 2 2 2 9 2 1 3 3 9 18
Tellurium Te 2 2 2 2 8 2 3 2 3 10 18
Ammonia NH; 2 2 2 2 8 2 3 2 2 9 17
Bromine Br 2 2 2 2 8 2 3 2 2 9 17
Indium In 3 2 2 2 9 2 1 3 2 8 17
Molybdenum Mo 2 2 2 2 8 2 3 2 2 9 17
Niobium Nb 2 3 3 1 9 1 3 2 2 8 17
Osmium Os 2 2 2 2 8 2 2 2 3 9 17
Phosphate rock - 2 2 2 2 8 2 3 2 2 9 17
Ruthenium Ru 2 2 2 2 8 2 3 2 2 9 17
Strontium Sr 2 2 2 2 8 2 3 2 2 9 17
Thallium Tl 2 2 2 2 8 2 3 2 2 9 17
Yttrium Y 2 2 2 2 8 2 3 2 2 9 17
Andalusite - 2 2 2 2 8 2 2 2 2 8 16
Barium Ba 2 2 2 2 8 2 2 2 2 8 16
Baryte BaSOy4 2 2 2 2 8 1 3 2 2 8 16
Borate BO3 2 2 2 2 8 2 2 2 2 8 16
Cerium Ce 2 2 2 2 8 2 2 2 2 8 16
Dysprosium Dy 2 2 2 2 8 2 2 2 2 8 16
Erbium Er 2 2 2 2 8 2 2 2 2 8 16
Europium Eu 2 2 2 2 8 2 2 2 2 8 16
Fluorspar - 2 2 2 2 8 2 3 1 2 8 16
Gadolinium Gd 2 2 2 2 8 2 2 2 2 8 16
Gallium Ga 2 2 2 2 8 2 1 3 2 8 16
Hafnium Hf 2 2 2 2 8 2 2 2 2 8 16

SC—Scarcity, MS—Monopoly of Supply, PS—Political Stability, VCC—Vulnerability to Climate Change,
SR—Supply Risk, CL—Consumption level, Sub—Substitutability, GWP—Global Warning Potential, TMR—Total
Material Requirements, MR—Material Risk.

4. Discussions
4.1. Supply Risk and Material Risk and Grouping of the Materials

Table 6 shows the pattern of the material security matrix by comparing the scores of
supply risk and material risk. Both of these impacted the final score of material criticality.
The materials distributed in the right upper corner have higher scores for both factors,
whereas the materials listed in the opposite direction have lower score values. As an
example, materials such as palladium, rhodium, platinum, gold, and tellurium were
positioned towards the top right corner of the table, and the scores for both elements
ranged from eight to nine and nine to eleven for supply risk and material risk, respectively.
The five materials in the very left bottom corner are labelled as the least critical materials,
which are iron, zirconium, copper, feldspar, and titanium.
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Table 6. Supply Risk and Material Risk of materials.

Material

Supply risk

Fe

Zn

Si

Sb, Pb Ni, Sn

Al, Asbestos,
Bentonite, Be, Bi, Cd,
Co, diamond,
diatomite, Ge, C,
Kyanite, Lime, Li,
Mica, Re, Sc, Ag, Soda
Ash, Talc, Th, W, V

Zr Cu, Feldspar, Ti

As, B, Mg, Perlite,
Se, Vermiculite,

6 7

In Pt, Pd,
Andalusite, Ba,
BaSO4, BO3, Ce, Dy,
Erbium, Eu
gy NH3, Br, Mo,
Fluorspar, Gd, Ga, Hf, Os, phosphate,  Au, Te Rh,
He, Ho, I, I, La, Lu, Ru. S TL Y
Mercury, Rubber, Nd, U, o1 1
Pr, Pm, Sm, Si metal,
Tb, Tm, U, Yb
Cr, Nb
Kaolin, Mn Ta
8 9 10 11

Material risk

Table 7 shows the entire 89 material positions in the criticality classification for the
Malaysian economy. Based on the developed score, the materials could be grouped into
seven main material security levels. There are two materials with the highest score of 19,
three with a score of 18, and eleven materials in a group with a score of 17, 32 materials
with a score of 16, 26 materials with a score of 15, and 12 materials with a score of 14. The
bottom groups, with a score of 11 and 13, have two materials respectively. The most critical
materials are palladium and rhodium, while the least critical are steel and iron. Apart from
the materials in the list, the rest of the materials are considered not critical or yet to be

explored for the Malaysian economy.

Table 7. Material groupings that are critical to the Malaysian economy.

Materials

Symbol

Material
Security Score

Palladium, Rhodium

Gold, Platinum, Tellurium

Ammonia, Bromine, Indium,
Molybdenum, Niobium, Osmium,
Phosphate rock, Ruthenium, Strontium,
Thallium, Yttrium

Andalusite, Barium, Baryte, Borate,
Cerium, Dysprosium, Erbium,
Europium, Fluorspar, Gadolinium,
Gallium, Hafnium, Helium, Holmium,
Iodine, Iridium, Lanthanum, Lutetium,
Mercury, Natural rubber, Neodymium,
Nickel, Praseodymium, Promethium,
Samarium, Silicon metal, Tantalum,
Terbium, Thulium, Tin, Uranium,
Ytterbium

Aluminium, Antimony, Asbestos,
Bentonite, Beryllium, Bismuth,
Cadmium, Chromium, Cobalt,
Diamonds (unit in carat), Diatomite,
Germanium, Graphite, Kyanite, Lead,
Lime, Lithium, Mica, Rhenium,
Scandium, Silver, Soda ash, Talc,
Thorium, Tungsten, Vanadium
Arsenic, Boron, Copper, Feldspar,
Kaolin, Magnesium, Manganese,
Perlite, Selenium, Titanium,
Vermiculite, Zinc

Silicon, Zirconium

Iron & Steel

Pd, Rh
Au, Pt, Te

NH3, Br, In, Mo, Nb, Os, Ru,
Sr, Tl, Y

Ba, BaSOy, BO;3, Ce, Dy, Er, Eu,
Gd, Ga, Hf, He, Ho, Ir, La, Lu,
I, Nd, Ni, Pr, Pm, Sm,
Ta, Tb, Tm, Sn, U, Yb

Al, Sb, Be, Bi, Cd, Cr, Co, Ge,
C, Pb, Li, Re, Sc, Ag, Th, W, V

As, B, Cu, Mg, Mn, Se, Ti, Zn

Si, Zr
Fe

19
18

17

16

15

14

13
11
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4.2. International Comparison on Material Security

The international comparison of top 20 critical materials for various countries is shown
in Section 1.1. Malaysia was omitted since the data were not available in the literature but
were discovered during the analysis of critical materials. Table 8 compared Malaysia’s ten
key materials to those in the UK [21], the EU [24], India [11], Australia [27] and Japan [13]. It
can be seen that REEs dominate the list, with different ranks for different countries. This is
due to the specific reason that the materials are deemed important to the relevant country’s
economy, especially in relation to supply risk and material risk.

Table 8. International comparisons with Malaysia on top ten critical materials.

Rank Malaysia UK EU India Australia Japan
1 Palladium Gold Dysprosium Strontium Gallium Neodymium
2 Rhodium Rhodium Magnesium Phosphate Indium Dysprosium
3 Gold Mercury Samarium Potash Tungsten Indium
4 Platinum Platinum Gadolinium Vanadium Cobalt Niobium
5 Tellurium Strontium Rhodium Boron Niobium Tin
6 Ammonia Silver Tungsten Barium Manganese Silver
7 Bromine Antimony Neodymium Lithium Molybdenum Zinc
8 Indium tin Cerium Chromium Antimony Tantalum
9 Molybdenum Magnesium Holmium Molybdenum Lithium Manganese
10 Niobium Tungsten Lutetium Silicon Vanadium Cobalt

For Malaysia, the top five materials that are most important to the economy, and
possess the highest potential for material recovery, are palladium, rhodium, gold, platinum,
and tellurium. While for the UK, the top five materials for recycling selection are gold,
rhodium, mercury, platinum, and strontium, and for the European Union, dysprosium,
magnesium, samarium, gadolinium, and rhodium. Although the materials are varied, there
is one material that is considered critical for all of these countries, rhodium. For India, the
five top materials for recycling selection are strontium, phosphate, potash, vanadium, and
boron, while for Australia they are gallium, indium, tungsten, cobalt, and niobium, and for
Japan, neodymium, dysprosium, indium, niobium, and tin.

4.3. The Application of Malaysia’s Critical Material on Product Recycling Desirability

Product recycling desirability is exploited after Phase 4 is completed, since that output
becomes the vital input parameters. Equation (1) is used to calculate the product recycling
desirability index, Dpgsirapitity- The desirability recycling index for the selected product
considers the index of ease to disassemble the end-of-life product, and the product’s
material security and recycling technologies readiness index. For the Malaysian scenario,
product recycling desirability is utilised for the first time after the material security score
has been developed. Equations (1)-(4) on product desirability are consistent with [30] and
were used to calculate D pesirgpitity- For comparative purposes, a similar range of products
as those analysed by [30] were used in this paper. Table 9 tabulated the results obtained for
product recycling desirability based on importance for Malaysia’s economy. The individual
indices, in terms of the simplicity index, material security index, and recycling technology
readiness index, were shown for all of the products, together with the final score of the
recycling desirability index.
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Table 9. Products Recycling Desirability Index.
Material Technology Recycling
. . . . . 1 e Market

Product Simplicity Security Readiness Desirability Price (RM)

Desirability Desirability Index
Car battery 0.64 0.420 1.00 2.06 250.00
DVD-R 0.51 0.300 1.00 1.81 60.00
Mobile 0.38 0.466 1.00 1.85 550.00
phone
Desktop 0.25 0.520 1.00 1.77 1550.00
computer
Wind turbine
(100 kW) 0.78 0.002 0.60 1.38 24,000.00
Refrigerator ~ 0.51 0.051 1.00 1.56 1900.00
Coffee maker 0.52 0.020 1.00 1.54 100.00
Tire 0.55 0.370 1.00 1.92 200.00
Ergo chair 0.5 0.210 1.00 1.71 50.00
PET Bottle 0.92 0.000 1.00 1.92 0.30

Market price of the products (RM)

100,000

10,000

1,000

100

10

1.25

The entire distribution of products based on recycling desirability for Malaysia is
shown in Figure 2. The x-axis represents the recycling desirability index, and the y-axis
represents the price of the product on the market. Noteworthy is the fact that the products
distributed towards the right side of the x-axis of the chart are considered to have increasing
desirability and, as a result, should be given priority to be the best candidates for recycling.

Highly desirable products for recycling in Malaysia

X
Wind turbine
(100kWwW)

Refrigerator © Desktop computer

4 Mobile phone

Tyre ¢ Car battery

Coffee maker

Ergo chair
DVD-R

PET Bottle
1.5 1.75 2
Product recycling desirability index

Figure 2. Product distributions based on desirability for recycling for Malaysia.

For example, the car battery is the most desirable product for recycling consideration,
and the wind turbine would be the least preferred for recycling. There could be an occasion
where market price could be used as a second indicator for decisions. For example, both
tyres and PET bottles obtained 1.92 to be the next candidates for recycling preferences,
and it could be difficult to choose which one. Market price could be a second indicator at
this time. As PET bottles have a lower market price, tyres would be the choice. However,
this is not the only way, as other criteria could be included as well; such as the number of
recycling units collected for recycling or current demand for reclaimed recyclates.
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4.4. International Comparison of the Product Recycling Desirability Index

The product recycling desirability index for Malaysia is compared with other countries.
The product recycling desirability index indices for the UK, the EU, the USA, and India were
taken from earlier research [29]. Table 10 shows the comparative indices of the products
between those countries and Malaysia.

Table 10. Comparison of Malaysian products recycling desirability index with other countries.

Product Recycling Desirability Index

Product
Malaysia UK EU USA India
1 Car battery 2.06 2.08 1.65 1.79 1.73
2 PET bottle 1.92 1.92 1.92 1.92 1.92
3 Tire 1.92 1.55 1.86 1.55 1.55
4 Mobile Phone 1.85 1.95 1.76 1.56 1.93
5 DVD-R 1.81 191 1.54 1.52 1.81
6 Desktop Computer 1.77 1.83 1.72 1.85 2.25
7 Ergo Chair 1.71 1.50 1.68 1.65 1.64
8 Refrigerator 1.56 1.56 1.69 1.58 1.68
9 Coffee Maker 1.54 1.54 1.53 1.53 1.62
10 Wind turbine 1.38 1.68 1.68 1.71 1.74

Itis clear that car batteries and PET bottles are the most desirable products for recycling
consideration in all countries, and this is consistent for Malaysia too. It is not surprising
that car batteries are the most popular candidate for recycling, due to their lead and arsenic
contents and the readily available technology for recycling operations. The take-back
scheme, that offers monetary gain for returning car batteries for recycling, further boosts
the choice. While for PET bottles, desirability for recycling is due to the non-complex
product composition and mature recycling facilities. The third product on the list is the car
tyre, which is significant because natural rubber is critical for Malaysia, as it is for the EU,
but not for the UK or India. The wind turbine is considered the last product for recycling
in all the countries, but, among them, Malaysia obtained a particularly low score (1.38)
compared to others, ranging from 1.68 to 1.71. This is due to the fact that relevant recycling
technology is still at the laboratory stage. It is worth mentioning that a wind turbine was
included in the analysis only for comparative purposes. It is not a common product in use
in Malaysia.

5. Conclusions

This paper has successfully identified 89 materials for critical materials data relevant
to Malaysia, by considering material risk and supply risk for Malaysia. The indicators
used to assess material security are material scarcity, monopoly supply, political stabil-
ity, vulnerability to climate change, consumption level, substitutability, global warming
potential, and total material requirements. Based on the analysis, the top five insecure
materials for Malaysia are palladium, rhodium, gold, platinum, and tellurium. The Product
Recycling Desirability Model that was previously incompetent for Malaysia has now been
successfully utilised and it has revealed that car batteries, PET bottles, tyres, mobile phones,
and DVD-R are the most desirable end-of-life products for recycling in Malaysia. These
findings could be used as one of the strategic decision tools in prioritising products for
recycling in Malaysia, while the determination of critical materials could be used by local
authorities, companies, or relevant stakeholders as one of the important considerations to
boost recycling initiatives towards sustainable product consumption. The critical materials
data established in this paper has opened up a new research exploration perspective, in
which material security-related research can be pursued further, including, but not limited
to, chemistry, geology, and other material-related scientific disciplines. Although the data
are exhaustive, they are date-stamped to demonstrate that the materials’ criticality values
may vary in the future. In that situation, the criticality scores could be recalculated. The
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Product Recycling Desirability Model was used to determine the most effective product
for recycling. Although this model has worked well for many countries, it is not the only
way to use this data. The criticality data could be used for different recycling prioritization
models, which can be customised depending on the data input that is needed.
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Appendix A

Table A1. The full list of 89 critical materials for Malaysia.

Supply Risk Total Material Risk Total e 1s
Material Symbol PPy Criticality
SC MS PS SCC SR CL Sub GWP TMR MR Score
Palladium Pd 3 2 2 2 9 2 2 3 3 10 19
Rhodium Rh 2 2 2 2 8 2 3 3 3 11 19
Gold Au 3 1 2 2 8 3 1 3 3 10 18
Platinum Pt 3 2 2 2 9 2 1 3 3 9 18
Tellurium Te 2 2 2 2 8 2 3 2 3 10 18
Ammonia NH; 2 2 2 2 8 2 3 2 2 9 17
Bromine Br 2 2 2 2 8 2 3 2 2 9 17
Indium In 3 2 2 2 9 2 1 3 2 8 17
Molybdenum Mo 2 2 2 2 8 2 3 2 2 9 17
Niobium Nb 2 3 3 1 9 1 3 2 2 8 17
Osmium Os 2 2 2 2 8 2 2 2 3 9 17
Phosphate rock - 2 2 2 2 8 2 3 2 2 9 17
Ruthenium Ru 2 2 2 2 8 2 3 2 2 9 17
Strontium Sr 2 2 2 2 8 2 3 2 2 9 17
Thallium Tl 2 2 2 2 8 2 3 2 2 9 17
Yttrium Y 2 2 2 2 8 2 3 2 2 9 17
Andalusite - 2 2 2 2 8 2 2 2 2 8 16
Barium Ba 2 2 2 2 8 2 2 2 2 8 16
Baryte BaSOy4 2 2 2 2 8 1 3 2 2 8 16
Borate BO; 2 2 2 2 8 2 2 2 2 8 16
Cerium Ce 2 2 2 2 8 2 2 2 2 8 16
Dysprosium Dy 2 2 2 2 8 2 2 2 2 8 16
Erbium Er 2 2 2 2 8 2 2 2 2 8 16
Europium Eu 2 2 2 2 8 2 2 2 2 8 16
Fluorspar - 2 2 2 2 8 2 3 1 2 8 16
Gadolinium Gd 2 2 2 2 8 2 2 2 2 8 16
Gallium Ga 2 2 2 2 8 2 1 3 2 8 16
Hafnium Hf 2 2 2 2 8 2 2 2 2 8 16
Helium He 2 2 2 2 8 2 2 2 2 8 16
Holmium Ho 2 2 2 2 8 2 2 2 2 8 16
Iodine I 2 2 2 2 8 2 2 2 2 8 16
Iridium Ir 2 2 2 2 8 2 2 2 2 8 16
Lanthanum La 2 2 2 2 8 2 2 2 2 8 16
Lutetium Lu 2 2 2 2 8 2 2 2 2 8 16
Mercury - 2 2 2 2 8 2 1 3 2 8 16
Natural rubber - 2 2 2 2 8 2 2 2 2 8 16
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Table Al. Cont.

Supply Risk Total Material Risk Total POPT
Material Symbol PPy Criticality
SC MS PS SCC SR CL Sub GWP TMR MR Score

Neodymium Nd 2 2 2 2 8 2 2 2 2 8 16
Nickel Ni 3 2 2 2 9 2 1 2 2 7 16
Praseodymium Pr 2 2 2 2 8 2 2 2 2 8 16
Promethium Pm 2 2 2 2 8 2 2 2 2 8 16
Samarium Sm 2 2 2 2 8 2 2 2 2 8 16
Silicon metal - 2 2 2 2 8 2 2 2 2 8 16
Tantalum Ta 2 1 2 1 6 3 3 2 2 10 16
Terbium Tb 2 2 2 2 8 2 2 2 2 8 16
Thulium Tm 2 2 2 2 8 2 2 2 2 8 16
Tin Sn 3 2 2 2 9 2 1 2 2 7 16
Uranium U 2 2 2 2 8 2 2 2 2 8 16
Ytterbium Yb 2 2 2 2 8 2 2 2 2 8 16
Aluminium Al 2 2 2 2 8 2 1 2 2 7 15
Antimony Sb 3 2 2 2 9 2 1 2 1 6 15
Asbestos - 2 2 2 2 8 2 1 2 2 7 15
Bentonite - 2 2 2 2 8 2 2 1 2 7 15
Beryllium Be 2 2 2 2 8 2 1 2 2 7 15
Bismuth Bi 2 2 2 2 8 2 1 2 2 7 15
Cadmium Cd 2 2 2 2 8 2 1 2 2 7 15
Chromium Cr 1 2 2 2 7 2 3 2 1 8 15
Cobalt Co 2 2 2 2 8 2 1 2 2 7 15
Diamonds (unit in carat) - 2 2 2 2 8 2 1 2 2 7 15
Diatomite - 2 2 2 2 8 2 1 2 2 7 15
Germanium Ge 2 2 2 2 8 2 1 2 2 7 15
Graphite C 2 2 2 2 8 2 2 1 2 7 15
Kyanite - 2 2 2 2 8 2 1 2 2 7 15
Lead Pb 3 2 2 2 9 2 1 1 2 6 15
Lime - 2 2 2 2 8 1 2 2 2 7 15
Lithium Li 2 2 2 2 8 2 1 2 2 7 15
Mica - 2 2 2 2 8 2 1 2 2 7 15
Rhenium Re 2 2 2 2 8 2 1 2 2 7 15
Scandium Sc 2 2 2 2 8 2 1 2 2 7 15
Silver Ag 3 1 3 1 8 1 1 3 2 7 15
Soda ash - 2 2 2 2 8 2 1 2 2 7 15
Talc - 2 2 2 2 8 2 1 2 2 7 15
Thorium Th 2 2 2 2 8 2 1 2 2 7 15
Tungsten A 2 2 2 2 8 2 1 2 2 7 15
Vanadium v 2 2 2 2 8 2 1 2 2 7 15
Arsenic As 2 2 2 2 8 2 1 2 1 6 14
Boron B 2 2 2 2 8 2 1 2 1 6 14
Copper Cu 3 1 2 1 7 2 1 2 2 7 14
Feldspar - 2 1 3 1 7 2 1 2 2 7 14
Kaolin - 2 1 2 1 6 2 2 2 2 8 14
Magnesium Mg 2 2 2 2 8 2 1 2 1 6 14
Manganese Mn 2 1 2 1 6 1 3 2 2 8 14
Perlite - 2 2 2 2 8 2 1 1 2 6 14
Selenium Se 2 2 2 2 8 2 1 2 1 6 14
Titanium Ti 2 2 1 2 7 2 1 2 2 7 14
Vermiculite - 2 2 2 2 8 2 1 1 2 6 14
Zinc Zn 3 2 2 2 9 2 1 1 1 5 14
Silicon Si 2 2 2 2 8 1 1 2 1 5 13
Zirconium Zr 2 2 1 2 7 1 1 2 2 6 13
Iron & Steel Fe 1 2 2 2 7 1 1 1 1 4 11

SC—Scarcity, MS—Monopoly of Supply, PS—Political Stability, VCC—Vulnerability to Climate Change,

SR—Supply Risk, CL—Consumption level, Sub—Substitutability, GWP—Global Warning Potential, TMR—Total

Material Requirements, MR—Material Risk.
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