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Critical materials are defined by the potential for
scarcity or supply chain disruption and lack of direct
substitutes. This briefing note discusses the factors
that contribute to material criticality and how they
have been used to assess or quantify material
criticality in existing studies. We go on to discuss how
these factors might be used in the assessment of
material criticality for low carbon infrastructure
transitions.

Introduction
This briefing note is the first in a series of concise
summaries of key issues affecting the vulnerability of
low carbon infrastructure transitions in the UK to
critical materials. It contributes to the development of
an enhanced ‘stocks and flows’ model1 of materials
flows that includes measures of criticality and material
properties. This enhanced model will allow users to
evaluate the material barriers to achieving adaptable,
low carbon infrastructure.

This note is concerned with the assessment of material
criticality and the application of material criticality
assessment to low carbon infrastructure transitions. It
is principally concerned with non-energy minerals so
does not consider fossil fuels or uranium.

What makes a material critical?
There have been a number of recent studies that
attempt to assess the criticality of raw materials in a
specific geographic region [1,2,3]. Most assessments

1
Stocks and Flows Modelling and its application to

infrastructure is discussed in Undermining Infrastructure
Briefing Note – Stocks and Flows Modelling

seek to capture both the vulnerability of the economy
to a potential supply disruption, and the risks to the
supply chain. Recent assessments have tended to move
away from assessments of geological depletion (or
resource scarcity) to consideration of supply risks, such
as physical interruptions to the supply, market
imbalances or governmental intervention [4]. Any of
these supply risks might lead to real supply disruptions;
however the vulnerability to these disruptions, in terms
of production delays or underachievement of societal
goals is highly dependent on the specific technologies
and geographic regions studied and may vary from case
to case. A number of factors contributing to supply risk
and vulnerability are described below.

Geological Reserves
Earlier studies of material criticality principally analysed
the future supply and demand of individual metals or
minerals, with a focus on long term geological depletion
of high quality ores. There has been a great deal of
debate as to whether sources of particular metals
materials will ever become exhausted [5] but this has
not been central to more recent assessments of
criticality. One of the principal reasons for this is the
uncertainty associated with estimates of the availability
of materials.

The United States Geological Society (USGS) has
historically reported estimates for the geological
availability for a wide range of minerals and metals [6].
Availability is reported as reserves – the part of the
reserve base currently economic to extract – and the
reserve base – the potential resources that could be
extracted in the future if production costs decrease or
prices increase. Both measures will change over time as
the costs of extraction and price of materials change.
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Neither measure captures the ultimately recoverable
resource2 or gives a quantitative probability that all
reported material will be produced, which are common
to assessments of oil resources [7]. This is particularly
pertinent in relation to materials that are mined as a
by-product of more abundant materials3, where the
economics of resource extraction and probability of
reserve extraction are driven by the economics of the
principal material.

Therefore, recoverable reserves and reserve base do
not provide reliable indicators of future availability.
Moreover there is no current estimate of the ultimately
recoverable resource for any of the metals and minerals
of interest which could provide an understanding of the
limitations of geological availability on future potential
production.

2
The ultimately recoverable resource includes resources that

have yet to be discovered, in contrast to the reserve base,
which includes only resources that have been demonstrated.
3 For example cobalt, which is mined as a by-product of
copper and nickel

Despite the uncertainty associated surrounding
geological availability an understanding of the balance
between anthropogenic stocks (stocks in-use and stocks
in landfill) and environmental stocks (which could be
estimated from reserves) could give an indication of the
relative potential to increase the flow from the
environment to anthropogenic stocks (production) in
the future.

Geopolitics
The geographic concentration of materials can act as a
barrier to supply for a number of reasons. The
production concentration of the 14 raw materials
identified as critical by the EU is presented in Figure 1.

Supply can be affected by political instability in the
country of production. For example, over 40 percent of
cobalt is mined in the Democratic Republic of Congo
[6], which is considered to be extremely politically
unstable, which places the supply of this material at
risk. Indeed, the political instability and resulting
ongoing humanitarian crisis in the Congo and in other
locations cannot be decoupled from the great

Figure 1: Production concentration of EU critical raw materials by source country [1]
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geopolitical interest in the mineral wealth of the
country.

The allocation of the benefits from the supply chain of
critical materials, from extraction to use (and in some
cases to recycling and waste disposal) have crucial
ramifications for human rights and socio-political
conditions, now and in the future.

There is potential for producing countries to pursue
industrial strategies to reserve resources for their
exclusive use though trade restrictions, taxations and
investment policies.

This is particularly true in nations considered to be
emerging economies, which place considerable demand
on these supplies for development and economic
growth within their own countries. This is caused
predominantly by increasing internal demand for
products and infrastructure that relies on these
materials. However, demand is also caused by strategic
stockpiling of materials for future use.

For example; China has tightened restrictions on Rare
Earth metal exports, calling a two month halt on
shipments to Japan in Autumn 2010 and a shorter
restriction on exports to the US and EU. China has
imposed export taxes on Rare Earth metals since 2006
(15 percent on ‘light’ and 25 percent on heavy Rare
Earth Metals) and recently announced that it would be
increasing this tax further4 .

It is important that the potential for geo-political issues
to restrict supply is taken into account when making
assessments of supply risk. The level of concentration
of worldwide production5 is often used in combination
with a measure of political and economic stability6 to
assess risks from geo-politics.

Environmental Impact
The production of metals from metalliferous minerals
can have significant environmental impacts as a result
of pollutant discharge to air land and water and waste
production [8]. In addition to these impacts, production
processes consume a great deal of energy and water.

4
http://www.nytimes.com/2010/12/15/business/global/15ra

re.html?_r=2&hp
5 Measured using the Herfindahl-Hirschman Index (HHI)
6

Such as the World Banks Worldwide Governance Indicators

The predominant source of energy for mining processes
is fossil fuels, which creates greenhouse gas emissions.
Mining and processing of minerals contributes over
three percent7 of global greenhouse gas emissions.

Future energy requirements and associated greenhouse
gas emissions from primary metal production from ores
are likely to increase significantly as a result of declining
ore grades and harder to reach ore seams [9]. For
example, the current copper ore grade (0.8 percent)
requires 95MJ/kg copper for primary production. If the
ore grade declined to 0.1 percent the energy required
would increase to 600MJ/kg assuming there is no
advancement in technology [10].

In parallel to increasing environmental impacts,
environmental regulation is becoming increasingly
strong as a result of international treaties. The
incorporation of the costs of increasing environmental
impacts into material prices is likely to further increase
commodity prices. In addition, increasing resistance
against the social and environmental impacts of mining
is presenting a barrier to development of new reserves,
restricting the release of new supplies.

Both the environmental impact and the risk from
environmental regulation have been used to consider
the potential supply risks from environmental issues.

Increasing Demand
A number of emerging technologies rely on materials
that have been identified as potentially critical [1,2,3].
These emerging technologies are significant because
they have the potential to contribute to future
economic growth or because they are central to global
decarbonisation strategies. The scale and programme
of roll out of emerging technologies is unprecedented
as is the reliance of future growth or decarbonisation
on specific technologies and materials. The substantial
and rapid increase in demand created by this roll out
poses a risk that current rates of production will be
unable to meet demand.

It is important to note that infrastructure transitions
can that increase demand for materials not previously
considered as critical can induce criticality, owing to the
enormous physical scale of infrastructure and the

7
SEI 2011 based on GTAP data
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significant increases in material demand that result. For
example moves toward using low carbon reinforce
concrete will significantly increase demand for stainless
steel (and materials required to product stainless steel,
including chromium). In combination with demand for
stainless steel for nuclear new-build this could lead to
criticality in chromium supply.

The reliance of an organization or nation on the supply
of a particular material can leave it vulnerable to any
supply disruption. This reliance is often measured as
the gross value added (GVA) generated by a sector that
uses the material.

The increase in demand is either considered as a driver
for vulnerability (since the future economic growth or
decarbonisation depends on it) or as a driver of supply
risk. Increased demand is often accounted for as a
proportion of current production.

Substitutability
Traditional economic theory would suggest that
materials at high risk of supply disruption or whose
price has increased significantly would be substituted
for a material that posed a lower risk and was available
at a lower cost. However, the specific and often unique
properties of some raw materials mean that finding an
alternative element or material to perform the same
function as efficiently as the original material can take
years or be impossible. An example of this is the use of
Rare Earth Metals (REE) in high strength magnets. REEs
have one of the highest retention of magnetic
properties at high temperature, which allows the
production of small, high strength permanent magnets.
Substitution with another material would reverse the
progression towards smaller, lighter magnets.

In some cases, the specific properties of the critical
material are not substitutable within the current
technological configuration (for example the limitations
on substitution of platinum in conventional automobile
engines). In these cases, it is necessary to amend or
substitute the product or technology function itself to
avoid supply risk. The substitutability of a material
provides an indication of the ability of the system to
avoid supply risks. Substitutability can include
substitution of an element, material, product or
function but most studies consider substitution of an
element and/or material.

Recyclability
Metals are never totally consumed, just transferred
between forms. In theory, the properties and services
of a metal could be provided ad infinitum and complete
recovery should be possible from manufacturing wastes
or from products that have reached the end of their
useful life. If this were the case then supply risks from
extraction of primary resources could be reduced. In
reality, recycling poses a number of challenges and the
potential to replace primary materials varies
dramatically between metals. For example; metals used
concentrated, easy to recover forms (for example, lead
in batteries or steel in cars) or where the metal is
extremely valuable (for example, gold in electronics)
demonstrate high recycling rates. Over 50 per cent of
gold and lead are recycled from end of life products
[10].

In contrast, where materials are used in small
quantities in complex products (for example, tantalum
in electronics) or where the market value of the
material is low in comparison to the cost of recovery
(for example, lithium) recycling is more challenging.
This is reflected in the low recycling rates of many
metals assessed to be critical, such as tantalum and
neodymium, both of which have end of life recycling
rates of less than 1 per cent [11]. This is a particular
problem in alloying element, which are extremely
difficult to recover from alloys and are effectively lost
to the system. We may require a change of approach to
recycling of alloys/components as well as elemental
metals.

The recovery of materials from in-use stocks can reduce
the vulnerability of a system to primary material supply
risks so should be included in assessments as a factor
that could reduce risk.

Assessing/quantifying Material
Criticality
Assessments of material criticality have taken a wide
range of approaches to quantifying and aggregating the
factors of criticality described above [4]. Quantification
is highly dependent on the availability of data and
aggregation is dependent on the relative importance of
individual factors, which is in turn highly dependent on
the studied system and the timescale over which
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criticality is being assessed. A particular challenge of
quantification of material criticality is the dynamic
nature of the factors contributing to assessment. A
static assessment of criticality does not take into
account the evolution of factors over time.

Assessments of material criticality have tended to
quantify a number of the factors described above and
to aggregate the individual quantifications into a single
index or into a two or three dimensional matrix [1,2,3].
Figure 1 presents an example of a matrix.

Where matrices are used the factors are grouped into
those that affect supply chain risks and this that affect
the vulnerability of a system. The allocation of factors
can vary between assessments, which can affect the
identification of critical materials [11]. It is important
that quantification and aggregation are clearly
described and robustly justified.

Few assessments have dealt with the dynamics of
criticality, despite the fact that the factors (and often
the relative importance of the factors) change over
time. It is important that the dynamics of emerging
supply risk, adaptation measures and the latency of the
effects at different scales are taken into account.

Application to this project
Assessment of material criticality for low carbon
infrastructure transitions will require consideration of
both the supply risk over the period of transition and

the vulnerability of the infrastructure system to supply
disruptions.

Assessment of supply risk is well documented and
defined and is predominantly independent of the
system studies. The criticality assessment framework
developed for the project will need to adapt current
assessment methodologies to ensure they are dynamic
to allow assessment over varying periods of
infrastructure transition. It would be desirable to
include the following supply risks in the assessment
framework:

 Constraints on increasing production (including
restrictions of physical reserves and infrastructure);

 Constraints caused by geopolitics (including
competition and stability);

 Constraints caused by environmental impact or
regulation; and

 Potential to reduce risks through substitution or
local recycling.

The vulnerability of the system studies to supply chain
disruptions is very sensitive to the scale of the
transition and the nature of the system studied.
Defining indicators for vulnerability will be challenging
but could include consideration of:

The adaptability of the transition planned – how flexible
is the scale of roll out or the technology used?

The reliance of the end goal on the transition planned –
how much does decarbonisation rely on this
infrastructure?

What proportion of the costs of the transition would be
affected by an increase in material price?

What is the scale of the scheme relative to the supply
of materials?

Each factor will need to have a quantitative system of
assessment to allow comparison of different metals
and infrastructure transitions. These quantitative
assessments will then need to be combined into either
an index or a matrix (for example, using the two
principal dimensions of supply risk and vulnerability).

Figure 1: US Department of Energy Medium Term
Criticality Matrix [2]
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