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Abstract: Sustainable development with regard to non-renewable resources can best be defined in
terms of the inter-generational challenge of the Brundtland commission and the intra-generational
challenge worked out in Agenda 21 of the 1992 Rio de Janeiro conference of United Nations
Conference on Environment and Development (UNCED). In meeting these challenges, the trilemma
of security of supply under conditions of economic viability and environmental sustainability also
needs to be addressed in order to achieve sustainable development. To fulfil the natural resources
needs of future generations we have three resources at our disposal: (1) the geosphere or primary
resources; (2) the technosphere or secondary resources and (3) human ingenuity and creativity
driving innovation. Man does not need natural resources as such, only the intrinsic property of
a material that enables the fulfilment of a function is required. Any material that can perform the
same function more efficiently or cheaply can replace any other material. In our constant drive to
secure the supply of efficient raw materials, the feedback control cycle plays an indispensable role
by virtue of it reacting to price signals on both the supply and demand sides. The feedback cycle
of course goes hand in hand with a continuous learning process. On the supply side, the learning
effects are in technology development around primary resources and the increased use of secondary
resources; on the demand side with thriftier use of raw materials.

Keywords: sustainable development; trilemma of security of supply; geosphere; technosphere;
fulfilment of functions; feedback control cycle of mineral supply; resource efficiency; mining;
recycling; substitution

1. Introduction

The principle of inter-generational equity is generally accepted as a starting point for achieving
sustainable development with the aim of allowing every future generation the privilege of being as
well off as its predecessors [1,2]. In its goals, sustainability is thus a long-term concept, to be kept up
over generations, centuries or even millennia, not just decades. True sustainability means “practically
forever”, or as long as humans exist [3]. In consequence, we are looking far into the future when
investigating a path to sustainable use of non-renewable mineral raw materials.

Generally, “weak” sustainability [2,4] is distinguished from “strong” sustainability [5]. The
“weak” sustainability position argues that almost all kinds of natural capital can be substituted
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by man-made capital, whereas the “strong” sustainability position holds that natural capital and
man-made capital are complimentary, meaning that many of the most fundamental services provided
by nature cannot be replaced by services produced by humans or man-made systems. Others like
Tilton [6] bring forward the argument that the debate over strong and weak sustainability is of
questionable practical relevance, at least concerning raw materials, because prices will determine
the use of natural resources, as shall be discussed below.

The concept of inter-generational equity is complemented by intra-generational equity, which
was defined in Agenda 21 [7] as a triangle of three humanitarian objectives: (1) to conserve the
basic needs of life; (2) to enable all people to achieve economic prosperity; and (3) to strive towards
social justice. The Rio Declaration at the UN Conference on Environment and Development in Rio de
Janeiro in 1992 accepted and agreed to these three universal goals. All three objectives initially were
assigned the same priority. These are global objectives that every generation of politicians is expected
to strive for in order to realize a balanced growth for mankind. The precondition for achieving this
noble goal is the availability of natural resources for everybody over a long time, practically forever.
Natural resources comprise those from the geosphere, i.e., the primary resources, and those from the
technosphere or secondary resources. Technosphere is defined as the artificial world created by man,
such as surface and subsurface constructions, machines, consumer products or waste dumps.

Mankind has always depended on the use of energy and mineral resources for its technological
and cultural evolution [8]. As far back as the Bronze Age, metal was used for tool-making, but
the large-scale exploitation of non-renewable energy resources only emerged much later with the
invention of the steam engine at the beginning of the 18th century and the Industrial Revolution. Up
to that time, the dominant energy and raw material for heating, smelting and shipbuilding was wood,
a renewable biomass. Due to the technological development and increased demand of energy, it was
replaced first by coal and subsequently by other fossil fuels. Maintaining today’s standard of living
in both industrialized and developing nations depends widely on the use of non-renewable energy
and mineral resources.

Consequently, to achieve the above defined goal of intra-generational equity, access to
and security of supply of mineral and energy resources has to be ensured. Therefore, the
intra-generational triangle of goals of Agenda 21 has to be combined with another set of goals,
the one of raw materials supply: security of supply under the conditions of economic viability and
environmental sustainability. As to the long-term challenge of inter-generational equity, its attainment
depends on the security of supply of natural resources just as much as that of intra-generational
equity. In fact, security of raw material supply, along with innovation fueled by human ingenuity
in finding solutions [9], is central to attaining both intra-generational equity in the short term and
inter-generational equity in the long (Figure 1.)

Concerning energy, the World Energy Council (WEC) considers these three goals of raw material
supply as shown in Figure 1B above a “world energy trilemma”, “entailing complex interwoven
links between public and private actors, governments and regulators, economic and social factors,
national resources, environmental concerns, and individual behavior” [10]. The WEC has developed
an Energy Trilemma Index that captures and aggregates country-level data to outline the relative
energy performances and contextual attributes of almost 130 countries. The trilemma aspect is valid
for every raw material.
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Figure 1. Combination of the triangle of intra-generational equity of the Rio Declaration 1992 (A) with 
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Figure 1. Combination of the triangle of intra-generational equity of the Rio Declaration 1992 (A) with
the triangle of raw material supply (B) to achieve inter-generational equity.

2. Understanding the Functioning of the Raw Materials World

Mankind generally does not need raw materials as such but only their intrinsic property to fulfil
a function, which offers a broad field for creative substitutions for the functions of raw materials
(Figure 2). There are only three exceptions to this rule: nitrogen, potassium, and phosphorus, all used
as fertilizers in agriculture, which the plants need as such and which cannot be substituted. All three
elements are as essential for our life as water or air. For potassium and nitrogen there does not exist
a problem, because seawater or air, respectively, provide an inexhaustible source for both. This does
not apply to phosphorus. Fortunately, the ratio of reserves to annual mine production of phosphorus
is about 300 providing ample time for man's creativity to find a solution for a closed-cycle phosphorus
system [11,12].
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The normal case, however, is that functions need to be fulfilled irrespective of the kind of
raw material used. Thus, taking copper as an example, the electrical conductivity of copper is the
main function intrinsic to its material properties. However, other commodities can perform this
function just as well, often in conjunction with fundamentally different technologies. Or to further
use this example, copper wires in telecommunication had until recently been extensively used for
transmitting information via electric pulses, but have now been largely replaced by glass fiber cables
made of silica which is virtually inexhaustible. Another method of information transfer that does
no longer depend on copper wire or glass fiber is wireless transmission using directional antennae
or satellites. Therefore, a distinction needs to be made between material substitution in the narrow
sense (glass fiber vs. copper) and functional substitution [13]. Every technical solution has its own
raw material profile. In the field of photography, not so long ago silver was needed for the function
of capturing images, but today digital cameras with completely different raw material requirements
have largely replaced the use of film. In the printing industry, lead was formerly indispensable as
type metal but has since been replaced by offset or computer printing.

We are in fact in the position to choose alternative solutions to functions applying three
resource domains:

- All the resources from the geosphere, i.e., primary resources.
- All the resources from the technosphere, i.e., secondary resources, reusable by recycling.
- In addition, last but not least, the most important resource: human ingenuity and creativity [9].

As a matter of fact, human creativity inspired the use of raw materials for tool making right from
our beginnings and sustained the relentless improvement of artifacts. Therefore, we can say that the
use of raw materials is the product of man’s ingenuity. When in the Stone Age man discovered
that sharp cutting tools can be made from volcanic glass fragments, obsidian became a sought after
raw material. A lively trade developed already in the Stone Age over relatively long distances in
the Mediterranean area, from the Lipari Islands to Malta or from the island of Milos to Crete for
example. More recently, when the German chemist Justus von Liebig (1803–1873) discovered that
potassium was essential for plant growth, potassium salt, which was formerly rejected as useless
waste by German salt miners, became a valuable commodity as potash fertilizer [14]. The potash
mining industry started in Germany in 1861 in the town of Staßfurt, soon after Liebig’s discovery.

As to primary and secondary resources: The availability of secondary resources is determined
by the number and composition of products and infrastructure placed into the technosphere and
their respective lifetime as well as their collection and recycling efficiency. However, the secondary
resources in the technosphere are in principle known and need no further exploration, contrary to the
resources of the geosphere. In the geosphere, three categories of resources have to be distinguished:
reserves, resources in a narrow sense, and the geopotential [15]. Reserves are known and can
be exploited economically; resources in a narrow sense are known, but uneconomic at present or
the feasibility of their economic recovery has not been proven. They need higher prices or new
technologies to become economic. The geopotential comprises so far unknown reserves and resources
that may one day be discovered by exploration activities. Such speculative potential implies that for
primary resources, not only the production costs have to be taken into account, but also the finding
costs. These uncertainties underline in principle the higher resource efficiency of secondary resources.

Resource efficiency also requires that exploration is not pursued too far into the future, only just
as far as the planning horizon of mining companies requires. Because exploration costs are a front-end
load in the exploitation of primary resources, it does not make economic sense to leave reserves “in
the ground for future generations”, if they are economically exploitable now. In a market economy
there has always been and likely will be for a long time a balance between mined reserves and newly
found reserves discovered by exploration [15].

Leaving reserves in the ground touches the concept of user costs or Hotelling rent [6]. User
costs are opportunity costs and equal the present value of the lost future profits through not mining.

818



Minerals 2015, 5, 815–836

Tilton [6] discusses the concept and concludes that user costs are for the most part insignificant
in practice. Mine managers normally will not reduce profitable production on the speculation
with regard to raw materials prices and technological developments that the presumed increase in
future profits, properly discounted, will make up for the loss caused by not exploiting the natural
resource now.

3. Increasing Raw Materials Efficiency to Achieve Inter- and Intra-Generational Fairness

The feedback control cycle of mineral supply is an efficient mechanism to increase raw materials
efficiency in the interest of inter- and intra-generational fairness. Before dealing with the feedback
control cycle, some principles of raw materials efficiency and the mineral resources economy shall
be explained.

3.1. Raw Materials Efficiency—Achieving More with Less

Since in a market economy raw materials are not free and have a price, it makes sense to use raw
materials as efficiently as possible to minimize costs. This efficiency is measured by the money value
of the raw materials needed to achieve the solution for a function.

In the political domain resource efficiency is, however, mostly measured by the indicator raw
materials productivity: the ratio of total raw materials consumption to the gross national product.
Hence, raw material productivity can be increased either by reducing raw material input for the
same value-added, or by increasing value-added from the same material input. The indicator is
used for example in the German Federal Government’s National Sustainable Development Strategy
“Perspectives for Germany” [16]. The aim is to double raw material productivity by 2020 (compared
with the 1994 baseline). In 2012, the indicator stood at 149.2. This summary indicator has been
criticized, since all raw materials are given equal weight without any raw material value hierarchy
being factored in. Considerable leverage can result from the use of e.g., electronic metals in only small
quantities in modern measuring and control technology, making the use of energy resources more
efficient, a good example of man’s creativity achieving optimal results [17]. Other examples would be:
Additional use of precious metals catalysts in the chemical industry can reduce the amount of energy
required for the synthesis of products, or the reduction of abrasive wear and the concomitant increase
in the lifetime of tools by additional carbide coating. This means: for statistical models, one has to be
aware of system boundaries and find appropriate ways of comparing and weighting resources against
one another. If a system boundary is set too narrow, around a single industry segment for example, an
increased use of resources in this segment could be misconstrued as a decrease of resource efficiency
in spite of an overall macroeconomic benefit. Furthermore, a methodology needs to be developed
with which savings in one resource category (e.g., energy) could be evaluated against increased use
of other raw materials (e.g., metals) to enable such savings [18].

An illustrative practical example for achieving more with less is the efficient use of fertilizers
in Germany (Figure 3). In the mid-nineteen-seventies farmers in Germany and other industrialized
countries learned to work with better doses of fertilizers without loss of output. Nowadays there
are technologies to prepare detailed soil maps using fast geophysical surveying technologies. These,
combined with GPS technology and computers mounted on tractors, achieve an optimum on fertilizer
use by continuously monitoring the quantities of fertilizers dispensed (precision farming) [19].
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Figure 4. Decoupling of raw materials use from the growth of the economy and the environmental 
impact. Adapted from [22]. 
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3.2. Replacing Primary Raw Materials by Secondary Ones

Another important element for increasing raw materials efficiency is to use secondary material
as much as possible. Since we have only one earth and the earth has limits and exploration for new
deposits is expensive, it makes sense to use raw materials, once they have been discovered and mined,
with care and to the maximum extent, i.e., to strive for longevity, repair and reuse of products and
finally to recycle as much as possible. Possible savings in exploration costs for example for gold in
Australia are about 5% of the value of the mined gold [23]. In an extreme case, the replacement costs
for oil are even estimated at about 17 US$/barrel which would equate to nearly 30% of the present
value of 60 US$/barrel [24], although recycling of course does not exist for fossil fuels. Moreover,
every mining activity is connected with a certain environmental impact which can be more or less
avoided by using secondary materials.

The useable part of fossil energy, the exergy, is well and truly consumed (Figure 2). In the case of
minerals as primary resources this is not the case. They are merely transferred from the geosphere to
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the technosphere, where they are available as secondary resources for recycling. “Atoms do not get
lost”. This is especially true for metals [25]. There is, however, an optimum of recycling, if we consider
energy as the most precious natural resource and want to minimize the environmental impact by
either producing from primary or secondary sources. This optimum will be explained with Figure 5
and through a related thought experiment [26].
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relatively low grade deposits and/or ores from deep mines and/or deposits with complex mineralogy 
with high beneficiation costs. If we do such a ranking with increments of secondary material, we have 
on the left side pure metal scrap and on the right side highly complex scraps or material with highly 
dispersed metals such as platinum group metals in sludges from galvanic processes. The more 
complex or dispersed a material becomes the higher the cost of recycling in terms of energy required. 
The very steep increase on the right illustrates the extreme case of metal dissipation. Examples are 
zinc in sun cream, metals in paint pigments, rust disseminated from wheels, railway lines or—in 
former times—lead disseminated by cars burning leaded petrol. Although the metal atoms are not 
lost physically it would require “infinite” amounts of energy to recover these metals again for 
functional reuse. To some extent, this is comparable to the natural distribution of metals in the earth 
crust. No one would dream of mining ordinary rocks because the extraction of trace amounts of metal 
would run up against the steep energy boundary as at low grades the energy requirements for 
mining, beneficiation and smelting increase exponentially [28]. Not surprisingly, mining is confined 
to ore deposits of economic grade. 

Recycling of complex materials usually requires more energy than less complex ones, but there 
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secondary raw materials [27]. (a): The energy requirements for producing metal either from primary
or secondary raw materials; (b): The energy requirements for producing metal from a mixture of
primary and secondary materials (Point A serves in both graphs as a reference point for comparison).

We group the available primary and secondary materials into numerous small increments
and rank them according to energy requirements to produce marketable metal. In Figure 5a the
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energy requirement for primary resources is shown as a steadily increasing solid line. To the
left the increments with the least energy requirements are high grade deposits, close to surface,
coarse grained which do not require much energy for grinding and beneficiation etc. To the right
are relatively low grade deposits and/or ores from deep mines and/or deposits with complex
mineralogy with high beneficiation costs. If we do such a ranking with increments of secondary
material, we have on the left side pure metal scrap and on the right side highly complex scraps
or material with highly dispersed metals such as platinum group metals in sludges from galvanic
processes. The more complex or dispersed a material becomes the higher the cost of recycling
in terms of energy required. The very steep increase on the right illustrates the extreme case of
metal dissipation. Examples are zinc in sun cream, metals in paint pigments, rust disseminated
from wheels, railway lines or—in former times—lead disseminated by cars burning leaded petrol.
Although the metal atoms are not lost physically it would require “infinite” amounts of energy to
recover these metals again for functional reuse. To some extent, this is comparable to the natural
distribution of metals in the earth crust. No one would dream of mining ordinary rocks because
the extraction of trace amounts of metal would run up against the steep energy boundary as at low
grades the energy requirements for mining, beneficiation and smelting increase exponentially [28].
Not surprisingly, mining is confined to ore deposits of economic grade.

Recycling of complex materials usually requires more energy than less complex ones, but there
are exemptions. In certain products/components, several metals can be recovered simultaneously if
they fit thermodynamically in metallurgical processes (see Section 4.3). For example, printed circuit
boards or mobile phones (after removal of the battery) are highly complex, containing sometimes
more than 40 elements. However, many of the metals are compatible with state-of-the-art integrated
smelting-refining processes which can use the contained copper as an ideal collector of the contained
precious metals as well as selenium, tellurium, arsenic or antimony, to be subsequently separated and
purified. Even the primary slag from such processes can be retreated in special smelting processes for
further extraction of lead, tin, bismuth, indium or nickel. Making use of modern copper or lead
metallurgy to recover even traces of metals enhances energy efficiency. Furthermore, the plastic
components of electronic devices are combustible and the contained energy can be fully utilized in
the smelting process. For example, the organic resins in typical circuit boards deliver more energy
than is needed for their smelting. By blending the boards with ceramic based automotive catalysts
the excess energy is usable to smelt the ceramic structures. At the same time, the copper in the boards
can be utilized to collect the PGMs contained in the catalytic converters [29].

If we compare in Figure 5a the energy requirements for primary materials with those of
secondary materials, we can draw the following conclusions:

(1) The production of secondary metals always requires less energy than the production of primary
ones (Table 1), in the extreme case of aluminum only 5% compared with material from the primary
process route. The energy savings are even higher for recycling of gold, platinum or palladium
from jewelry or coins. Therefore, pure scrap is always the preferred raw material. In the case of
aluminum, for example, the share of production from secondary sources increased from 17% in
1960 to 30% in 2009 and is expected to increase to 37% in 2020 [30]. The limit of use of secondary
material is its availability, controlled by the lifetime of products and the collection and recycling
efficiency that will be discussed later with the example of electronic scrap.

Table 1. Energy savings by recycling pure secondary material [30,31].

Metal Energy Savings

Steel 74%
Aluminum 95%

Copper 85%
Lead 65%
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The same applies to other metals as over time increasing supply of metal from secondary sources
inevitably leads to a build-up of stocks in the technosphere. This is shown in Figure 6 for platinum.
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Figure 6. Supply of platinum from primary and secondary sources [32,33]. With permission of 
DERA/BGR. Dark grey: primary supply; light grey: secondary supply. 

(2) The curve of energy requirement for secondary material intersects the one for primary material, 
unless there are favorite conditions as outlined above. This has the consequence that there is an 
optimum for mixing secondary with primary material. This optimum is shown principally in 
Figure 5b, in this case about 70% secondary material with 30% primary material. 

A final comment concerning Figure 5a: It can be expected that the intersection of the energy 
requirement lines for primary and secondary materials will move to the right in future, i.e., in future 
years the optimum will be obtained with more secondary and less primary materials. It can be 
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(2) The curve of energy requirement for secondary material intersects the one for primary material,
unless there are favorite conditions as outlined above. This has the consequence that there is an
optimum for mixing secondary with primary material. This optimum is shown principally in
Figure 5b, in this case about 70% secondary material with 30% primary material.

A final comment concerning Figure 5a: It can be expected that the intersection of the energy
requirement lines for primary and secondary materials will move to the right in future, i.e., in future
years the optimum will be obtained with more secondary and less primary materials. It can be
envisioned that the energy requirement line for secondary material is unlikely to change very much in
future, but the line for primary material will move up, because deposits deeper and more difficult to
beneficiate will have to be mined and one day lower grade deposits as well. Such increasing energy
demand, however, can at least partly be met by improved energy efficiency in mining. A study
done 2007 in the US mining industry (excluding oil and gas) concluded that the saving potential was
53% [34].

When stating that the energy requirement line for secondary material is unlikely to change very
much in future, this does not mean that the secondary “deposit” will not change in its composition.
Quite on the contrary. The cycles of market penetration become shorter and shorter and the products
themselves more and more complex. This can be seen in the electronics industry in particular where
the composition of the waste streams is constantly changing, for consumer goods especially [35].
In addition, miniaturization, the more efficient use of materials (driven by cost pressure) and other
innovations in achieving desired functionalities can lead to declining metal contents in products. Au,
Ag, Pd contents, for example, decreased significantly in PC motherboards over the last 10 years [36].

4. The Feedback Control Cycle of Mineral Supply to Increase Raw Materials Efficiency

4.1. Introduction to the Feedback Control Cycle

Mineral supply is controlled by a feedback mechanism [35]. When there is a shortage of
a commodity in a market economy, prices will rise triggering this mechanism (Figure 7). The
expectation of high financial returns will encourage inventiveness and creativity in the quest for new
solutions. On the supply side, for primary resources the appropriate response is to cut losses in the
mining process, to lower the cut-off grade, to improve recoveries in the beneficiation and smelting
processes, to expand existing production facilities, and to discover and bring into production new
deposits. For secondary resources, the key to increasing the supply lies in improving recycling rates
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by better collection efficiency and technology, reprocessing lower grade scrap that becomes economic
because of increased prices, and reducing downgrading to optimize the usefulness of secondary
materials. On the demand side, implementation of new and more efficient processes, development of
substitution technologies, material savings, and the invention of entirely new technologies that fulfil
the same function without the need of using the scarce and suddenly more expensive material, are
effective reactions to a price rise.
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Figure 7. The feedback control cycle of mineral supply [35].

It has to be pointed out that for the functioning of the feedback control cycle of mineral supply,
it is irrelevant if there is an actual physical shortage or a perceived shortage, a “hype”. Relevant for
the functioning of the feedback control cycle is only the price signal. If the market believes there is or
will be shortage, real or not, and prices rise consequently, the promise of financial rewards generates
in short order incentives to find creative solutions in increased supply or diminishing demand, or
both. This pattern is an outflow of the theorem of Thomas and Thomas [37]: If a situation is believed
to be real, the consequences are real. People believe there is or will be a shortage and start hoarding,
creating a shortage. This effect of a perceived shortage has been described for tantalum at the end of
the 1970s/beginning of the 1980s [35] and for oil in the early 1970s [6].

In cases where a metal use does not address fundamental needs in the stricter sense, price peaks
of a metal can also lead to a (temporary) decrease in sales of a product (if this is highly influenced
by the metal price).This is often the case with gold or platinum used in jewelry, and is an example
of further tightening the screw on the demand side of the feedback loop. Here jewelry, which can be
recycled quickly and with relative ease, would act as a kind of buffer, encouraging the use of precious
metals for needs that are more fundamental instead.

The basis for the applicability of the feedback control cycle of mineral supply is twofold:

(a) A market economy system in which shortages result in price signals, meaning price rises produce
incentives to find new solutions, first to alleviate and then to end the shortage.

(b) Human creativity and ingenuity, the most important resource for finding solutions [9]. It is widely
acknowledged that scientific curiosity is an important driver to find new solutions for raw material
problems. Experience, however, shows that the price incentive, as an indicator of an urgent need, is
a much stronger motivator for finding a solution to a concrete problem quickly because it promises
financial rewards for those who are first to be successful in the quest for new ideas.

We will show how essential this feedback control cycle is to continuously improve resource
efficiency and thereby support efforts to reach the goals of inter- and intra-generational fairness.
To comprehend the mode of operation and the effectiveness of the feedback control cycle of
mineral supply, one has to visualize the wide spectrum of opportunities available. The number of
opportunities increases exponentially with the number of elements used because man learned very
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early to use combinations of elements. The first innovation of the Bronze Age that followed the
Copper Age was combining first copper with arsenic, then with tin to produce bronze, an alloy
which was harder than its two components individually and could be used for tool making. In
the Bronze Age and the following Iron Age, alloys were invented mostly by trial and error. In the
famous tomb near the city of Xi’an of the Chinese emperor Ch’in, who founded the first dynasty to
rule a unified China in 221 BC, bronze weapons were found containing up to 15 different metals.
The surface of swords and arrow heads was coated with a chromium alloy to provide extra hardness
and durability [38,39]. To give modern examples, in a frequently quoted study of 2008 of the US
National Research Council the example is given based on information from the company Intel that in
the eighties of last century a chip needed 12 elements, in the nineties 16 elements, today it may take
more than 60 [40]. Achzet et al. (2011) [41] show the development of energy technologies during the
last 300 years with the diversification of the elements needed. With the beginning of the industrial
revolution, the number of elements employed increases exponentially, with the number of possible
combinations becoming even greater (Figure 8).
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4.2. Learning Effects Triggered by the Feedback Control Cycle

The feedback control cycle of mineral supply has its roots in the cobweb theorem of Kaldor
(1934) [42] and Ezekiel (1938) [43] which explains the hog cycle in agriculture.

In the graph of the cobweb theorem in Figure 9 supply and demand curves are plotted as
functions of price vs. quantity. The higher the price of a commodity the larger the supply and smaller
the demand. The two curves intersect at point S1, i.e., demand and supply are in balance. Let us
assume the market believes there is a shortage of a commodity. The price rises from P1 to P2. At price
P2 the quantity a2 can be produced, e.g., new mines come on stream. However, because of the higher
price, sooner or later demand will decrease, the price now falls from P2 to P3, and only a smaller
quantity a3 can be produced economically, and so on. This shows that supply and demand counteract.
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smelters, these can also be mobilized quickly. In addition, metals might be produced from 
intermediates on stock from metallurgical processes which at higher prices become attractive to 
treat, or it becomes economically viable to recycle manufacturing scraps which at lower prices 
had been discarded or stocked. Next are probably material savings as soon as new ideas develop. 
Then follow investments in new mines which are on the shelf and can readily be brought into 
production, reworking of tailing ponds or new smelting facilities for primary and secondary 
material as well as technological substitution. 

(3) Substitution often is irreversible. 
(4) Investments in mines are very capital-intensive. Once investments have been made, mines attempt 

to stay in production as long as possible, producing even at a loss for a certain length of time. 

The consequence is that only the first two oscillations are observed, mostly followed by two 
weaker oscillations, for example for cobalt (Figure 10) or for tantalum [35]. It has to be pointed out 
that the amplitude of the first oscillation is always by far the largest and increased due to speculation 
and also to hypes. How small changes in production and consumption can cause major price changes 
was shown by Kesler with the example of sulfur [44]. Sometimes overproduction by new mines is 
not reduced for years and prices fall to a level lower than prior to the price rise. This could be 
observed in the case of molybdenum in the early 1980s [45]. 

This is a pendulum swinging from demand dominated to supply dominated situations but prima 
facie without learning effects. These learning effects come into the system, however, by the above 
described feedback control cycle of mineral supply and are constantly triggered by it. The learning 
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In the minerals field the number of oscillations and amplitude after the first two oscillations are
reduced for the following reasons:

(1) There are no seasons and no growing cycles as in agriculture with the consequence of cyclicity.
(2) Reactions cover a wide time range. Direct substitution can start immediately if the alternative

material can be readily bought on the market. If there are reserve capacities in mines and smelters,
these can also be mobilized quickly. In addition, metals might be produced from intermediates on
stock from metallurgical processes which at higher prices become attractive to treat, or it becomes
economically viable to recycle manufacturing scraps which at lower prices had been discarded
or stocked. Next are probably material savings as soon as new ideas develop. Then follow
investments in new mines which are on the shelf and can readily be brought into production,
reworking of tailing ponds or new smelting facilities for primary and secondary material as well
as technological substitution.

(3) Substitution often is irreversible.
(4) Investments in mines are very capital-intensive. Once investments have been made, mines attempt

to stay in production as long as possible, producing even at a loss for a certain length of time.

The consequence is that only the first two oscillations are observed, mostly followed by two
weaker oscillations, for example for cobalt (Figure 10) or for tantalum [35]. It has to be pointed out
that the amplitude of the first oscillation is always by far the largest and increased due to speculation
and also to hypes. How small changes in production and consumption can cause major price changes
was shown by Kesler with the example of sulfur [44]. Sometimes overproduction by new mines is not
reduced for years and prices fall to a level lower than prior to the price rise. This could be observed
in the case of molybdenum in the early 1980s [45].

This is a pendulum swinging from demand dominated to supply dominated situations but prima
facie without learning effects. These learning effects come into the system, however, by the above
described feedback control cycle of mineral supply and are constantly triggered by it. The learning
effects increase the raw materials efficiency, especially with the increased use of secondary resources
and on the demand side with thriftier use of raw materials. This will be illustrated with three cases.
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The first case is of permanent magnets [46]. In 1977, a study was done in Germany examining
the criticality of raw materials [47]. Cobalt was considered critical and strategic because substitutes
were thought to be unavailable and cobalt hardly recyclable. This, however, was a static supposition
that did not take into account dynamic developments and learning effects as shown by the cobalt
crisis in 1978. It was triggered by the Shaba conflict in the Democratic Republic of Congo (formerly
Zaire), the main country of cobalt supply. Cobalt prices spiked due to disruption caused by political
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upheaval. (Figure 10). In areas of application where cobalt used to be considered strategic because
substitutes were thought to be unavailable and cobalt hardly recyclable, new technological solutions
were found using ferrites which had been available since the 1950s even though with lower magnetic
performance (Figure 11). Most of these substitutions were irreversible and took away a significant
market share of cobalt. Whereas before the crisis 30% of the cobalt supply went into the making of
permanent magnets, after the crisis the share of cobalt for this application fell to only 10% and stayed
there for the coming years, i.e., a 20-percentage point of market share was lost forever (Figure 10).
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The second example of learning effects due to the feedback control cycle is rhenium and its
application in turbine blades [49]. Because of a perceived shortage, the company General Electric
developed a few years ago new super alloys containing less rhenium but with the same properties
and quality as the then current alloys.

The last example shall be the development of the rare earth market. China with then more than
95% of the world production cut its export quota in 2009 by 12% and in 2010 by 40%. The prices
for rare earths skyrocketed, in the extreme case of dysprosium by a factor of 100 (comparison peak
2011 with plateau 2002/2003). It took about two years for the market to settle down and for prices
to return to normal. This was partly due to distortions by speculative demand, as well as to slightly
increased production outside of China, but mainly to substitution effects. In permanent magnets,
which formerly generously used 6% to 8% of dysprosium, now the same effect is achieved with only
2% or even less [50]. In lighting, LEDs and energy saving lamps that use phosphorus with yttrium and
the heavy rare earth elements europium and terbium replace more and more normal electric bulbs.
Per luminous flux unit lumen, such LEDs use up to 15 to 20 times less of these elements [51,52].
Finally, yet importantly, there is always the possibility of functional substitution [13]: By replacing
permanent magnets in synchronous motors with induction motors, for example, or by employing
ferrite motors which do not need rare earth elements.

4.3. Limits of Market Forces within the Feedback Control Cycle of Mineral Supply

We have outlined above that the most effective way to increase raw material efficiency is to use
raw materials thriftier and to increase recycling rates. It always makes sense to employ just so much
material as is necessary to achieve the required result. However, under the constraint of the feedback
control cycle there always are barriers for increasing recycling indefinitely. In Section 3.2, it has been
shown that for highly complex or dispersed material energy input to recover “all” metals contained
increases exponentially beyond an optimum. There are other barriers, especially with electronic scrap
and consumer goods. Electronic scrap in its entirety is a huge secondary deposit and many electronic
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products have much higher grades than primary deposits (Table 2). However, this deposit can only
be exploited successfully if enough of the used consumer goods can be collected and delivered to sites
with suitable metallurgical recovery processes. There lies the problem, however. The specific metal
value of a single device is very low: a single mobile phone, for example, is currently worth less than
1 €/phone. Phones recycled in 2010 contained about 250 mg Ag, 24 mg Au, 9 mg Pd and 9 g Cu on
average [53]. At these grades, there is hardly any economic incentive for individual users of mobile
phones to bring them to a recycling plant. Since then, grades have decreased even further, especially
those of Pd and Ag. Nevertheless, in total about 20% of palladium and cobalt mine production go
into short-lived consumer goods such as mobile phones, PCs and laptops. For gold and silver 4% of
primary production is used for such consumer products. Unfortunately, this potentially rich urban
resource is much more scattered than a primary deposit and it needs specific frame conditions and
incentives to collect millions of end-of-life products into a useful secondary deposit, an “urban mine”.

Table 2. “Urban Mining” [36,53].

Secondary Material Grade Gold Grade Platinum Group Elements (PGE)

PC circuit boards * «100–200 g/t Au «30–80 g/t Pd
Mobile phones (without batteries) «200–300 g/t Au «50–100 g/t Pd

Monolithic car catalysts - «2000 g/t PGE

* grades decreasing over the last years.

Another barrier is low grades in products. There is, for example, hardly any economic incentive
to recycle indium from indium-tin-oxide (ITO) in TV screens as concentrations are significantly lower
than can be won from primary zinc ores as a byproduct in concentrates.

The European Commission recently published a new list of raw materials which it considers
critical for the EU, the so-called EU-20 list [54]. It is of interest to compare the metals and semi-metals
of this list with the achieved recycling rates of the International Resource Panel of the UNEP
(Table 3) [55]. These are global end-of-life functional recycling rates. Functional recycling is recycling
in which the physical and chemical properties that made the material desirable in the first place
are retained.

Table 3. Recycling rates of metals (or semi-metals) from the EU-20 list [54,55].

Metals of the EU-20 List [54] Recycling Rates According to UNEP [55]

antimony 1%–10%
beryllium <1%

cobalt >50%
gallium <1%

germanium <1%
indium <1%

magnesium >25%–50%
niobium (columbium) >50%

platinum >50%
palladium >50%
rhodium >50%

ruthenium >10%–25%
iridium >25%–50%
osmium <1%

heavy rare earths elements <1%
light rare earths elements <1%

tungsten >10%–25%
chromium >50%

These recycling rates apply for the average of all use segments but significant differences can
occur. This is specifically valid for the precious metals. For example, about 90% of the gold is used for
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jewelry, coins and investment ingots, and here—due to gold’s high value—losses are minimal, which
leads to the overall very high recycling rate of gold. However, gold recycling rates from electric and
electronic appliances (responsible for about 10% of gold mine production) are only in the magnitude
of 15% [55] caused by poor collection and inappropriate pre-treatment (see above and Section 4.4).

From Table 3 it becomes obvious that electronic metals especially and semi-metals like indium,
germanium and gallium and the rare earths elements used in many high-tech applications as in
permanent magnets have very low recycling rates. The reasons become obvious looking at the “metal
wheel” of Reuter (Figure 12) [56,57].

The “metal wheel” summarizes the standard technologies for metallurgical treatment of metal
associations, involving iron, manganese, chromium, aluminum, magnesium, titanium, tin, nickel,
copper, lead and zinc. The concentric rings show the interconnectivity between the main metals as
carrier metals and the co- and by-product metals: the inner ring shows the carrier metals, which
are the bulk metals in present-day use, the three outer rings show the impurities and minor metals
present in the ores of the bulk metals with which they are associated. The two middle rings show those
elements that are or can be recovered to maximize economic benefits and minimize environmental
impact. The outermost ring contains the elements lost to process residues and emissions. It becomes
obvious that elements like indium, gallium or germanium all occur as co-elements in Ring II
that have no, or limited, own production infrastructure. This means that specific processes and
production infrastructure has to be developed for such elements with low recycling rates (Table 3), a
problem addressed in the new German research programme “Economic-strategic raw materials for
the high-tech position of Germany” [58]. Man creates “deposits“ in the technosphere, available for
“urban mining” that are far more complex than nature-created deposits in the geosphere and combine
elements that do not normally occur together in nature.Minerals 2015, 5, page–page 
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lithium), or in brines (lithium). In man-made “urban” deposits they appear in combination with
other high technology metals like indium, germanium or gallium that occur in nature jointly
and exclusively in base metal deposits. Lithium-ion-batteries contain cobalt. In nature, cobalt
is not associated with lithium deposits but with nickel deposits. Certain thin film solar panels
contain the component CIGS/CIS (copper-indium/gallium selenide = Cu(In,Ga)Se2) on a thin film of
molybdenum. Molybdenum occurs together with copper in porphyry copper deposits. After mining,
it is metallurgically separated from copper during beneficiation and goes mainly into steel making.
Indium occurs with zinc in volcanogenic massive sulfide deposits, whereas gallium occurs in bauxite
deposits, lateritic weathering products, and the raw material for the production of aluminum.

This does not mean that the feedback control cycle is not functioning for such low grade
“deposits” as indium in TV screens or difficult to process “deposits”. It only requires a drastic real or
perceived shortage of the element of interest causing a large price peak. The tantalum price peak at
the end of the seventies/beginning of the eighties of last century may serve as an example [35]. At
that time, the world experienced a perceived shortage of tantalum, necessary for capacitors required
in every electronic circuit. This presumed scarcity created a very pronounced price peak. On the
supply side reaction was quick: At that time about 50% of tantalum came from the mining of
columbite-tantalite ores (Coltan) in Australia and Africa and about 50% from tin slags in Malaysia
and Thailand. During periods of unattractive prices many of these tin slags were too low grade to be
processed for tantalum. They were used for landfill to build roads and houses on. In the tantalum
boom these slags were uncovered as readily available tantalum source and taken up again and
reprocessed, thereby using unconventional ways of “mining” on shopping or recreational properties.

This example shows, however, that the price peak mechanism of the feedback control cycle is
not always the optimal route to achieve resource efficiency. In the example above, tailings’ loss was
considerable as not all the buildings could be uprooted to get at the landfill and tantalum remained
buried and was thus lost forever.

Another example is the phosphorus cycle [59], where possible final losses can occur on
two counts:

(1) Iron ores mostly contain some phosphorus. During the smelting process this phosphorus reports
to the slag phase. If the slag is used in the production of cement and then goes into concrete it is
functionally lost forever.

(2) Sewage sludge contains phosphorus often in significant amounts. So far, it is uneconomic to
reprocess the sewage sludge for making fertilizer. Only in the production of phosphoric acid
or elementary phosphorus might the recovery from sludge be economic. If sewage sludge is
not deposited or burned separately, it is diluted with other waste in the incinerator process and
probably lost forever.

4.4. Possible Actions for Optimizing the Feedback Control Cycle of Mineral Supply

The goal has to be that the feedback control cycle of mineral supply functions under market
economy conditions and constantly increases raw materials efficiency. Although the market economy
is the most efficient system to optimize economic returns, in some cases it is not the optimal system
for increasing resource efficiency. What measures can be taken to lower the obstacles to using
secondary material?

Certain measures could be:

(1) Tackle the political challenge to build up efficient national and international recycling systems.
Figure 13 shows the process chain with the number of actors for consumer goods—in this case
printed circuit boards. It also shows an assumed efficiency for each stage of the process chain.
The overall efficiency is the total product of the efficiencies at each stage. It is evident that in the
first collection stage the efficiency is by far the lowest. It is, therefore, mainly at this stage that
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significant gains in recycling efficiency can be achieved. In France, for instance, mobile phones are
collected for recycling even in laundry shops.
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Figure 13. Process chain of recycling for consumer goods: technology metals from printed circuit
boards [60].

The numbers in Figure 13 are taken from Germany and Europe, and are typical for the recycling
of gold from consumer electronics in these countries: only 30% of the relevant old consumer goods
are collected through official channels, while the remaining is either not collected (lost into household
waste streams) or escapes proper recycling due to dubious/illegal exports to Western Africa or Asia.
In the preparation and beneficiation stage 40% of the gold reports to a “wrong” fraction (steel, plastics,
dusts) from where gold is not recovered. The effective recycling rate is the product of the efficiencies
at each step. In addition, the waste stream specific establishment of well-adjusted and managed
interactions between these steps is crucial for an overall optimization of the system with regard to
resource efficiency.

(2) Prevent dilution of waste streams, but concentrate as much by selective treatment and/or
deposition. An example is the separate burning of sewage sludge in mono-incinerators for direct
reprocessing or separate deposition. Residues can be stockpiled until economic circumstances
would allow the exploitation of such secondary “phosphate deposits”. The present Federal
German government’s programme includes plans for such action [61,62].

(3) Foster the transparency of waste flows and the use of technically and environmentally superior
recycling processes all along the recycling chains. The secure channeling of certain waste flows to
such well-supervised facilities can bring a significant overall improvement in metals recycling.
This is specifically relevant for complex waste streams such as end-of-life electronics or spent
batteries, which contain a mix of valuable and hazardous materials. Here, the establishment
of auditable treatment standards and mandatory certification schemes for recycling processes
will create level playing field conditions for facilities using best available technologies. Without
stringent quality requirements for recycling often only a few valuable and easily recoverable base
and precious metals are recovered while other critical metals are lost. At the same time, by
avoiding the costs for proper treatment of hazardous waste, environmental and social costs are
externalized. Such a ruthless economic optimization is today the main driver for sub-standard
recycling and illegal or dubious exports of scrap to some developing or transition countries that
lack technologically advanced plants to recover a wider range of metals under environmentally
sound conditions.

Resource efficiency can further be increased by facilitating trade in by-products, waste and
end-of-life products and by channeling these to certified high-quality recycling plants, whether inside
Europe or imported into Europe [63].
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(4) Support research and development as described above, taking the new German research
programme “Economic-strategic raw materials for the high-tech position of Germany” as a
model [58].

5. Conclusions

The principle of inter-generational equity is generally accepted as a base for achieving
sustainable development: a path allowing every future generation the option of being as well off
as its predecessors. To complement the universal goal of inter-generational equity there is the aspect
of intra-generational equity encompassing three humanitarian challenges: (1) to conserve the basic
needs of life; (2) to enable all people to achieve economic prosperity; and (3) to strive towards
social justice.

The three essential goals of intra-generational equity and the aims of inter-generational equity
are impossible to achieve without solving the trilemma of security of supply of natural resources
under the conditions of economic viability and environmental sustainability.

For securing the supply of natural resources, not only do the primary resources of the geosphere
play a crucial role but also the secondary resources of the technosphere—“atoms do not get lost”. Man
generally does not need raw materials as such but only their intrinsic property to fulfil a function.
He is in fact in the position to choose alternative solutions to functions applying three resource
domains: (a) all the resources from the geosphere (i.e., primary resources); (b) all the resources from
the technosphere (i.e., secondary resources), reusable by recycling and (c) last but not least, the most
important resource: human ingenuity and creativity.

Since in a market economy raw materials are not free and have a price, it makes sense to use raw
materials as efficiently as possible to minimize costs. This efficiency is measured by the money value
of the raw materials needed to achieve the solution for a function. The final goal of resource efficiency
must be to decouple the growth of gross national product and environmental impacts from the use
of natural resources by dealing not with subsystems but by taking the world in its totality and the
hierarchy of natural resources into account.

An important element for increasing raw materials efficiency is to use secondary material as
much as possible. The processing of pure secondary material always needs significantly less energy
than the treatment of primary material. The more complex or dispersed a material becomes the more
energy intensive the recycling process will be. Extreme cases are metal dissipation comparable to
sparse metal distribution in the earth’s crust. Although the metal atoms are not lost physically,
it would require “infinite” amounts of energy to recover dissipated metals for functional reuse.
Therefore, there is an optimum of recycling compared to the energy required for mining, beneficiation
and smelting of primary resources.

Mineral supply is controlled by a feedback mechanism. When there is a shortage of a commodity
in a market economy, prices will rise, triggering reactions. The expectation of high financial
returns will encourage inventiveness and creativity in the quest for new solutions. On the supply
side, for primary resources the appropriate response is to cut losses in the mining process, to
lower the cut-off grade, to improve recoveries in the beneficiation and smelting processes, to
expand existing production facilities, and to discover and bring into production new deposits. For
secondary resources, the key to increasing the supply lies in improving recycling rates by better
collection efficiency and technology, reprocessing lower grade scrap that becomes economic because
of increased prices, and reducing downgrading to optimize the usefulness of secondary materials. On
the demand side, implementation of new and more efficient processes, development of substitution
technologies, material savings, and the invention of entirely new technical solutions that fulfil the
same function without the need of using the scarce and suddenly more expensive material, are
effective reactions to a price rise. The reaction to price rises on the supply side (more supply) and
demand side (less demand) will lead to a balance again.
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For the functioning of the feedback control cycle of mineral supply, it is irrelevant if there is
an actual physical shortage or a perceived shortage, a “hype”. Relevant for the functioning of the
feedback control cycle is only the price signal. If the market believes there is or will be shortage,
real or not, and prices rise consequently, the promise of financial rewards generates in short order
incentives to find creative solutions in increased supply or diminishing demand, or both.

The feedback control cycle continuously improves resource efficiency by learning effects and
by expanding the range of elements in the periodic table that have useful applications, thereby
supporting efforts to reach the dual goals of inter- and intra-generational fairness. The number
of opportunities increases exponentially with the number of elements used. If prices increase, the
learning effects mainly are on the supply side with increased use of secondary resources and on the
demand side with thriftier use of raw materials.

In some cases, however, the price peak mechanism of the feedback control cycle under market
economy conditions is not the optimal route achieving resource efficiency. Examples are the low
recycling rates for many electronic items when the value of a single item is too low to be an incentive
for the user to recycle. Here, political measures, like building up of efficient national and international
recycling systems, prohibiting dilution of waste streams, preventing exports of scrap, and supporting
research and development, are necessary.
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