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The implication of fuzzy sets for energy transition critical

minerals modelling of World demand-supply projection
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SUMMARY

The low-carbon energy transition demands many minerals that are exhaustible. The success of potential
replacement of the current energy industry by a set of green-friendly technologies depends on the
availability of these minerals both in a global and regional sense. This research is representing the
specific assessment based on the limited list of minerals most important for low-carbon technologies:
wind, solar photovoltaic, concentrated solar power, hydro, energy storage, carbon capture and storage,
and geothermal. A probabilistic approach was applied for the estimation of both critical commodity
supply and various green energy transition technologies. There are 10 criteria were selected to describe
the demand-supply system and 17 metals estimated. A balanced demand-supply system was described
and calculated by the fuzzy set approach.
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Introduction

The low-carbon energy transition demands many minerals (mostly metals) that are exhaustible. The
success of potential replacement of the current energy industry by a set of green-friendly technologies
depends on the availability of these minerals both in a global and regional sense. There are many risks
of this process including supply limitations, concurrent demand from other industries, geopolitical and
environmental issues. There are many research and global forecast made by governments of developed
countries or global organizations (Hund et al., 2020; Assessment..., 2018; Critical..., 2020; Fortier et
al., 2018; Neumayer, 2000; Hanley et al., 1997). Consumption of commodities is not a linear function
of supply but a dynamic balanced demand-supply system that allowing the technology replacement of
some minerals by others, which have some constrains from the environment or geopolitical politics of
global market players. To form an objective mineral policy, countries need to understand the place and
characteristics of each mineral in the resource base (both global and regional scale).

This research is representing the specific assessment based on the limited list of minerals most important
for low-carbon technologies: wind, solar photovoltaic, concentrated solar power, hydro, energy storage,
carbon capture and storage, and geothermal. This list was expanded with traditional high-Carbon
emission technologies (coal and gas), as well as alternative nuclear. For the last 3 technologies, we used
the same fixed list of 17 commodities (Figure 1) but not included their basic commodity (coal, natural
gas/biogas and uranium respectively). So any interpretation of mentioned technologies is correct in the
part related to the usage of critical metals but not demonstrate the whole technology risk.
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Figure 1 Cross-reference of technologies and minerals critically demanded by. Column notations are
the following: CCS — carbon capture and storage, CSP — concentrated solar power, ES —energy storage,
SP — solar photovoltaic

A probabilistic approach was applied for the estimation of both critical commodity supply and various
green energy transition technologies. There are 10 criteria were selected to describe the demand-supply
system. Despite their statistical independence we reject the formal multiplication of probabilities but
used a more flexible fuzzy logic approach. All data involved in the estimation are loaded from open-
access statistical sources (Hund et al., 2020; Commodity..., 2020; British..., 2015).

Data and Method

Risk assessment of demand-supply system was based on an approach similar to the probability of
success (PoS) estimations traditional for petroleum (Davis, 1977). We selected the 10 criteria which
highlight the major risks of supply or demand in projection in the year 2050 listed in Table 1. For each
of the parameters, we develop the score in the range [0.5..1.0] which is relatively corresponding to the
PoS of availability of each metal for the World market including the existing risk. This integral score of
“availability index” (AI) will have a regional deviation, for example, geopolitical supply risks will be
low or absent for the world-dominant suppliers, such as China for many commodities and much higher
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for countries with high demand. But the global market mechanism potentially pushes the demand-supply
system to equilibrium in a long period perspective (over 20 years).
Table 1 List of parameters assessed as the indexes of availability

Parameter Index name

The absolute amount of metals used in the current period for energy Demand Al
Projected annual demand 2050 from energy technologies as a per cent to | Relative Demand Al
current

The number of technologies where there is a need for individual metal Technology Al
Cumulative emissions CO. which is associated with the metal production | Emission Al

Period of reserves availability Reserves Al
Number of countries that produced at least 1% of metal world production | Diverse Country Al
Countries with max part of annual metal productivity Dominant Country Al
The abundancy of metal in Earth crust Abundancy Al
Relative recycling rate Recycling Al
Potential to be replaced by other commodities Sustainable Al

We were estimated several scenarios with a different number of input parameters and their
combinations. The basic scenario represented by the product of the most of parameters excluding the
recycling and technology replacement is representing the “worst” case where is all factors has equal
weight and a high impact on the availability. Despite formal simplicity (to success the system all
elements might exist) such an approach has ground doubts in the significance of the factors and impact
weight. Furthermore, we need to account for compensative mechanisms like the growth of recycling
when supply scarcity (if possible) or technology modification due to using another material (not only
natural). Thus we presenting a balanced demand-supply system (Figure 2) calculated by the fuzzy set
approach. The fuzzy set now is widely applied in mineral prospectivity modelling (An et al., 1991;
Porwal et al., 2003; Li et al., 2020; Esmaeiloghli et al., 2021).
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Figure 2 Fuzzy logic algorithm schema for estimation of the probability of success for commodity
availability

In the schema we showed, parameters related to the demand and supply system were estimated
independently with the different fuzzy operator. In the first step, all parameters were grouped in “the
closest” pairs and operators FUZZY OR and FUZZY AND (means MAX or MIN function) were applied
to select the more probable factor. Only one exclusion was applied for pair of Technology Al (dependent
on a number of competitive technologies) and Sustainable Al (dependent on the potential of replacement
which is higher for a big number of technologies). Here we used the FUZZY SUM which is usually
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increasing a score (reducing existing risks in sum). In the second stage, five probability of success (PoS)
were combined to found the most critical between technological progress and environmental constraints
issues and then define the final demand and supply systems as a product of calculated factors (rule “all
elements exists”). The final calculation was made by the FUZZY GAMMA operator which is defined
as a product of FUZZY SUM and FUZZY product:

teamma = [(sum)? X (Mpropucr) ] (1)
where is parameter gamma should balancing the “best” (factors could compensate each other) and
“worst” (factor’s risks multiplication) cases.

Minerals Relative supply risk
Alurniniur I ]  Exr— - |
Chromium, I _ 4300 950

Cobalt o
Copper NN T ———— | Demand System
Graphite ||
Indium I [ 04753 10002
Iron [ | E—
Leod I | — Supply System

Lithium |
Manganese NG e 03591 09574

Molybdenum N D e
Nicke! | I | [ ————
e I | i =
siver N [ ]

B I I T —

Vanadium [N
D P | )  E—
070 075 080 085 090 095 10002 03 04 05 06 07 08 09 02 03 04 05 06 07 08 09
DS_Sum DS_Product DS_Gamma

Figure 3 Results of fuzzy estimation for a demand-supply system with gamma variable 0.1 for critical
minerals. DS Sum shows the relative sum of demand and supply risks, DS product — its multiplication.
Green-yellow-red colours corresponding to the British Geological Survey relative supply risk
estimation (British..., 2015)
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Figure 4 Distribution of estimated probability of availability success for critical minerals by World
Bank demand risk categories and cross-cutting classification (Hund et al., 2020)
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Results and Conclusions

The results of the discussed scenario are presented in Figure 3 with a gamma variable equal to 0.1 (worst
case). Components of the FUZZY GAMMA operator were shown with a highlight of demand and
supply systems scoring. In the final result (third column) we are shown a comparison with relative
supply risk estimation by the British Geological Survey. In general, if compare just our supply system

Geoinformatics 2021
11-14 May 2021, Kyiv, Ukraine



INFORMATICS 2021 EAGE

success with BGS supply risks the estimations relatively close despite differences in method and input
parameters. But results for the full demand-supply system have a significant difference for some
commodities:

1) There are 3 most risked commodities (cobalt, lithium and graphite) last two of them are required
by energy saving (battery technologies). It is a high chance that government and private
companies policy will support any alternative technologies with the replacement of these
metals;

2) High risked scarcity of Indium could be covered or by technology shift or reserves growth;

3) There are some risks with cross-cutting metal (World Bank classification), especially with iron
and aluminium (Figure 4) which consumption is high and production causes a high
environmental impact.
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