
Chapter 2
Resources. Production. Depletion

Wojciech Stanek, Alicia Valero, Guiomar Calvo
and Lucyna Czarnowska

Any activity around the world as well as further development of humankind relies
on natural resources. The primary deposits, which represent the work that nature
offers us, are essential for current and future civilizations. There are several
examples of ancient civilizations that collapsed due to the depletion of local natural
resources; the most significant include depletion of the forests in Easter Islands, the
depletion of fresh water in Central America or the depletion of the agricultural areas
in South-East Asia [1]. Nowadays, these examples should not be underestimated
and a rational resource management should be enhanced.

Primary resources are used within the chains of interconnected production
processes, where they are transformed into final useful products. Rational man-
agement of resources is dependent on the efficiency of particular production pro-
cesses, as well as on the efficiency of the whole production system. These
efficiencies are evaluated based on the physical laws and take into account the real
losses in the components of the production systems. The economy and ecology of
natural resources management is directly related to these losses.

Primary resources can be divided into non-renewable and renewable ones.
Non-renewable natural resources include the following groups:
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• primary energy sources in the form of fossil fuels (hard coal, lignite, crude oil,
natural gas),

• primary metallic sources (metal ores),
• construction and building materials (e.g. gravel, clay, sandstone, limestone,

granite, basalt).

Solar energy, wind, waves, water, geothermal and biomass energy are consid-
ered renewable. In general, the usage of renewable energy is not loaded with the
burden of apprehension of resources exhaustion. Yet biomass can be an exception
to this, since in the case of wood biomass, if the degree of regeneration is lower
than one it should not be qualified as renewable.

Non-renewable primary energy resources as coal or crude oil also come from
solar energy; however, they were formed millions of years ago. Their usage is
connected with several constraints as limited accessibility, the possibility of
exhaustion in a relatively short time, or rejection of different harmful wastes during
transformation. Moreover, it should be pointed out that part of them are localized in
rather unstable regions of the world.

Despite of the significant progress in renewable power technologies, the majority
of production is still based on non-renewable energies. Additionally, industrial
activities are strongly connected with the utilization of non-energy non-renewable
raw materials such as metal ores. In this case, contrary to primary energy sources,
the recovery and recycling processes are possible. Moreover, they can significantly
extend the lifetime of those resources.

Non-renewable resources are depleted faster when the degree of national or
regional development is higher. Additionally, enhancement of consumption is one
of the important factors accelerating the depletion of non-renewable resources.
There is a good correlation between the indices characterizing human development
and per capita energy consumption. Such correlation can be illustrated by the
Human Development Index (HDI) dependent on electricity consumption per capita
[2]. The dependence is presented in Fig. 2.1.

Fresh water is a fundamental natural resource which is necessary for human life.
Water covers 71% of our planet’s surface, but 97% of it is in oceans, in the form of
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Fig. 2.1 Dependence of HDI index on electricity consumption (based on [2])
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saline water. About 3% is fresh water, whereas only 0.5% can be considered as
drinking water (see Fig. 2.2).

The water deficit issue becomes more severe every year. Water scarcity issue is
observed when annual water supplies drop below 1000 m3 per person and year. In
1955 there were only five countries with such a problem, 35 years later in 1990,
there were 13 countries affected, and currently more than 40 countries face this
issue. By 2025, 1.8 billion people will be living in countries or regions with
absolute water scarcity [2–4].

Production of consumer goods, connected with energy carrier transformation, is
always accompanied by the generation of harmful waste products (gas, solid and
liquid) discharged into the environment, leading to losses in the environment.
Prevention or compensation of these losses leads to an increased demand of
non-renewable natural resources. These expenses can be considered as external
environmental costs of the human activity, resulting from the necessity of com-
pensation of losses which arise due to the rejection of harmful waste substances [5,
6]. These losses occur within the following areas: human health, losses in infras-
tructure and losses in agriculture and forestry. Moreover, compensation of these
losses requires an additional demand of resources, e.g. for construction and

Fig. 2.2 Characteristic of water resources
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operation of the cleaning installations [5, 7]. The dependence between the cost of
environmental losses and cost of protection is schematically shown in Fig. 2.3.

The unfavourable influence of human activity upon environment may be divided
into the following groups:

1. depletion of limited non-renewable natural resources,
2. emission of harmful substances to the environment.

Fig. 2.4 Monetary value of resources (a) gold in USD per troy ounce, (b) copper in USD per
pound (c) crude oil in USD per barrel
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Different natural resources are characterized by different qualities, this is why it
is necessary to determine the common measure of the quality of resources.
Frequently, the quality of resources is evaluated incorrectly using only pure mon-
etary values. However, prices are subject to market and political arbitrariness, and
they are not dependent on the fixed quality of resources (see Fig. 2.4).

Usefulness and quality of natural resources can be alternatively assessed through
physical parameters. In the case of primary energy resources, those parameters
include the composition of fuels, first of all characterizing the content of com-
bustible elements capable of producing heat in exothermic chemical reactions.
Primary non-energy resources (e.g. metal ores) can be regarded as more valu-
able from a physical point of view when the concentration of the considered ele-
ment is higher (e.g. copper element in copper ore) in comparison with the average
concentration in the Earth’s crust. It should be pointed out that the higher is the
concentration, the lower is the energy required to separate the element from its ore.
In both cases, thermodynamics offers a method based on the first and second law to
measure quality, through property exergy [5, 6, 8–10]. The concept of exergy will
be discussed within the next chapters as a useful thermodynamic tool to measure
sustainable management of natural resources. The following section of this chapter
is devoted to describing the physical features of natural resources.

2.1 Characteristics of Primary Energy Resources

Energy is fundamental to human society for many activities including agriculture,
residential and service, transportation and communication. To avoid double
counting, energy supply is usually splitted into two categories: primary energy,
which consists of the energy entering a system, and secondary energy, which is the
energy that is transformed within the system, such as electricity. According to the
International Energy Agency (IEA) [11], primary energy is defined as the direct use
of energy which has not been subjected to any conversion or transformation pro-
cess. This category includes the main commercial fossil fuels (coal, natural gas and
oil) along with biofuels, nuclear, hydro and renewable sources such as geothermal,
solar, wind, etc.

Historically, fossil fuels have had the leading role as primary energy sources. It
is a fact that fossil fuels continue nowadays to maintain the present state of civi-
lization as they heat and cool buildings, are used for most of the electricity gen-
eration worldwide and mobility still relies mostly on them. They also move industry
and are used to build the infrastructures on which humankind relies.

As it was mentioned above, energy resources can be divided into renewable and
non-renewable. Within the first group, coal, oil and gas are mainly taken into
account. Renewables include geothermal energy, solar energy and other forms of
energy derived from solar energy which do not require long range of time to
regenerate. Operation of power systems supplied by renewable energy requires also
some consumption of non-renewable resources, e.g. in the stage of construction or
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for transportation purposes. Usage or transformation of energy carriers can be
analyzed at different stages or within the different balance boundaries. Usually the
following stages, which are presented in Fig. 2.5, are considered within the energy
transformation.

Three characteristic stages of energy resources usage are usually taken into
account:

1. Primary energy (Ep)—energy extracted from nature in the non-renewable or
renewable form.

2. Final energy (Ek)—energy bought in order to supply the demand for useful
energy: electricity, heat, chemical energy of fuels.

3. Useful energy (Eu)—energy required to support human live and to develop the
human activity: mechanical work, heat, light, sound, chemical energy of food,
etc.

As it will be presented in the next chapters of the book, the assumption of the
level or balance boundary can be fundamental for the results of analysis. Especially,
it is important when systems are fed simultaneously with non-renewable resources.

Basic energy parameters characterizing fuels are the lower heating value
(LHV) and higher heating value (HHV). The definitions are given below [12]:

The LHV (lower heating value) of a fuel is the amount of heat released when a
specified amount of fuel (usually a unit of mass) at room temperature is completely
burned, and the combustion products are cooled to the room temperature when the
water formed during the combustion process leaves as a vapor.

The HHV (higher heating value) of a fuel is the amount of heat released when a
specified amount of fuel (usually a unit of mass) at room temperature is completely
burned and the combustion products are cooled to the room temperature when the
water formed during the combustion process is completely condensed and leaves as
a liquid.

Fig. 2.5 Energy transformation levels
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LHV and HHV are mainly dependent on the fuel composition. Tables 2.1, 2.2
and 2.3 provide average values of selected fuels as an example.

The composition determines the energy value of the fuel and hence its quality.
On the other hand, the fuel characteristics and the technology within which the fuel
is used, determines the generation of different harmful substances as well as
greenhouse gas emissions. Data on usual emissions derived from fossil fuels are
presented in Tables 2.4, 2.5 and 2.6.

2.2 Production and Consumption Trends of Primary
Energy

Within this section, the basic information on production and consumption of pri-
mary energy resources are presented. Additionally, some statistics concerning
electricity and CO2 emissions are provided. Figures 2.6 and 2.7 show the change in

Table 2.1 Characteristics of selected coals [57]

Component Energy coals Special coals Coke Lignite

gi (%)

C 45.9 58.7 61.5 58.0 62.6 64.6 71.5 78.7 26.1

H 3.1 4.3 4.0 3.9 4.0 4.3 3.9 0.8 1.9

N 0.9 1.1 1.1 1.1 1.1 11 1.0 1 1.2

O 8.9 8.0 7.8 9.2 6.8 5.2 1.4 1.5 10.0

S 1.2 0.9 0.6 0.8 0.5 0.8 0.7 0.8 0.5

W 20.0 7.0 5.0 7.0 5.0 4.0 1.5 2.2 51.7

P 20.0 20.0 20.0 20.0 20.0 20.0 20.0 15 8.6

LHV
(MJ/kg)

17.4 22.0 24.4 23.0 24.7 25.7 27.0 29.2 7.8

Where: gi—mass fraction of i-th component, W—moisture, P—ash

Table 2.2 Characteristics of selected fuel oil [57]

Component Mazut Heating oil Petroleum

gi (%)

C 87.4 85.0 85.5

H 11.2 11.0 14.5

S 0.5 2.0 –

O 0.9 0.6 –

N – 0.4 –

W – 1.0 –

LHV (kJ/kg) 43,100.0 39,300.0 43,100.0

Where: gi—mass fraction of i-th component, W—moisture

2 Resources. Production. Depletion 13



electricity consumption over the years 1985–2013. During this period, the average
electricity consumption in the world increased by about one and a half times
compared to 1990, while in China the increase was significantly higher—over four
times. The increasing demand for non-renewable fossil fuels and the growth of
harmful substances released to the environment is a direct consequence of both:
growing increase in demand for electricity and overall consumption [3].

Figures 2.8, 2.9, 2.10, 2.11, 2.12 and 2.13 present the changes in the con-
sumption of oil, natural gas and coal in the world taking into account years
1965–2013.

Table 2.3 Characteristics of gaseous fuels [57]

Component Natural
gas

Natural
gas

Coal bed
methane

Coke-oven
gas

Blast-furnace
gas

zi (%)

CO – – – 7.3 28.5

H2 – – – 54.6 2.0

CH4 92.0 65.0 48.6 22.7 0.3

C2H6 0.7 – 1.0 – –

C3H8 0.6 – 0.2 2.8 –

C4H10 and
higher

0.7 – 0.2 – –

CO2 – – – 3.0 11.0

O2 – 7.4 – 1.5 0.2

N2 6.0 27.6 50.0 8.1 58.0

LHV (kJ/k mol) 778,300 521,900 413,000 375,100 87,900

Where: zi—molar fraction of i-th component

Table 2.4 Typical values of lower heating value and specific CO2 emissions of fuels [58]

Fuel Carbon content in
fuel (cf) (%)

CO2 emissions lCO2 f

(kg CO2/kg fuel)
Lower heating value
LHV (kJ/kg)

Natural
gas

75 2.75 49,000

Diesel oil 83 3.05 42,500

Fuel oil,
0.7%S

86.5 3.17 41,500

Fuel oil,
2%S

85 3.12 41,000

Peata 58 2.13 7800

Lignitea 64 2.35 24,000

Coal 80 2.93 30,000
aData are valid for fuels with no moisture and ash
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Fig. 2.6 Electricity consumption divided by regions of the world (based on [16])

Fig. 2.7 World’s electricity consumption (based on [16])

Fig. 2.8 Oil consumption divided by regions of the world (based on [16])
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In all cases (Figs. 2.8, 2.9, 2.10, 2.11, 2.12 and 2.13), an increase in con-
sumption of non-renewable primary fuels is observed. In the case of oil, the average
world consumption increased 2.5 times during the considered period; while the
highest increase of consumption (seven times higher than in 1980), was observed in
the Asia-Pacific region. Only in Europe and Eurasia oil consumption decreased

Fig. 2.9 World’s oil consumption (based on [16])

Fig. 2.10 Natural gas consumption divided by regions of the world (based on [16])

Fig. 2.11 World’s natural gas consumption (based on [16])
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between 1980 and 2000. After 2000, a slight upward trend was observed.
A relatively strong increase was observed in the case of natural gas consumption. It
should be noted that between 1965 and 2005 world consumption has increased
almost six times. This is the highest growth among fossil fuels. In Europe and
Eurasia the relative increase in gas consumption was particularly high—almost
seven times. In the case of coal, the average world consumption increased almost
twice, and in the Asia Pacific region, it increased more than six times. Between
2000 and 2013 very rapid increase in coal consumption in China was observed
(Fig. 2.12). The opposite trend is observed in the region of Europe and Eurasia.

Figure 2.14 shows historical data on cumulative fossil fuel extraction [13],
represented in million tonnes of oil equivalent for simplification purposes.

As reflected in Fig. 2.14, over the last century the extraction of fossil fuels has
been increasing almost exponentially, and especially striking is the case of oil. In
2014, the main oil producing countries were Saudi Arabia, Russia and United
States, accounting for 12.9, 12.7 and 12.3% of the total world production,

Fig. 2.12 Coal consumption divided by regions of the world (based on [16])

Fig. 2.13 World’s coal consumption (based on [16])
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respectively. Regarding natural gas, the Middle East as a whole accounted for
17.3% of the total world production, along with the United States and Russia,
which accounted for 21.4 and 16.7%, respectively. Last, in the case of coal, it is
noteworthy that approximately 47% of the total world production was centered in
China, highlighting that it is a country that is growing rapidly at the expense of
producing significant amounts of coal and with coal-based industries. China pro-
duction is followed distantly by the United States with a share of 12.9% of the
world production.

When analyzing the primary world energy consumption by fuel type from 1965
to 2014 (Fig. 2.15), it can be stated that again oil, coal and natural gas account for
the vast majority but still, the relevance of hydro, nuclear and especially renewable
sources has experienced a burst in the last few decades.

Additionally, there are other types of fossil fuels consumed, the so-called
non-conventional fossil fuels, that require extra processing such as those derived

Fig. 2.14 Cumulative fossil fuel extraction at world level from 1900 to 2014 (based on [13])

Fig. 2.15 Cumulative primary world energy consumption by fuel type from 1965 to 2014 (based
on [13])
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from shales, heavy oils and sands. Still, their contribution to the world total energy
is very low, this is why they are going to be considered separately (Fig. 2.16).

The main producer of non-conventional fossil fuels, taking into account
unconventional gas, is the United States, with an average share of 77.6%. When
compared to the total world production of oil, natural gas and coal, production of
unconventional gas accounted for 4.2% in 2012.

Figure 2.17 shows the distribution of the world energy consumption in 2014.
The main energy consumption (87%) came from coal, natural gas and oil. In the
case of renewable energy, the main sources were solar, wind and biomass,
accounting for less than 2% of the world total energy consumption. Of the
1,400 TWh consumed at world level coming from renewable sources, approxi-
mately 39% were consumed in Europe and Eurasia, 28% in Asia Pacific and 23% in
North America.

Additionally, world energy consumption by sources can be analyzed. All these
commodities have experienced a continuous increase over the last few decades,
being the average annual growth rate 3%. China oil consumption accounted for
3.2% of the total share in 1985 while in 2014 it accounted for almost 12.5%.
Meanwhile in Europe and Eurasia, the oil consumption was considerably reduced
during the same period of time, going from 1,085 to 859 million tonnes.

Fig. 2.16 Non-conventional fossil fuel production (based on [19])

Fig. 2.17 World primary energy consumption share in 2014 (based on [13])
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Information regarding the consumption of solar, wind, biomass, hydro and
nuclear energy is presented in Fig. 2.18 Nuclear energy is the only source that has
experienced a decrease since 2007, and almost at the same year hydroelectricity
consumption began to increase. In the case of renewable energies, solar and wind
have experienced the highest increases in recent years. The consumption of solar
energy almost doubled from 2012 to 2014. Still, biomass consumption has been
increasing, but more constantly than the other sources.

This increase of the total share of renewable energies can be observed at global
level but also at regional level. According to Eurostat [14, 15], the primary pro-
duction of renewable energy within the EU-28 in 2013 accounted to approximately
24.3% of the total primary production from all sources, and this number has
increased almost to 85% from 2003 to 2013, with an average increase of 6.3% per
year.

One of the most significant problems of primary energy resources transformation
is emissions of greenhouse gasses (GHG). Figures 2.19 and 2.20 show the change
in CO2 emissions in the period between 1980 and 2013. The total global CO2

emission is growing up. In the Asia Pacific region, the largest growth of CO2

emissions is observed. This is a direct effect of the upward trend of the coal
consumption in the region. In Europe and Eurasia, a reduction of CO2 emissions
has been observed between 1985 and 2013. The world average CO2 emission per
capita was at almost constant level of 4 Mg CO2/(capita � year). However, aver-
age emissions in the region of North America reached a level of 16 Mg CO2/
(capita � year), four times more than the global average. In 2004, in Europe, this
indicator reached about 8 Mg CO2/(capita � year) and it is more than twice the
average value. The efforts to reduce the level of CO2 emissions require additional
consumption of primary energy and should be taken into account when resource
management efficiency is evaluated.

Availability is an important factor when studying the depletion of non-renewable
resources. This value, expressed in years, is defined as the ratio between resources
R to production P. Figure 2.21 shows the availability of oil, natural gas and coal for
the period from 2000 to 2011.

Fig. 2.18 World consumption of solar, wind, biomass, hydro and nuclear energy from 1985 to
2014 (in Mtoe) (based on [13])
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Fig. 2.19 CO2 emissions divided by regions of the world (based on [16])

Fig. 2.20 World’s CO2 emissions (based on [16])

Fig. 2.21 Life-time of primary energy resources (based on [16])
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In the case of crude oil, average availability is at the level of around 40 and
natural gas of about 60 years. It should be noted that a particularly rapid increase in
the consumption of coal in Asia Pacific, especially in China since 2001, resulted in
a significant decrease in the mean availability of coal from 220 years in 2001 to a
level of 113 years in 2011 [16].

2.3 Characteristics of Mineral Resources

In addition to primary energy sources, non-fuel minerals are key to maintain current
society. There are virtually no products that contain no minerals or where minerals
have not been used in their production.

A mineral is a pure inorganic substance formed naturally in the Earth’s crust,
which can appear concentrated forming mineral deposits as a consequence of
geological processes in specific areas. Mineral deposits can be categorized as fol-
lows: fuels, metallic and non-metallic. As fossil fuel characteristics have been
already defined in the previous section, this section will only focus on metallic and
non-metallic mineral deposits.

Mineral deposits can be classified according to their formation (hydrothermal,
magmatic, volcanic, sedimentary) or according to the type of mineral that is
extracted (ferrous, non-ferrous, construction minerals, industrial minerals). Each
mineral deposit can be characterized by different factors, being ore grade the most
used when economically assessing a deposit, but there are two other terms used to
evaluate the mineral endowment of a determined area: reserves and resources.

The degree of concentration of a mineral deposit is called the “grade” of a
deposit, measured in percentage in the case of abundant minerals and in parts per
million or billion in case of scarce metals such as gold or platinum. The “ore” is the
amount of rock that contains sufficient minerals that can be economically extracted.
The type of ore, as well as the ore grade and the type of deposit, will affect the
associated costs of mining, extraction and beneficiation. Usually these terms are
used to characterize metallic mineral deposits, but they can sometimes be used for
non-metallic deposits as well.

Both reserves and resources can be divided into different subcategories which
are, in order of increasing geological confidence: inferred, indicated and measured
reserves or resources. A mineral resource is defined as the concentration of a
material of economic interest in the crust, in such form that economic extraction is
feasible, either currently or in the future. A mineral reserve is the portion of the
identified resource where the mineral can be economically and legally extracted at a
specific time and it can be divided into probable or proved reserves. Probable
reserves have lower level of confidence than proved reserves but the data has
enough quality to be used as a basis for the decision making process to open an
exploitation.
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Additionally, there is a strong link between mineral and energy resources as
stated before, as the ore grade, the type of rock in which the mineral is extracted
from, the mineralogy of the deposit and the geological setting can influence the
energy needed to extract and process it. Transformation of raw materials to final
products can require high amounts of energy.

2.4 Production of the Main Mineral Commodities

Consumption of natural stock is a key element in current society, being econom-
ically, socially and culturally dependent. Base metals such as copper and zinc have
a key role in those countries that are undergoing quick increases in social welfare,
as they are essential for buildings, infrastructure, energy systems, automobiles,
computers and mobile phones.

According to the Institute for Mineral Information, the average American in their
lifetime (78.8 years) will consume approximately 1.4 million kg of minerals, metals
and fuels [17]. Additionally, every year 17,940 kg of new minerals must be pro-
vided for every person in the United States to make the goods they use every day,
including more than 2,600 kg of coal, 22 barrels of petroleum and 2,500 cubic
meters of natural gas. Among others, 30 kg of aluminum are used to make build-
ings, beverage containers, cars and airplanes, 5 kg of lead are used for batteries, for
communication and TV screen, as well as 3 kg of zinc are used to make rust
resistant metals, various metals and alloys, paint, rubber or skin creams. Regarding
industrial and construction minerals, more than 1,500 kg between stone, sand,
gravel, cement and clays must be provided to make bricks, buildings, roads, houses,
bridges and paper [17].

In Europe, meanwhile, the average amount of extraction of resources during
2000 was around 13 tonnes per capita, or 36 kg per day [18]. When compared with
North America, Oceania or Africa, being 68, 58, and 15 kg per person per day
respectively, one can easily state that globally there is a great variation. When
analyzing the consumption per capita, these numbers change drastically. In Europe,
43 kg are consumed per person per day, 88 in North America, 100 in Oceania and
only 10 in Africa, meaning that an average European consumes as many as four
times more resources than an average African. When observing European countries
individually, differences in both material consumption per capita and material
productivity can be observed, ranging from 3.8 tonnes of domestic material con-
sumption per capita in Malta to over 50 in Ireland [19]. With this consumption rate,
we might be compromising the availability of natural resources for future genera-
tions; this is why it is critical to invest in research and exploration as well as in
recycling and particularly in natural resources management and assessment
techniques.

Due to this intensive consumption of mineral resources, on a worldwide scale,
there has been an exponential increasing trend of resource consumption in the last
century. Studies that analyzed the growth in global material use in the twentieth
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century have shown that the global total material extraction increased over the
1900–2005 period by a factor of eight, the strongest increase corresponding to
construction minerals and ores and industrial minerals, which grew by a factor of 34
and 27 respectively [20].

The total world production from 1900 to 2015 of the 54 most common extracted
mineral commodities is represented in Fig. 2.22 [21].

Of all these commodities, aluminum, iron ore, gypsum, limestone, phosphate
rock and salt extraction represent approximately 95% of the total world production
in mass terms. In Fig. 2.23 these commodities have been removed so the extraction
of the other minerals can be better observed.

In both cases, the tendency is quite clear, world mineral production has been
continuously increasing over time, reaching in the last few decades an exponential
trend. The most striking and visual cases are iron ore and gypsum production,
which have increased by a factor of 3 in the last 20 years. Moreover, there are other
commodities that have experienced highest increases during that same period. For
instance, the world total gallium production increased from 62 tonnes in 1995 to
435 in 2015. The industrial usage in gallium began in the 1940s, but it was not until

Fig. 2.22 World production of main mineral commodities from 1900 to 2015
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1970s when it was discovered that, when combined with other elements, it has
semiconducting properties [22]. Since then a surge in demand has taken place to
create gallium arsenide and gallium nitride compounds, widely used in LED’s, in
cell phone circuitry, in solar cells as semiconducting materials, among others. The
same situation can be seen with the world production of germanium and indium,
which increased more than 200% from 1995 to 2015.

Figure 2.24 represents the annual world production of mineral resources for
2014 [56]. Metallic minerals, represented in green, are mainly in the upper half of
the diagram, while industrial and construction minerals, represented in light gray,
are in the lower part. In the base of the pyramid we can find the most extracted
minerals, mainly industrial minerals, with the exception of iron ore, which is the
most extracted commodity.

More than 4,700 million tonnes of non-fuel minerals were extracted during
2014, being produced in more than 90 different countries. The main countries that
extracted non-fuel minerals were China, whose extraction accounted for almost
45% of the total world extraction, Australia, Brazil, United States and India, which
accounted for 16, 8, 5 and 4%, respectively. According to the United States
Geological Service (USGS) [21], the production of rare earth elements (REE) in
2014 was 123,000 tonnes, measured in rare-earth oxides equivalent content, and
85% was produced in China. Additionally, half of the world reserves of REE are

Fig. 2.23 World production of selected mineral commodities from 1900 to 2015
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Fig. 2.24 World primary production of mineral resources in 2014; production is in thousand
metric tonnes [56]
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located in China and policies regarding tightening the REE exports were introduced
in recent years, thereby increasing the trade value of these minerals [23]. Bearing in
mind this information, it becomes fundamental to assess the scarcity and criticality
of each different commodity to ensure future availability for next generations.

2.5 Scarcity Assessment of Minerals

The scarcity of minerals is controlled by two terms, supply and demand. Usually
supply refers to the amount of raw materials that is made available to the industry
and depends mainly on the extraction of minerals from the Earth. This extraction is
limited by the amount of minerals present in the crust, by the identified resources
and reserves. As the technology and commodities prices change, the reserves vary
as well. If new production technologies are developed, unattainable resources can
be reachable or profitable. In the case of demand, it is a more volatile variable as it
is related to several factors, such as population growth, development of new
products and technologies, use of materials, among others. If emerging products
and technologies that demand certain minerals expands, such as hybrid cars, pho-
tovoltaic cells, permanent magnets, etc., global material demand could increase
drastically.

Jointly analyzing these two variables, the scarcity of natural resources, and
especially the scarcity of mineral resources, can be evaluated with different
approaches. For instance, several authors have used the correlation between his-
torical extraction and commodity prices to measure the economic scarcity of
minerals [24–26]. Other methods focus on social, political and physical aspects,
analyzing aggregated factors such as the main global production, availability,
stocks, production costs, supply risk, technology, recyclability, etc. [27, 28].

One extended method to predict future availability of non-renewable resources
and measure the depletion degree is the ratio between known reserves and pro-
duction (R/P ratio), to estimate the number of years that a certain raw material will
still be present. Using long-term projection for selected minerals, the years to
exhaustion using 1979 and 2000 production levels were predicted using reserve
base and reserves information [29, 30]. Accordingly, a similar study was carried out
for energy projections of coal, natural gas and oil for a 30 year interval [31].
Additionally, more recent studies have predicted depletion years of scarce minerals
and their relationship with sustainability [32, 33] as well as historical analysis of
specific commodities, such is the case of phosphorous, a critical element for global
agricultural production [34].

With this similar R/P approach Valero and Valero [35], with 2008 production
and reserves data, obtained that humankind had approximately depleted 26% of its
world non-fuel mineral reserves, being mercury, silver, gold, tin and arsenic the
most depleted commodities (Fig. 2.25).

Another way for better prediction of mineral behavior is the so-called Hubbert
peak theory, which has been extensively used to evaluate fossil fuel peaking
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production and depletion [36, 37]. Contrarily to the previous one, it is a dynamic
model in terms of production and assumes that after fossil fuels reserves are dis-
covered, production first increases exponentially but at some point a peak is reached
and then production begins to decline again, generating a bell-shaped curve when
the production is represented as a function of time. Hubbert originally predicted that
the petroleum peak worldwide would be reached in 2005 (Fig. 2.26). However, this
theory fails to consider resource growth, new deposit discoveries, and application of
new technologies to deposits that were not economically feasible before.

From the development of this methodology a large number of studies have been
conducted, analyzing the global and local current and future patterns of oil con-
sumption and depletion [38–40]. In the case of non-fuel minerals, this issue has
been addressed from several points of view but still there is a disagreement in the
mineral depletion approach. Studies regarding several base metals, including

Fig. 2.26 Hubbert’s
prediction of world petroleum
production rates [36]

Fig. 2.25 Depletion degree of the main non-fuel mineral commodity reserves [35]

30 W. Stanek et al.



studies of declining ore grades in mines and mining associated environmental
constraints have been carried out analyzing the historical production and further-
more trying to assess future availability [41–45]. The shape of cumulative avail-
ability curves, meaning the amount of a mineral commodity that can be recovered
profitably at various prices from different types of mineral deposits under the
current conditions, can also provide helpful information about the potential short-
ages caused by depletion. It should be stated that the information needed to con-
struct these cumulative availability curves is not always available for all the
commodities [26, 46].

In any case, all these studies assume that no more resources are discovered or are
available in the future, so the results obtained must be considered only as an
approximation of the depletion state of the reserves under “business as usual”
scenarios. Indeed, using the case of copper extraction, Meinert et al. [47] compared
the historic mine production, the reserves and the copper used per capita with
economic and population factors. With this information, the estimations obtained
for the peak production of copper in other studies were proved to be underesti-
mating the currently identified and the yet-to-be discovered copper resources.

As shortage of natural resources could become an international problem in the
near future, different international organizations and regions are gradually focusing
on raw material needs and raw material supply, moving towards a more sustainable
and resource efficient society. Such is the criticality of this issue that in November

Fig. 2.27 Criticality assessment for the EU [50]
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2008 the European Commission promoted the Raw Materials Initiative to establish
the raw material strategy and a list of actions that the member states should
implement [48]. Additionally, in June 2010 the European Commission published a
report on critical raw materials for the European Union [49] which identified 14
minerals as critical for the EU according to their economic importance and supply
risk. This report was later updated [50] expanding the list to 20 commodities,
including borates, coking coal, chromium, magnesite, phosphate rock and silicon
metal (Fig. 2.27).

Following this report [50], the EU Joint Research Center analyzed the critical
materials that could threaten the objective of the European Union Strategic Energy
Technology Plan (SET plan) and analyzing the potential risk of supply shortage for
the critical elements needed for six low-carbon energy technologies: nuclear, solar,
wind, bioenergy, carbon capture storage and electricity grids [51]. A total of 14
critical elements whose annual demand between 2013 and 2020 would imply more
than 1% of the 2010 annual production rate were identified (Fig. 2.28). Of these 14
critical elements, five (rare earths, neodymium and dysprosium, indium, tellurium
and gallium) were considered to be at high risk for future supply-chain bottlenecks,
according to political risk, concentration of supply and market factors.

Te-tellurium, In-indium, Sn-tin, Hf-hofnium, Ag-silver, Dy-dysprosium, Go-gallium, Nd-
neodymium, Cd-cadmium, Ni – nickel, Mo-molybdenum, V-vanadium, Nb-niobium, Cu-
copper, Se-selenium, Pb-lead, Mn-manganese, Co-cobalt, Ch-chromium, W-tungsten, Y-
yttrium, Zr-zinc, Ti-titanium

Te:50.4%

In:19.4%

Fig. 2.28 Metals requirements of SET-Plan in 2013 as % of the 2010 world supply (extracted
from [51])
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With similar concerns, the Committee on Critical Mineral Impacts of the U.S.
Economy also published an experts report on critical minerals to the U.S. to aid
decision makers [52]. The report was subsequently updated by the U.S. Department
of Energy in December 2011 [53]. A criticality matrix was developed, taking into
account five factors that can limit the long-term availability in the case of non-fuel
minerals: geology, technology, environmental and social issues, politics and eco-
nomics. This matrix was applied to eleven minerals: copper, gallium, indium,
lithium, manganese, niobium, platinum group elements, rare earths, tantalum,
titanium and vanadium. After carrying out an analysis of the minerals and materials
used in the United States taking into account availability and reliability of supply,
the United States proved to be completely dependent on imports on five: indium,
manganese, niobium, platinum group metals (PGM) and REE (Fig. 2.29).

Similar studies were also produced by other institutions. For instance, the
American Physical Society (APS) and the Materials Research Society
(MRS) released a report in 2011 regarding the Energy Critical Elements (ECEs),
chemical elements that have the capacity transforming the way of capturing,
transmitting, storing or conserving energy, that are necessary to develop one or
more new, energy-related technologies, i.e., electric cars, wind turbines and solar
cells [54].

Accordingly, the British Geological Survey released in 2015 a risk list of 41
elements that are of economic value needed to maintain the economy [55]. The list
includes variables related to non-geological factors, such as geopolitics, infras-
tructure availability, recycling rates, substitutability among others. Of the 41 ele-
ments analyzed, 6 presented a relative supply risk index higher than 8.5, being 10
the maximum supply risk. These elements are rare earth elements, antimony, bis-
muth, germanium, vanadium and gallium, several of which were already identified
as critical elements in other reports.

Fig. 2.29 Criticality matrix
for the 11 materials assessed
by the Committee on Critical
Mineral Impacts on the U.S.
Economy [52]
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All these reports have the same purposes, to highlight the rapid growth in
demand of natural resources and to emphasize that shortage of critical materials
could become a reality.
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