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Abstract: In the next few decades there is expected to be 
a  global shift in power generation from fossil fuels and 
nuclear fission to various forms of renewable energy. 
This  process will be accompanied, however, by a strong 
demand for non-fuel raw materials required for the gen-
eration, storage, transmission and utilisation of these 
energy forms. Some of the raw materials are potentially 
exhaustible; some are already regarded, rightly or wrongly, 
as geochemically “scarce”. Many of them have been char-
acterised by steep price increases in recent years. Exam-
ples are neodymium, praseodymium and dysprosium for 
rare earth-based permanent magnets in wind turbines; 
indium, gallium, selenium and tellurium for thin film 
solar cells; helium. The supply situation with regard to 
such elements is often described as “critical”. A possible 
geochemical scarcity is, however, not the only factor con-
tributing to this designation; the supply situation is influ-
enced by various other parameters. We discuss the use of 
the terms “critical” and “criticality” in this context, point-
ing out the confusion which arises because of a different 
meaning of the terms in the physical sciences. In examin-
ing the elements mentioned above – both with respect to 
the supply situation and to their specific energy-oriented 
applications – we look at the issues of potential geochem-
ical scarcity, substitutability and extraction as by-product. 
Together with the recycling potential these are three im-
portant indicators, or constraint parameters, in so-called 
criticality analyses. Geochemical scarcity already seems 
to play a role in the case of helium and could also soon 
become apparent for tellurium, indium and possibly dys-
prosium. We conclude that geochemical scarcity may 
pertain as a consequence of mineral depletion when 
average grades of ore are falling, but at the same time 
inflation- corrected mineral prices are rising. The use of 
rare metals for the production of renewable energy – like 
nearly all resource-consuming systems in our society – 
does not satisfy “strong” sustainability criteria.
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1  Introduction
In a recent commentary in Nature the financier and former 
oil analyst, Jeremy Grantham, pointed out that the prices 
of global raw materials are rising fast [1]. This, he claims, 
is not due to a bubble, but is, rather, “a genuine paradigm 
shift, perhaps the most important economic change since 
the Industrial Revolution. Simply, we are running out.” 
The GMO inflation-adjusted price index [2] of 33 important 
commodities, including the metals aluminium, copper, 
gold, iron, lead, nickel, palladium, platinum, tin and 
uranium, declined by 70% in the 100 years up to 2002. In 
the years following, prices rose by a factor of three. Other 
commodity indices, e.g. that of The Economist [3], tell the 
same story. According to Grantham the surge is not only 
due to world population growth and an explosion of 
capital spending in China, but also to resource depletion. 
He cites phosphorous and potassium, important constitu-
ent elements in fertilisers as examples, pointing out that 
the reserves are limited and that the richest deposits occur 
only in a small number of countries. Grantham’s article 
immediately provoked a response from a columnist at 
Forbes [4], who claimed that Grantham was “horribly, hor-
ribly wrong” and had not understood the meaning of the 
word “reserves”1. Indeed, it is extremely important in this 

1 “Reserves” are deposits in or on the Earth’s crust which can be ex-
ploited economically at the present time. “Resources” are defined as 
deposits in such a condition that economic extraction is potentially 
feasible. Resources can be further divided into “identified” and 
 “undiscovered”.
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context to take into account not the reserves, but rather 
the identified resources and, as far as possible, the still 
undiscovered resources. These may be orders of magni-
tude higher than the reserves. In the case of potassium 
and phosphorous the relatively high crustal abundances 
(by weight) of 1.84 and 0.11%, respectively, probably 
suggest that this is also true for these two metals. (Scholz 
and Wellmer have recently looked at the case of phospho-
rous in more detail [5].) This debate is reminiscent of the 
exchanges between the economist Julian Simon and 
various conservationists in the early 1980’s. Simon pointed 
out that the fall in the inflation-adjusted prices of nearly 
all raw materials during most of the 20th century was due 
to improved prospecting and production methods in 
mining [6]. Moreover, he wrote in his Science article “the 
term ‘finite’ is not only inappropriate but is downright 
misleading in the context of natural resources, both from 
the practical and the philosophical points of view. . . . A 
definition of resource quantity must be operational to be 
useful. It must tell us how the quantity of the resource that 
might be available in the future could be calculated. But 
the future quantities of natural resources such as copper 
cannot be calculated even in principle, because of new 
lodes, new methods of mining copper, and variations in 
grades of copper lodes; because copper can be made from 
other metals (sic); and because of the vagueness of the 
bound aries within which copper might be found – includ-
ing the sea, and other planets.” It is the purpose of this 
article to look at potential geochemical scarcity and at 
other factors contributing to the supply risks associated 
with non-fuel raw materials that may be of decisive impor-
tance for the Energiewende.

We use the German word Energiewende intentionally. 
The weekly newspaper DIE ZEIT recently reported that it 
is now being used in the Anglo-Saxon media for want of 
a good English translation, although in our view “energy 
transformation” comes quite near [7]. But what does it 
mean exactly? Very specifically, it refers to the decision in 
2011 of the German government, and subsequently of the 
German parliament, in the aftermath of the Fukushima 
 disaster to shut down immediately 8 nuclear reactors and 
the remaining 9 by 2022. This corresponds to about 25% 
of generating capacity, which has to be compensated as 
far as possible by renewable energy forms and increases 
in energy efficiency. See, for example, the discussion by 
Schlögl recently in this journal [8]. The term Energiewende 
is, however, broader in its extent and is taken by many in 
Germany to mean the achievement of a 60% penetration 
of renewables into the total primary energy market by 
2050, as foreseen in the Energiekonzept of the German 
government in 2010 [9]. Some would even go further and 

define the word as meaning the achievement of such am-
bitious targets on a global scale!

In the next Section we discuss the terms “critical” and 
“criticality” which have recently been used in connection 
with several rare elements that are of decisive importance 
for many modern (energy) technologies, and in the present 
case, for the Energiewende. We summarise the procedures 
and methodologies applied in judging which materials 
should be deemed “critical” and also discuss (critically!) 
the terminology itself. In Section 3, some examples are 
given of the use of the indicators, or constraint parame-
ters, used in such analyses. In Section 4 we return to the 
topic of scarcity and to the question as to whether mineral 
depletion is already a contributory factor.

2 What does “critical” mean?
Several recent publications – either reports or papers in 
academic journals – have drawn attention to potential 
global supply risks associated with specific mineral re-
sources, the consumption of which has increased enor-
mously in recent years [10–17]. Moreover, at least five 
studies have been concerned specifically with energy- 
related materials [18–23]. As the APS/MRS report [21] 
notes, many of the elements concerned were once labora-
tory curiosities but have now acquired considerable com-
mercial and “security of supply” significance. Probably 
most influential was the study [10] in 2008 of the National 
Research Council (NRC) of the US National Academies, 
with the title “Minerals, critical minerals, and the US 
economy”. The adjective “critical” has been used for 
some years in the context of mineral resources. “Critical” 
minerals are – according to current usage in the study of 
resources – economically important raw materials, for 
which there is a strong possibility of supply interruption. 
Strictly speaking, minerals cannot be “critical” in them-
selves, at least not according to the several definitions 
of  the word given in the Oxford English Dictionary [24]. 
Rather, it is the situation, or state of a system, brought 
about by some attribute or property, which is said to 
become critical. The particular property, or variable, can 
usually be expressed in terms of an “indicator”, or some-
times more appropriate, “constraint parameter”. In the 
case of minerals, the availability of the ore (supply risk), 
and the consequences of supply restriction (vulnerabil-
ity), are obvious candidates. In the physical sciences, on 
the other hand, the word “critical” is used almost exclu-
sively in connection with a point at which the state of a 
system converts into a second state described by new pa-
rameters, as in a phase transition; hence, for example, 
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“critical point”, “critical angle” or “critical mass” (The 
latter concept is well known from nuclear physics and cor-
responds to the minimum mass of fissile material required 
to produce a self-sustaining chain reaction.) By analogy, 
“critical” in the minerals context should therefore perhaps 
only be used to describe the situation that pertains when 
one or more indicators corresponding to particular at-
tributes or properties cross a (previously determined) 
threshold value. In several of the studies cited above this 
procedure is actually used – necessarily in a qualitative 
or  semi-quantitative way – to arrive at the designation 
“critical” for a particular metal or mineral. Unfortunately, 
however, the NRC study also introduces the notion of “crit-
icality” and the use of a so-called criticality matrix. The 
concept derives from the field of risk analysis; the critical-
ity matrix is also known as the risk assessment matrix. 
The approach has been further developed by Graedel et al. 
[25, 26], who, in addition to the (composite) indicators 
“supply risk” and “vulnerability”, also use one for “envir-
onmental aspects”, giving a third dimension to the matrix. 
By expressing the three indicators in the form of numbers 
(even if the process of arriving at those numbers may only 
be qualitative), the procedure gives rise to a point in 
three-dimensional “criticality space”. The “overall criti-
cality” is then given by the distance from that point to the 
origin. This approach is fundamentally different from that 
of the threshold-based definition of “critical”. Criticality is 
here a matter of degree, which, it is suggested, is neces-
sary in order to compare one element with another and to 
account for variations over time, thus reflecting changes 
in demand and technological development as well as new 
extraction techniques. The term, and the corresponding 
matrix method, have been used in several of the studies 
cited above. In the physical sciences, on the other hand, 
the noun “criticality” is only used (i) to describe the occur-
rence of critical phenomena generally, e.g. [27], or (ii) the 
achievement of the critical state in a nuclear reactor.

In the following, we describe some of the more im-
portant results from several of these studies. In the influ-
ential NRC report 11 elements and element groups are 
 examined, of which the platinum group metals (PGM), 
the  rare earth elements (REE), indium, manganese and 
niobium were determined to be critical because of their 
position in the risk assessment, or criticality matrix [10]. 
The composite indicator “supply risk” on one axis covers, 
for example, import dependence, the ratio of reserves 
and/or reserve base to annual consumption, the relative 
importance of by-product production and the relative 
 proportion of production from old scrap. The indicator 
“impact of supply restriction” on the other axis includes 
percentage consumption for uses where substitution is 

difficult or impossible as well as the importance of growth 
of large-scale use in emerging areas. The assessment is 
based on a national, not global perspective for a short to 
medium timescale of up to ten years. A similar procedure 
is used in the Oakdene-Hollins report [11] to derive a Mate-
rial Insecurity Index, equivalent to the “criticality” vari-
able of the NRC report [10] and of Erdmann and Graedel 
[25]. The authors examine 69 different materials, mostly 
metallic elements, and draw up a list of the eight most 
 “insecure materials” (equivalent to “critical materials”): 
gold, rhodium, mercury, platinum, strontium, silver, anti-
mony and tin, which deserve attention. The approach is 
more global than the title of the report suggests! Similarly, 
the report of the EU Commission [14] uses a risk assess-
ment matrix, based on the two composite indicators 
supply risk und economic importance, but sets thresholds 
values for each. Materials exceeding both of these values 
are designated “critical” (clearly the threshold interpreta-
tion!). 41 non-fuel materials were investigated. The 14 ma-
terials, which thus “achieve criticality” are antimony, be-
ryllium, cobalt, fluorspar, gallium, germanium, graphite, 
indium, magnesium, niobium, PGMs, REEs, tantalum and 
tungsten. Using a different approach and with a single, 
but well-researched indicator, Angerer et al. [13] have 
carried a  technology-based analysis of continued and 
 possible further technical innovations up to the year 2030. 
The study covered the following sectors: transport, IT, 
energy, chemistry, medical technology and advanced 
 materials. They first identify 19 elements which will be 
 essential to these areas and estimate the global demand 
for each in 2006 and 2030 on the basis of the technology 
analysis. The ratio of this estimate to present global pro-
duction then not only demonstrates the shaping power of 
new technologies, but also gives an indication of the 
drastic changes to be expected in production and on the 
commodity markets. Demand for gallium, neodymium, 
indium, germanium, scandium and platinum, is expected 
to exceed substantially present day production by 2030. 
This report was published in 2009; it is to be hoped that its 
very useful quantitative estimates will be updated soon.

At least five studies have concentrated on non-fuel, 
energy-related materials [18–23], in particular those re-
quired for “clean” energy. At the focus of attention is thus 
a number of rare metals, which may be characterised by 
supply problems and which are used mostly in the gener-
ation, storage, transmission and utilisation of CO2-free 
electrical energy. In the two reports of the US Department 
of Energy (DOE) 16 elements are identified as being in 
this category. They are dysprosium, neodymium, terbium, 
europium, yttrium, lithium, tellurium, cerium, cobalt, 
gallium, indium, lanthanum, manganese,  praseodymium, 
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nickel and samarium. In an analysis similar to those of 
the NRC and EU reports (see above) the first five rare earth 
elements in this list are characterised as “critical” in the 
medium term (five to fifteen years). The next two – lithium 
and tellurium – are regarded as “near-critical” and the re-
maining nine as “not critical”. The corresponding list of 
the American Physical Society and the Materials Research 
Society (APS/MRS) [19] – identified without a specific risk 
analysis – consists of helium, lithium, most of the REEs, 
cobalt, gallium, germanium, selenium, PGMs, silver, 
indium, tellurium and rhenium. The report recommends, 
amongst other things, setting up a statistical agency in the 
US to gather, analyse and disseminate sta tistical informa-
tion on “energy critical elements” with the aim of identify-
ing critical applications and potential shortfalls. Further, 
it suggests that the federal government establish a re-
search and development effort in resource efficiency, recy-
cling and substitution. For one element, namely, helium 
the report recommends that specific  (“interventionist”) 
measures be taken to conserve and enhance the current 
US reserves. We return to the topic of helium below. The 
report from the EU Joint Research Centre by Moss et al. 
[20] produces a similar, but certainly not identical list. 
Their starting point is the EU Strategic Energy Technology 
Plan which foresees the accelerated deployment of the six 
low-CO2 technologies nuclear, solar, wind, bio-energy, 
carbon capture and storage (CCS), and electricity grids. 
They first identify 14 elements, the use of which in the ap-
plication of these technologies in Europe in the period 
2020 to 2030 will probably require more than 1% of the 
current global annual supply. On the basis of a risk analy-
sis involving several indicators they conclude that from 
this list the two rare earth elements dysprosium and neo-
dymium as well as tellurium, gallium and indium, which 
are by-products in the extraction of other metals, are at a 
high risk with respect to future supply-chain  bottlenecks. 
The group makes a series of recommendations as to how 
the EU should cope with this problem. Bradshaw and 
Hamacher [21] also look at several elements important for 
the transformation of the energy economy into CO2-free 
energy systems, but not on the basis of a formal risk anal-
ysis. They concentrate more on the long-term, emphasis-
ing the ethical, environmental and economic aspects that 
today are usually subsumed under the heading of “sus-
tainability aspects”. Achzet et al. [22], in a report spon-
sored by two large companies, compile a list, which is 
similar, but not identical with the APS/MRS list, of ele-
ments deemed important for the energy industry. It con-
sists of cadmium, chromium, cobalt, copper, gallium, ger-
manium, indium, lithium, molybdenum, phosphorous, 
potassium, rhodium, silver, tellurium, tungsten, uranium 

and vanadium, as well as the REE’s. The elements are 
all designated as “critical” and subsequently a risk factor 
(high, medium, low) is determined for various indicators 
(constraints) that include ecological impact and recy-
clability. They define criticality as the degree to which a 
particular material is necessary as a contributor to an 
energy pathway, which is equivalent to the vulnerability 
indicator in Refs. [10] and [25]. Much information is avail-
able in this report, most of it in useful, tabular form. 
Finally, we mention the most recent contribution in this 
area made by two engineering consultancies on behalf of 
the International Energy Agency (IEA) [23]. This group, in 
a painstakingly detailed study, examines the bottlenecks 
along the supply chain for the deployment of wind and 
photovoltaic devices on both the medium-term (present to 
2025) and long-term (2025–2050) time scales. The supply 
chain does not just cover materials supply, but treats con-
straints (“bottlenecks”) due to manufacturing and opera-
tions, human resources and regulatory issues. Each indi-
cator or potential bottleneck is plotted individually in the 
form of a two-dimensional criticality matrix of “severity 
of  impact” against “likelihood”. Insufficient availability 
of silver, tellurium and indium for photovoltaic modules 
and of dysprosium, neodymium and carbon fibre for wind 
turbines are seen as major risks.

Apart from the fact that the word criticality is used in 
most cases differently from that in the physical sciences, 
there is also disagreement in the field of resource studies 
as to its exact definition and as to how a criticality matrix 
should be constructed. We have encountered three differ-
ent versions of the latter above. However, the various 
studies mostly come to the same, or a similar list as to 
which elements are “critical”, or where the degree of “crit-
icality” is high, even in cases where a more intuitive ap-
proach was used instead of such an analysis. Unfortu-
nately, the indicators are qualitative by nature, at the most 
semi-quantitative. If it were possible to describe the indi-
cators quantitatively, more sophisticated methods, such 
as sensitivity analyses could perhaps be used. We should 
at this point, therefore, ask the question as to whether 
such an instrument is actually necessary. Nassar et al. [26] 
write optimistically “the additional knowledge provided 
by criticality assessments is likely to enable better deci-
sions to be made in the interest of corporations, countries, 
and the planet”. It would seem to the present authors that 
the different “customers”, be they corporations, countries 
or global society as a whole, may find in depth assess-
ments for a particular element in terms of the individual 
perceived risks associated with each indicator just as 
useful as a multi- dimensional, but still qualitative, overall 
criticality index.
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The technical indicators “substitutability”, “supply 
as by-product” and “production/resources ratio” play im-
portant roles in such an assessment. The latter is a poten-
tial measure of impending geochemical scarcity. In the 
following we look at three cases in which these aspects 
are  emphasised. Because the importance of “recycling” 
for resource efficiency, and thus for sustainability, is well 
known and because it has been treated well elsewhere, 
e.g. [28–30], we do not discuss the topic in detail in the 
present paper.

3 Three case studies

3.1  Strong permanent magnets for wind 
turbines and automotive applications: 
the rare earth elements neodymium, 
praseodymium and dysprosium

3.1.1 General

In the last few years there has been a spectacular rise in 
the use of certain rare earth elements (REE) in the manu-
facture of high field permanent magnets, in particular for 
the transport and energy sectors. The REE consist of lan-
thanum and the subsequent 14 elements of successively 
higher atomic number, known as the lanthanides. Yttrium 
and scandium, occurring in the same vertical group of 
the  Periodic Table as lanthanum, are normally included 
because they have similar properties. In the lanthanide 
series the 4f shell is successively filled, which gives rise 
to interesting spectroscopic and magnetic properties, but 
the chemical properties are very similar, which makes 
separation difficult. This turns out to be a particular 
problem for extraction because the rare earth elements 
never occur singly in the various ores. They are mined and 
traded as oxides, often referred to as rare earth oxides 
(REO), which is actually a misnomer, since “earth” already 
means “oxide”. Until 1950 annual global REO production 
was on average 2,000 t. There has been a phenomenal in-
crease in the last 60 years as shown in Figure 1, based on 
data from the United States Geological Survey (USGS) [31].

For several years, China was virtually the only pro-
ducer of REE. The Chinese share of global production rose 
from an average of 60% in the 1990’s to 95–98% in the last 
decade [32], in particular from a large deposit in Bayan 
Obo, Inner Mongolia [33–37]. Largely because of environ-
mental concerns, which apply not only to extraction but to 
a lesser extent also to separation, mining activities effec-
tively came to an end in the US and Australia. Due to the 

recent re-opening of the Mountain Pass mine in California 
in 2012, the dominance of China is now beginning to de-
crease and its share of global production fell to 86% in 
2012 [32]. The Mount Weld mine in Australia is also due to 
re-open this year. Moreover, other mine re-openings are 
planned and many new mining projects have been pro-
posed worldwide, spurred by the price increases 2010–
2012. Beginning in the early 2000’s the Chinese govern-
ment imposed restrictions on the export of REE in order to 
regulate their industry more stringently, in particular from 
the environmental point of view, and also to conserve sup-
plies for their own manufacturers [38]. The political con-
notations of this move have, as might be expected, also 
given rise to comment. The restrictions have received con-
siderable attention not only in the general media and 
trade magazines, but also in scientific journals, e.g. [39, 
40]. They were reinforced, and even intensified, in a new 
White Paper in 2012. Subsequently, Japan, the US and the 
EU jointly filed a World Trade Organisation (WTO) dispute 
settlement case. Japan, in particular – probably because 
of other, political disputes with China – is urgently looking 
for alternative sources of REE [38, 40]. The so-called rare 
earth supply problem has led to an increase in research 
funding in the US for new materials for permanent 
magnets [41]. Hardly surprisingly, the crisis led to a classic 
speculative price bubble, which peaked in the middle 
of 2011. In the last decade the price of neodymium oxide 
(FOB China) was under 20 $/kg; it doubled in 2010, 
reached almost 300 $/kg in 2011, but had fallen to about 

Fig. 1: The large increase in the annual world production of rare 
earth oxides since 1960. Data from USGS tables [31].
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75 $/kg by the time of writing (early 2013). The same trend 
was observed for other REO: praseodymium oxide fol-
lowed exactly this pattern at the same price level. Dyspro-
sium oxide followed the same trend except that in this 
case the kg prices were a factor ten higher! Note that this 
sudden price development (see also [31]) is quite un related 
to the supply curve shown in Figure 1, which shows a 
steady increase in mine production over the last 60 years, 
corresponding to the many newly found uses of the REE in 
this period: lighting, permanent magnets, catalysis, alloy-
ing, glass polishing, etc.

The consultants Oakdene-Hollins summarised the 
rare earth element supply problem in 2010 [42]. A some-
what more detailed review of the geological availability, 
extraction and recycling of rare earths has been published 
by the German Öko-Institut [33], but, since it was pub-
lished at the beginning of 2011, it was unable to take into 
account some recent developments. The report by Hatch 
[34] is slightly more up to date and likewise extremely 
useful. Gambogi and Cordier in their USGS Yearbook con-
tribution [35] provide a useful overview of the rare earth 
composition of the major mines. Surprisingly perhaps, 
such details are important for present considerations. 
Rare earths are produced mainly from monazite (CeYPO4), 
as in Mount Weld, and bastnäsite (CeFCO3), as in Bayan 
Obo and Mountain Pass. (All the rare earth atoms can sub-
stitute for the cerium atom.) Both minerals consist almost 
exclusively of the light rare earth elements (LREE), yttrium 
to europium, in particular lanthanum, cerium and neo-
dymium. The corresponding heavy REE, gadolinium to 
lutetium, are obtained from other minerals, in particular 
xenotime and the clay deposits in Southern China. The 
percentage of the much-coveted HREE dysprosium (see 
below) in xenotime can be as high as 9%. We note in 
passing that most of the rare earth deposits also contain 
uranium and thorium and that this can constitute a 
serious hazard for personnel and for the environment, for 
example, because of radioactive contamination of the 
“tailings”.

Neodymium forms an intermetallic compound from 
which strong permanent magnets can be produced. On 
account of its high remanence and high coercivity neo-
dymium iron boride (Nd2Fe14B), developed by Sagawa in 
1983 [43], is at present the material of choice for synchro-
nous motors in a wide variety of applications, particularly 
in the automobile industry, including the main motor in 
all-electric and hybrid vehicles, and for wind turbines. 
The material also contains normally praseodymium and 
dysprosium (and perhaps a little terbium). Dysprosium is 
very important, as it increases the coercivity and extends 
the temperature range. Hatch [44] gives the composi-

tion  for various grades of magnet material: whereas, for 
example, a composition (by weight) of 23% Nd, 8% Pr and 
1% Dy gives a maximum working temperature of 80 °C, 
14% Nd, 5% Pr and 12% Dy extends the maximum working 
temperature to 240 °C and trebles the coercivity. Current 
R&D on this material focuses on the improvement of pro-
duction techniques such that smaller quantities of dys-
prosium can be used (“Dy-saving technology”).

Global mine production of rare earths was 0.13 Mt (as 
REO) in 2012 [32]. The crustal abundance of cerium, the 
most plentiful REE, is 83 ppm, that of lutetium, the rarest 
0.8 ppm [37]. Reserves are currently estimated by the USGS 
to be 110 Mt, half of which are thought to be in China. 
Whether the recent assessments that led to the many 
project proposals at the height of the bubble have been 
taken into account, is not clear. The reserves of neodym-
ium and praseodymium would probably be about 20% of 
this figure. A very rough guess for the reserves of dyspro-
sium would give about 1% (1 Mt), since this REE is essen-
tially only a trace element in most bastnäsite and monazite 
minerals. The extent of the resources is unknown. The 
USGS states: “Rare earths are relatively abundant in the 
Earth’s crust, but discovered minable concentrations are 
less common than for most ores. US and world resources 
are contained primarily in bastnäsite and monazite. . . . 
Undiscovered resources are thought to be very large rela-
tive to expected demand” [32].

What can be said about possible future demand for 
REE in the energy sector? In order to arrive at an esti-
mate we focus on the year 2050, for which a penetration 
of  60% by renewables into the total energy market – at 
least in Germany – is the stated aim of the Energiewende 
(see Section 1). We assume that this target could also be 
reached globally. Total global primary energy supply in 
2010 was 12 717 Mtoe, or 147 900 TWh, according to the 
International Energy Agency (IEA) statistics [45]. We 
assume that this will double by the year 2050, as was 
roughly the case between 1973 and 2010 [45], to give 
300 000 TWh. Furthermore, if renewables provide 60%, 
we arrive at a contribution of 150 000 TWh, after taking 
into account a 10% share of renewables in the form of 
 bio-mass which is used for heating etc. After this point 
the  assumptions become rather arbitrary, but it should 
be  remembered that we are only attempting an “order 
of  magnitude” estimation! Assuming that wind, solar 
thermal and PV will have equal shares and that hydro and 
various other renewable energy forms will only contribute 
10%, we obtain a figure of 45 000 TWh for wind energy. 
Converting to power and assuming a capacity factor of 
50%, we obtain for the “global wind park” 10 TWp. A 
figure of 100–200 kg REE per MWp is normally quoted 
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as  the requirement for neodymium-based permanent 
magnets [34, 42, 46]. This gives a figure of 1–2 Mt for the 
required in-use stock in the year 2050. Assuming the 
transport sector also requires the same amount (a very ar-
bitrary assumption!), we can make an order of magnitude 
guess of 3 Mt. This is only a small fraction of the reserves 
summed over all seventeen REE as currently estimated. 
However, the requirement is for specific rare earths: any-
thing up to 40% dysprosium is required for the highest 
coercivity [44], corresponding perhaps to the total amount 
of this metal in the reserves (as designated by the USGS). 
In connection with permanent magnets Alonso et al. [46] 
have modelled demand for wind energy using various 
 scenarios, but assume generally a much lower market 
penetration than in the “order of magnitude” estimation 
above.

As noted above, there has been a large number of new 
REE projects initiated in the last three years, not only in 
government-assisted schemes but also by so-called junior 
mining companies. Admittedly, some observers feel that 
the chances of many being realised are small. These activ-
ities suggest, however, as do other factors, that in addition 
to the reserves, there are also large resources – both dis-
covered and undiscovered and that the long term supply 
situation is not a serious constraint. Recycling is also ex-
pected to eventually play an important role, although the 
small amount of present in-use stock implies that this 
would probably not start in earnest for several years. A 
pressing problem is, however, the Chinese monopoly, 
which despite attempts by developed countries to diver-
sify supply is expected by observers to last for at least two 
decades! Moreover, in the case of dysprosium, geochemi-
cal scarcity may play a possible role. In this situation it is 
important to examine possible substitutes for permanent 
magnet electric motors and generators. In the next three 
sections we consider alternative concepts and their suit-
ability first for electromotive systems and then for wind 
turbines. As might be expected, aspects such as efficiency, 
weight, volume, price and maintenance play a role.

3.1.2 Types of electric motor

Modern vehicle concepts with an electric propulsion 
system are expected to extend the use of renewable ener-
gies in the transport sector and to improve the efficiency 
of use of conventional fossil fuels. Such vehicles consist of 
an electric motor and an internal combustion engine and 
have varying degrees of hybrid character (i.e. mild hybrid, 
full hybrid, or plug-in hybrid), or they are battery electric 
vehicles (BEVs) which are equipped only with an electric 

power train. Although these vehicles can reduce the de-
pendence on oil and cut CO2 emissions, the change of 
technology is obviously accompanied by an increase in 
the demand for electric motors, batteries and other com-
ponents. These, in turn, also require raw materials. Here 
we concentrate on the electric motor, in particular on the 
possibilities offered by devices which do not contain 
 REE-based permanent magnets, i.e. on the possibilities of 
substitution. The development of electric motors began in 
the 19th century and since then various technologies have 
been introduced and improved over the years. Generally 
speaking, all types of motor can be used in electric vehi-
cles, although each has specific advantages and disadvan-
tages. The major drawback of motors using direct current 
(DC motors) is the requirement of a commutator which 
consists of carbon brushes in order to change the direction 
of the current. This component has however, various 
problems with respect to maintenance, wear, carbon dust 
formation, etc. Since DC motors play a minor role for elec-
tric vehicles, only motors using alternating current (AC 
motors) are discussed in the following [47–49].

The two main categories of AC motor are the synchro-
nous motor and the asynchronous motors; the latter is 
also termed induction motor. Synchronous motors have 
a  rotor which contains either permanent magnets, or 
 electromagnets constructed from copper windings. Induc-
tion motors have no windings on the rotor, which consists 
of iron, but contains a so-called squirrel cage which is 
usually made from aluminium, or sometimes copper. (The 
function of a squirrel cage is to enable the induction of 
current within the rotor. This current produces its own 
magnetic field which – together with the magnetic field in 
the stator – causes the rotor to turn.) The stator is the same 
for synchronous and asynchronous motors and contains 
copper windings which generate a rotating magnetic field. 
These two motor types are compared in the schematic dia-
grams of Figures 2a and 2b. An inverter is used for convert-
ing the direct current from the battery into alternating 
current of varying frequency, resulting in a magnetic field 
with variable rotational velocity. As the name suggests, 
the rotor of the synchronous motor follows this magnetic 
field synchronously, whereas the rotor of the asynchro-
nous motor turns at a lower rotational velocity, resulting 
in the so-called slip [47–51].

Another electromagnetic phenomenon which can be 
used for electric motors is the so-called reluctance. This 
is the property of a ferromagnetic material to align itself 
along magnetic field lines, similar to the magnetic needle 
of a compass. It is used in a motor with a so-called salient- 
pole rotor (see Figure 2c). In the stator a rotating magnetic 
field is created with which the poles of the rotor align. The 
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rotation of the magnetic field in the stator is generated by 
successively activating and deactivating the copper wind-
ings; the rotor then follows. As in the case of the induction 
motor, no permanent magnets are needed for this type of 
motor; the rotor just consists of ferromagnetic material 
such as iron or steel [44, 41–53].

3.1.3  Assessing the properties of electric motors  
for use in electric vehicles

Weight is one of the most important parameters in the 
design of an automobile, since additional weight leads di-
rectly to an increase in energy consumption. Further, the 
free space in a vehicle is very limited, particularly since 
the number of comfort, safety and so-called infotainment 
systems has increased substantially in the last few years. 
Since the battery of an electric vehicle is a large, heavy 
device, the requirement that other components be small 
and light is even more important than for conventional ve-
hicles. Additionally, since battery prices are still very high, 
the battery energy content must be used as effectively as 
possible, in order to allow a long kilometre range. Strict 
requirements of high efficiency (low energy losses) as well 
as low weight and volume apply to all components in elec-
tric vehicles. Electric motors – as key components – are 
especially subject to these constraints.

Induction motors represent the most mature motor 
technology, since they have been used in industrial ap-
plications for decades. Hence, they are very robust (low 
maintenance) and, since they do not require special mate-
rials such as permanent magnets, are also quite cheap. 
They also have a high efficiency, but the main dis-
advantage is their volume and weight which make this 
type of motor an unfavourable option for electric vehicles 
[54]. In contrast, permanent magnet synchronous motors 
show highest power-to-weight and power-to-volume 
ratios. Also, they work most efficiently and are quite 
robust making them an ideal solution for electric vehicles. 
However, as they require permanent magnets, their price 
is higher than that of alternative motor technologies 
(about +20% [55]). The permanent magnets for a synchro-
nous motor can be substituted by copper windings in the 
rotor which act as electromagnets. This results in a lower 
price for the motor, but is accompanied by additional 
weight and volume. Furthermore, since additional current- 
induced losses occur in the rotor, the efficiency of the 
motor is lowered.

The switched reluctance motor is relatively cheap, 
very robust and fairly efficient, thus appearing to be an 
alternative solution for electric vehicles. Unfortunately, its 
volume and weight are not as beneficial, as those of a per-
manent magnet synchronous motor. The crucial draw-
back of the switched reluctance motor, that has impeded 
its application in electric cars until now is, however, its 
acoustic noise emission resulting from the torque ripple 
(fluctuating variations of the motor torque). It has to be 
mentioned that a significant potential for improvement 
might be found in future, since this type of motor is not yet 

Fig. 2: Three types of electric machine
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at its full technological maturity. A compromise which is 
applied to many electric cars nowadays is the so-called 
hybrid synchronous motor which combines – to a certain 
extent – the permanent magnet synchronous motor with 
the reluctance effect. This leads to very good results with 
respect to volume, weight and efficiency. Costs are also 
reduced since the amount of magnet material required 
is  lower than for pure permanent magnet synchronous 
motors [56].

Although the permanent magnet synchronous motor 
has been the preferred motor for today’s first-generation 
electric vehicles, it is widely thought that the induction 
motor might become more important in future for a variety 
of reasons. If the prices for REE rise too high, it is to be 
expected that engineers will find ways of coping with the 
drawbacks of weight and volume.

3.1.4  Assessment of modern wind turbine technologies

Wind turbines are among the most economic producers 
of electricity from renewable sources. The annual instal-
lation of new wind turbines is significant in all parts of 
the world, especially in China with an added capacity of 
17.6 GWp in 2011, in the US 6.8 GWp, in India 3.0 GWp 
and in Germany 2.1 GWp [57]. Wind generators have been 
traditionally located on land, but offshore wind genera-
tion, i.e. wind turbines located in the sea up to 40 km from 
the coast, has great potential, since average wind speed 
is  higher and electricity is generated more continuously 
than at onshore sites. However, the current cost for off-
shore wind generators remains quite high (because of the 
additional expenses of installation, servicing and grid 
connection) which has resulted in an initially slow ex-
ploitation of off-shore possibilities [58].

(We note at this point, that for the production of elec-
tricity, electric generators are used which do not differ 
principally from the electric motors described earlier. The 
main difference obviously is the reversal of the energy 
flow. For each type of motor a corresponding type of gen-
erator exists; a DC-motor results in a dynamo, the induc-
tion motor in an induction generator, and so forth. For this 
reason, electric motors and electric generators are often 
both termed “electric machines”.)

Just like the situation for any producer of electricity 
connected to the grid, the AC current from a wind turbine 
has to be synchronized with the grid. This means that the 
rotational speed of the generator must be compatible with 
the frequency of the grid. Traditionally, gearboxes have 
been used in wind turbines to connect the slowly turning 
rotor blades with the electric generator in the so-called 

nacelle. However, these gearboxes can be quite suscep-
tible to faults, and even to complete failure, giving rise to 
considerable maintenance needs. Wind turbines without 
a gearbox have therefore been on the market since the mid 
1990s. Here, the generator and the utility grid are con-
nected via an AC-DC-AC converter, which allows the rota-
tional velocity of the generator to be completely indepen-
dent of the grid frequency. The alternating current (AC) 
produced in the generator is rectified to direct current 
(DC) in a first step and then converted into alternating 
current in accordance with the requirements of the grid in 
a second step. As the use of such power electronics makes 
the gearbox unnecessary, this technology is particularly 
advantageous for off-shore wind generators where the 
cost of maintenance is particularly high. Earlier types of 
wind generator were designed for only one rotational 
speed in accordance with the frequency of the grid. Gener-
ally speaking, all types of electric machines can be used 
in wind turbines. The gearless technology, however, was 
first implemented using synchronous generators with 
electromagnetic windings on the rotor. Since the size of 
wind generators has increased in order to raise the power 
output, this technology has led to a considerable demand 
for copper and a significant increase in the weight of the 
nacelle. This was the reason for substituting the electri-
cally excited rotor by a rotor with permanent magnets, 
which allows substantial weight reductions and an im-
provement in the efficiency of the generator. However, the 
price of a generator using permanent magnets is higher 
(about 25%) than the alternative with an electromagnet 
[58]. In summary, turbines without a gearbox are the 
 preferred technology for off-shore wind parks. For this 
purpose, permanent magnets can be used, but do not nec-
essarily have to be used. Thus, the development of the rel-
ative prices of REE and copper might well decide which of 
the alternative gearless wind turbine technologies will be 
utilized in the long run.

3.2  Elements for thin film solar modules: 
cadmium, gallium, indium, selenium 
and tellurium

3.2.1 General

The elements cadmium, gallium, indium, selenium and 
tellurium have recently become very important for thin 
film photovoltaic cells. Globally, 27.7 GW of new photo-
voltaic capacity was installed in 2011. According to the 
US Department of Energy [59] and other sources the thin 
film materials cadmium telluride, amorphous silicon and 
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copper indium gallium diselenide {Cu(InxGa1−x)Se2}, or 
CIGS, had PV market shares in that year of 7%, 3% and 
2.5%, respectively. (The production figures from First 
Solar, the largest CdTe module supplier globally, suggest 
that the estimate for CdTe is actually too low.) Schematic 
diagrams of the three cells are shown in Figure 3. Note that 
the thin film of transparent conducting oxide (TCO) in all 
three cases is usually indium tin oxide (ITO), the latter 
being a ubiquitous material in many display and conduc-
tive coating applications. In general, thin film modules 
have lower efficiencies than those based on single crystal 
silicon technology, but are cheaper to manufacture. 

Current module efficiencies are given as 10–12%, 12–14% 
and 6–9% for CdTe, CIGS and a-Si, respectively, compared 
with a value of up to 20% for crystalline silicon. (The 
figures for research-cell efficiency and for module effi-
ciency should be carefully distinguished. Clearly, under 
laboratory conditions, considerably higher efficiencies 
can be reached. These are documented, and frequently 
updated, by the US National Renewable Energy Labora-
tory in a useful chart [60]. The “records” for research-cell 
efficiency are 18.3%, 20.3% and 13.4%, respectively, com-
pared to 25.0% for crystalline silicon.) Of the thin film 
modules CIGS has the highest manufacturing costs, but 
these can in principle – other factors being equal – be 
offset by the higher efficiency. We conclude this para-
graph by noting that at the time of writing (early 2013) the 
photovoltaic market is still in turmoil, due to the recent 
spectacular rise in Chinese exports, the reduction of sub-
sidies, particularly in Germany and the closure of produc-
tion facilities in Europe. Production figures and market 
shares for 2012 are not yet available.

All five elements are by-products in the production 
process of a primary resource, which for cadmium and 
indium is zinc, for gallium is mainly aluminium and for 
selenium and tellurium is copper or lead. In fact, they are 
extracted exclusively on this basis; there are no cadmium 
mines, for example, because there are few or no minable 
deposits of this element. By-products can be very import-
ant for the profitability of a mine. Mining operations result 
in “tailings” containing several elements in very low con-
centration, the extraction of which may or may not be eco-
nomically viable. In general, however, once the ore has 
been mined and the mineral concentrated, the additional 
expense of extracting low concentration by-products is 
relatively low. For example, the kg price of cadmium (see 
next paragraph) is only about 2–3 higher than that of zinc. 
The reader is also referred to the USGS circular by Bleiwas 
on this topic [61]. Table 1 gives an overview of some of the 

Fig. 3: Thin film photocells: a-Si, CdTe, CIGS

Table 1: An overview of some of the by-products which can be 
obtained from aluminium, copper, lead, nickel, platinum, tin and 
zinc [29, 37, 62].

Main metal Important by-products

Aluminium Gallium
Copper Cobalt, silver, gold, antimony, arsenic, selenium, 

tellurium
Lead Zinc, antimony, bismuth, silver, selenium, tellurium
Nickel Copper, cobalt, manganese
Platinum Rhodium, palladium, iridium, osmium, ruthenium
Tin Indium, niobium, tantalum
Zinc Lead, cadmium, silver, germanium, gallium, indium
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by-products which can be obtained from aluminium, 
copper, lead, nickel, platinum, tin and zinc [29, 37, 62].

3.2.2 Cadmium telluride

The rare metal cadmium with a crustal abundance of 
0.2  ppm is mainly used for nickel-cadmium batteries. 
Note, however, that inside the EU the manufacture of new 
NiCd batteries is forbidden because of the toxicity of 
cadmium. Li-ion batteries are in any case replacing NiCd 
batteries in many consumer applications, because of the 
higher energy density, although the price is approximately 
double. World primary production of cadmium, which is 
roughly static, or even in decline, was about 23 kt in 2011; 
additionally, a further ≈ 5 kt was obtained from recycling 
(so-called secondary production), particularly of batteries 
[32]. As noted above, cadmium is a by-product in zinc 
mining, where it substitutes atomically to the extent of 
about 0.3% for zinc in sphalerite (ZnS). Other rare ele-
ments similarly present in sphalerite in concentrations up 
to a few tenths of a percent include gallium, germanium 
and sometimes indium (Table 1). First Solar has just in-
stituted “the industry’s first comprehensive, prefunded 
module collection and recycling program”, presumably in 
response to concerns about the toxicity of cadmium. On 
the assumption of about 2.5 GWp freshly installed CdTe ca-
pacity in 2011, the amount of Cd required (see Table of 
Bleiwas [61]) was 165 t, or about 0.6% of annual produc-
tion. Although it is perhaps not meaningful to talk about 
cadmium reserves, because of their dependence on the 
mining of zinc, the USGS [32] gives a figure of 640 kt corre-
sponding to a reserves-to-primary production ratio (also 
known as the “static lifetime”) of 28 years. The same 
source gives a figure of 1.9 Gt for Zn resources, which could 
imply that the Cd resources are at least 5 Mt. Tolcin [63] 
notes that if the applications and markets for cadmium 
continue to decline, excess by-product cadmium may 
need to be stockpiled and managed, similar to the situa-
tion that the US Government faces with mercury. On the 
other hand, the possible future use of NiCd batteries 
as  large-scale storage devices for intermittent renewable 
energy sources (outside the EU!) could increase the 
demand for cadmium in coming years.

The situation with regard to the very rare metalloid 
tellurium, which has an abundance of 0.001 ppm in the 
Earth’s crust, can fairly be described as critical. Annual 
global production is not accurately known, but is thought 
to be about 500 t [64]. The source of 90% of tellurium is 
copper ore, in which the element may be present in a con-
centration of up to 1 × 10−6 relative to the copper. (Other 

by-products of copper mining may include gold, selenium, 
antimony and the platinum group metals.) A small 
amount of tellurium is also obtained as by-product in the 
mining of zinc, lead, gold, nickel and platinum. Potential 
primary ore sources have also been identified [65, 66]. Tel-
lurium and the other by-products are extracted from the 
anode slime produced in electrolytic copper refining. The 
USGS [32] remarks that increased use of the leach/solvent 
extraction/electro-winning process [67], which does not 
capture tellurium, will limit the future supply of tellurium 
from some copper ores. (This is not the whole story, since 
some ores for which the L-SE-EW process is used, such 
as  carbonates{malachite}, do not contain Te and Se as 
by-products anyway [68].) If, as in the case of cadmium, 
we assume 2.5 GWp freshly installed CdTe capacity in 2011, 
the amount of Te required was 189 t, or 38% of total pro-
duction. George [64] gives 40%; other uses include ther-
moelectrics (30%), alloying (15%) and vulcanisation (5%). 
Of all five rare metals considered in this Section it is 
only  tellurium for which solar cell manufacture con-
sumes  a very significant part of annual production! Re-
serves are given by the USGS as 24 kt, assuming that 
copper remains essentially the only source. (Note the 
proviso above concerning the meaning of reserves in the 
case of a by- product!) This corresponds to a reserves-to- 
primary production ratio of 50 years. The same agency 
gives a figure of 3 × 109 t for global copper resources (ex-
cluding the seabed), which might imply that the tellurium 
resources are as high as 105 t, although we must remember 
that the concentration of tellurium in copper ores varies 
strongly.

What can we say about the future consumption of 
these two elements in the photovoltaic sector? As in 
Section 3.1.1 we focus on the year 2050, for which a pene-
tration of 60% by renewables into the total global energy 
market has been stated as the main aim of the Ener-
giewende. Total global primary energy supply in 2010 was 
12 717 Mtoe, or 147 900 TWh, according to the International 
Energy Agency (IEA) statistics [45]. We assume that this 
will double by the year 2050, as was roughly the case 
between 1973 and 2010 [45]. Furthermore, if renewables 
provide 60%, we arrive at a contribution of 150 000 TWh, 
after taking into account a 10% share of renewables for 
other purposes, mainly heating. Assuming further that 
wind, solar thermal and PV will have equal shares and 
that hydro and various other renewable energy forms will 
only contribute 10%, we obtain a figure of 45 000 TWh for 
PV. (The very high share of 60% for solar energy assumes 
of course that considerable progress will have been made 
in energy storage.) Very arbitrarily, we give CdTe a one 
third share of the PV market. Converting to power and 
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 assuming a 25% capacity factor, gives 6 TWp. Using litera-
ture values for the amounts of cadmium and tellurium re-
quired per TWp, as above [61, 65], the resulting material 
requirements for the “in-use stock” in 2050 would be 
5 × 105 t and  6 × 105 t, respectively. These are enormous 
quantities: the figure of 6 × 105 t of tellurium is comparable 
to, if not higher than the putative resources! The situation 
with regard to cadmium is perhaps not critical. It may be 
pos sible to reduce the amounts of Cd and Te relative to the 
power rating by increasing the module efficiency. More 
promising, however, would be to manufacture modules 
with substantially reduced film thicknesses, which is 
thought to be technically possible [61].

3.2.3  Copper indium gallium diselenide (CIGS)

Copper is unlikely to present an availability problem, at 
least not on account of its use in solar modules. We there-
fore begin with indium, which is a rare metal with a crustal 
abundance of ≈ 0.1 ppm. Like cadmium, it is mainly ob-
tained from zinc deposits, where it substitutes for zinc in 
sphalerite (ZnS), but at the most to the extent of 0.01%. 
Global primary production of indium was 640 t in 2011 
[32]. The largest producer of primary indium is China, 
which maintains an export quota. Substantially more 
indium derives, however, from recycling the material 
which is left over from the rather inefficient process of 
sputtering ITO (indium tin oxide) layers [69]. Thus, global 
consumption of both primary and secondary indium was 
thought to be more than 1800 t in 2011 [32]. Recycling from 
end-user electronics applications (displays) is still only 
of  minor significance, although processes are available 
[70]. Substantially more than 50% of indium production is 
used for the thin layers of ITO required for liquid crystal 
displays (LCDs), plasma displays, touch panels, organic 
light-emitting diodes (LEDs) and solar cells. Other uses 
include solders and alloys, as well as III–V semiconduc-
tors for LEDs and laser diodes. On the basis of the figures 
in Section 3.1 above, we obtain a value of 0.7 GWp for the 
freshly installed CIGS capacity in 2011. This corresponds 
to an indium requirement of 16 t. We note, however, that 
all of the three thin film solar cells also have TCO, usually 
ITO, layers. These are typically an order of magnitude 
thinner than the active layers, but a simple estimation 
gives the result that a further 6 t of indium were used for 
this purpose. Thus, solar cell applications were responsi-
ble for only 22 t, or ca. 1%, of the 1800 t indium consumed 
in 2011. Presumably because of the difficulty of obtaining 
reliable data, the USGS currently does not quote the global 
reserves; in 2008 a figure of 11 kt was given.

Gallium is a non-metal present in the Earth’s crust in 
an average concentration of 15 ppm. It is extracted almost 
exclusively from the aluminium ore bauxite, but with a 
very small amount coming from sphalerite. Global refined 
gallium production was 310 t in 2011, considerably more 
than the 216 t given as the primary gallium production. 
Interestingly, the latter value already represents an in-
crease of 19% compared to 2010. Since the majority of 
gallium is used for the manufacture of GaAs, and to a 
lesser extent, GaN devices, this reflects the currently ex-
panding market for “smart” phones [71]. In an analogous 
way to indium we estimate the amount of gallium required 
for the manufacture of CIGS solar modules in 2011 as 5 t, 
corresponding to 1–2% of annual production. The USGS 
[32] makes no attempt to estimate the gallium reserves, 
pointing out that only a certain proportion of the gallium 
in bauxite and sphalerite are extractable, but the details 
are proprietary. The world resources of gallium in bauxite 
are estimated to be 1 Mt.

The situation with regard to selenium, a non-metal, is 
very similar to that of tellurium: not only does it come 
between sulphur and tellurium in the same group of the 
periodic table, but it is also an important by-product in 
copper mining and extraction. With a crustal abundance 
of 0.05 ppm it is, however, not quite so rare. Surprisingly, 
selenium is a necessary nutrient for humans in trace 
quantities. In higher concentrations it is toxic and its pres-
ence in drinking water has led to public health problems 
[37]. Annual global production in 2011 was probably 
3000–3500 t [64]. Note that the concentration of by- 
product – selenium, tellurium, gold and antimony, etc. – 
depends on the copper ore. George [64] records that in 
2006 data from 56 electro-refiners selenium and tellurium 
were reported as by-product in 52 and 45 plants, respec-
tively. Selenium-containing slimes averaged 7% Se, with 
some going as high as 25%, and tellurium-containing 
slimes averaged 2%. Its main uses are alloying (40%), 
glass (25%) and agriculture (10%); we estimate that solar 
cell manufacture required only 32 t, or about 1%. Reserves 
are given as 92 kt [32], assuming that copper remains vir-
tually the only source, which corresponds to a reserves- to-
production ratio of about 30 years. As in the case of tellu-
rium, the USGS gives no figure for the selenium resources, 
but it is possible to make a rough guess. On the assump-
tion that copper ores remain the main source of selenium, 
and that the global copper resources amount to 109 t, we 
arrive at an estimate of ≈ 4 × 105 t for the Se resources, i.e. 
about five times higher than the reserves. Note, however, 
that nickel also contains selenium, as does coal (between 
0.5 and 12 ppm). The latter is probably a potentially large-
scale, if at present uneconomical, source [32].
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In an analogous way to Section 3.2.2 for CdTe we now 
make an order of magnitude estimate of the material re-
quirements for a possible substantial future penetration 
of the renewables market by CIGS technology. Giving CIGS 
a 30% share of the PV market (itself assumed to have a 
size of 45 000 TWh in 2050), we arrive, as above, at a value 
of 6 TWp, assuming a 25% capacity factor. Such a scenario 
gives figures for the in-use stock of 1 × 105 t, 5 × 104 t and 
3 × 105 t for indium (including ITO), gallium and sele-
nium,  respectively. Again, these figures are higher than 
the reserves (USGS data), and comparable to the putative 
resources.

3.3  Helium: is there geological scarcity 
in this case?

3.3.1 General

Surprisingly perhaps, there has long been concern ex-
pressed about the availability and the long-term supply 
situation for the element helium [72–74], which, with an 
atomic number of two, heads the group of noble gases in 
the periodic table. Although helium is the second most 
abundant element in the universe, the average concentra-
tion in the Earth’s crust is probably not even in the ppb 
range, and in the Earth’s atmosphere it is only 5.2 ppm per 
volume. Fortunately, helium has concentrated in certain 
regions of the crust, in particular in natural gas deposits, 
and can be readily extracted. At the time of writing, 
however, the world is plagued by a shortage of helium, 
with concomitant rising prices [75]. Does this mean that 
helium resources are already being depleted at such a rate 
that exhaustion is looming? What is the origin of terres-
trial helium? And why is the element important in the 
context of the Energiewende?

To answer the latter question first, we note that helium 
as a cryogenic gas has unique properties that allow tem-
peratures near absolute zero to be reached in a routine 
way, not just in a physics laboratory! Arguably, most im-
portant of all is the use of liquid helium to cool the super-
conducting electromagnetic coils – usually made of a 
 niobium-based alloy – to produce the very high magnetic 
fields that are required for magnetic resonance imaging. 
30–35% of the total helium produced worldwide is used 
for cryogenics. Unless there are substantial advances in 
the manufacture of “high temperature” superconductor 
wire in the next few years, which would allow liquid nitro-
gen-cooled coils to be used, it can be assumed that heli-
um-based cryogenic systems will also be required for the 
first nuclear fusion power plants. Fusion, as recently dis-

cussed by Romanelli and Laxåback in this journal [76], is 
a potential source of sustainable [77], safe and environ-
mentally responsible energy for the second half of the 21st 
century. Moreover, because of its high thermal conductiv-
ity, high specific heat and inertness, helium at high pres-
sure is also an ideal coolant, or energy transfer medium, 
in the power conversion system of the plant.

Global helium resources are finite. The high demand 
for helium for fusion purposes, both as a cryogenic gas 
and as a coolant, could exacerbate an already difficult 
supply situation. Conversely, the restricted availability of 
helium could also affect the development of fusion power 
in a negative way. These problems have been recently 
helium looked at by Clarke and Cai [78] as a chapter in an 
extremely useful book entitled “The future of helium as a 
natural resource” edited by Nuttal et al. [79], as well as by 
Bradshaw and Hamacher [80].

3.3.2  Origin, occurrence and reserves

The majority (probably about 95%) of terrestrial helium 
derives from the nuclear decay of uranium and thorium in 
the Earth’s crust; the rest is of stellar origin. The main con-
tributors are the isotopes 238U and 232Th, which decay in 
chain reactions via a and b emission to produce stable iso-
topes of lead. Most of the helium thus created has diffused 
to the surface and escaped into the atmosphere over the 
last 4 billion years, but a small fraction thereof has been 
trapped by impermeable layers of rock. Natural gas, con-
sisting mainly of methane, also collects in such geological 
constellations, so that helium for commercial use is nor-
mally produced from natural gas, where it is a minor com-
ponent with a concentration up to, but very rarely exceed-
ing, about one per cent. Although it was already clear in 
the 1920’s that the helium was of radiogenic origin, a 
problem later became apparent. Several authors pointed 
out that, based on the amount of uranium and thorium in 
the Earth’s crust (≈ 1 × 1014 t and 5 × 1014 t, respectively) 
and the half-lives of the two parent nuclei, the rate of gen-
eration of helium is about 3 × 103 t per year, which also 
corresponds to the rate of degassing, i.e. the rate of emis-
sion into the atmosphere [81]. Moreover, about 1 × 1014 t 
helium has passed into the Earth’s atmosphere since the 
formation of the planet. Yet the concentration of helium in 
the Earth’s atmosphere is only 5.2 ppm (by volume) at sea 
level, corresponding to a total of 3.5 × 109 t, and is pre-
sumed to have remained more or less constant on the geo-
logical time scale! This means that about 1014 t must also 
have been lost from the upper atmosphere during this 
period. The high altitude ionosphere consists of an almost 
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collisionless plasma containing H+, He+ and O+ ions. The 
latter move along the Earth’s magnetic field lines, which 
normally remain closed. However, the interaction with the 
solar wind above the poles causes magnetic reconnection 
to take place, so that the field lines open and the plasma 
flows into the magnetosphere and eventually into inter-
planetary space. The effect was predicted by Axford [82], 
who termed it the “polar wind”. We should perhaps em-
phasise at this point that, despite the huge amount of 
helium that has passed through the Earth’s atmosphere 
in  the last 4 billion years, the actual rate of production 
in  the crust is only about 3 × 103 t per year. There is no 
 possibility of tapping this supply at source, because of the 
high degree of dispersion of the uranium and thorium 
 radionuclei.

The total helium resources in the United States – as of 
the year 2006 – are given by the United States Geological 
Survey (USGS) [32] in metric tons as 3.6 × 106 t and the total 
resources outside the US as 5.2 × 106 t, thus giving a global 
value of 8.8 × 106 t. (Note that this is a factor of several 
hundred less than the amount of helium in the atmo-
sphere.) The US, Qatar, Algeria and Russia have the largest 
resources at their disposal. Nineteen plants are currently 
in operation in the US, as well as 7 elsewhere. New plants 
for helium in conjunction with liquid natural gas (LNG) 
production will come online in the next few years in 
Algeria, Qatar, Australia and probably Russia. Helium 
supply in the last few years has been characterised by 
shortages and price rises [75]. The price is essentially de-
termined by the price at which the US Bureau of Land 
Management sells off the helium from the federal reserve 
in Cliffside Field, Texas. In the next few years, the supply 
situation will undoubtedly change due to the new helium 
production facilities outside the US mentioned above, but 
also – in the opposite sense – by the more recent recom-
mendation of the NAS not to run down the federal reserve 
as originally envisaged by the US Congress in 1996.

3.3.3  Helium requirements for fusion power plants

On the assumption that helium will be used both as cryo-
genic medium and as coolant in the power conversion 
system (although other solutions have been discussed), 
future fusion power plants will be major consumers of 
helium. Future helium power plants will also produce 
helium, both in the fusion reaction itself and through the 
action of the neutron multiplier, which we assume will be 
beryllium. In order to estimate helium inventories (load-
ings), loss rates and the helium production rate, we follow 
reference [80] and use design data from ITER [83], from 

the European DEMO power plant design project [84] and 
from the European test blanket project [85].

With assistance from Serio [83] we obtain for a DEMO- 
like power plant a total helium inventory of about 34 t for 
the cryogenic system. According to Boccaccini and Franza 
[86] the power conversion system (PCS) will contain about 
23 t helium. How high are the unavoidable losses, i.e. the 
amount of helium, which for a variety of reasons might 
not be recovered and therefore might be vented yearly into 
the atmosphere? On the basis of experience a figure of 
10% would be reachable after several years of operation, 
although Serio is of the opinion that 1% per annum would 
be possible in principle, if there were corresponding ad-
vances in cryo-technology specifically aimed at reducing 
losses and, in particular, if provision were made for col-
lection and storage in the case of shutdowns [83]. The 
same applies, of course, to end-of-life decommission-
ing. In view of the present uncertainty attached to these 
figures, it is probably best to use a worst-case scenario of a 
5% annual loss for the cryosystem, i.e. for the power plant 
considered here 1.7 t. We can assume a lower value for the 
coolant, since the PCS is a closed, high-pressure system. 
Berton [87] gives a figure of 310 kg p.a., corresponding to 
1.4%. We take a worst case of 2%, or 0.5 t. In total we then 
have 2.2 t p.a. helium losses per power plant, emphasising 
again that the helium is recovered when end-of-life de-
commissioning takes place. Finally, using data from our 
previous paper [77], we can calculate the quantity of 
helium produced by the fusion reaction and by the beryl-
lium multiplier, the sum of which turns out to be 0.6 t. 
Note that the latter value is considerably more accurate 
than the estimate of the losses! Despite this inaccuracy we 
may conclude that fusion reactors, at least the first gener-
ation, will be net consumers of helium,

The ratio of the identified global resources (8.5 × 106 t) 
to annual production (3.1 × 104 t) gives a “static lifetime” of 
270 years. What difference would fusion make? We use the 
scenario of reference [77]: 2,760 power plants (similar to 
DEMO) which would account globally for a 30% base-load 
(24,000 TWh). Using the data in this section, the total 
helium inventory of all power plants is 1.7 × 105 t, which is 
2% of identified global resources. Annual losses would be 
about 4 × 103 t, when the helium produced by the power 
plants is taken into account; this would decrease the static 
reserve index to 245 years. Fusion as a non-sustainable net 
consumer of helium would therefore not play an over-
riding role in helium consumption, but its requirements 
could make a difficult situation worse. Note, too, that the 
helium inventory of the 2760 power plants would also 
have to be established. This quantity alone corresponds to 
five years’ present global production! Finally, we consider 
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much how much energy would be required, if crustal 
helium were exhausted and the gas had to be extracted 
from the atmosphere (which will presumably occur some-
time in the next 100 years or so). This is the so-called back-
stop solution and is not just relevant for fusion. Following 
reference [80], the energy required to replace the net loss 
of ≈ 1.6 t p. a. of helium per power plant would only be 
about 1% of its annual output! Clarke and Clare [88] give a 
somewhat higher value, and also point out the problems 
associated with processing such large volumes of air. We 
conclude that, even in a situation where helium has to 
be extracted from air, fusion would remain a sustainable 
energy source, as long as the helium concentration in the 
atmosphere remains roughly constant, i.e. crustal emis-
sion and “anthropogenic” losses balance the outflow into 
interplanetary space.

4  Mineral depletion and 
sustainability

In the three cases discussed above, we have considered 
factors that can influence the supply of several rare 
 elements that may play an important role in the Ener-
giewende. One of these is (potential) geochemical scarcity. 
Scarcity can only be defined in economic terms and is due 
to limited, or decreased, availability, leading to increased 
prices on a real, inflation-adjusted basis. In most situa-
tions supply will match demand: If the mineral resource 
is perceived as effectively inexhaustible, then output will 
expand until the extra cost of producing just one more ton 
equals the current market price. If the consumer is not in a 
position to pay the price for the amount he needs, he 
switches to another metal or material, which, as we have 
seen above, is referred to as “substitution”. The con-
sumption of exhaustible natural resources is somewhat 
different because the so-called Hotelling rent will also 
contribute to the costs and thus to the market price [89]. 
The Hotelling rent equals the (estimated) present value 
of future profits that the mining company would lose by 
mining and selling the resources at the present time, 
 assuming amongst other things that the quality of the 
 resource, i.e. the grade of ore, always remains constant. 
The mineral resources in the ground are assets and are 
 expected to yield interest at the same rate as other invest-
ments, such as in property, government stocks or shares. 
This in turn reduces the availability of the mineral re-
sources, since their value rises exponentially with time. In 
practice, the situation is more complicated, because, for 
example, the grade of the ore may fall and/or mining effi-

ciency may increase with the result that the value of the 
mineral resource in the ground could actually fall. The 
reader is referred to the corresponding chapter in Tilton’s 
useful book [90]. Even for effectively inexhaustible raw 
materials, however, other factors can cause scarcity and 
lead to the designation “critical” discussed in Section 2. 
Such factors, both on the supply and demand sides, are 
sudden strong economic growth in a country or region, 
new applications following the introduction of new tech-
nologies, monopolistic situations, speculation, politically 
motivated embargos (the “security of supply” issue) and 
the fact that many important rare elements are mined as 
by-products, as we have seen in Section 3. Last but not 
least, there is also the possibility of geochemical scarcity 
resulting from mineral depletion, the possibility of which 
was already mentioned above, in particular, in connection 
with helium.

Geochemical scarcity would be expected to occur 
when production costs increase because mining compa-
nies are forced to use ores of increasingly lower grade and 
when these costs are not, or not fully, counterbalanced by 
the introduction of new, innovative techniques for mining 
and processing. The number of newly discovered (and 
subsequently mined) deposits of high grade would not 
be sufficient to lift the average grade mined globally. For 
copper and gold data are available which demonstrate 
this effect for specific countries [91, 92]. Unfortunately, 
there are little or no geological data available on a global 
level, although we can look at the prices of raw materials 
in recent decades. Various commentators, e.g. [1] have 
drawn attention to the fact that real (inflation-adjusted) 
prices of nearly all raw materials fell steadily for most of 
the 20th century due mainly to the use of improved pros-
pecting and production methods. The GMO commodity 
index for 33 commodities, 12 of which are metals, fell by 
70% between 1900 and 2000 despite blips for both world 
wars and the oil crises of the 70’s [2]. The same develop-
ment can also be seen in the non-oil commodity price 
index of The Economist [3]. However, Grantham – amongst 
others – has pointed out that the trend has recently re-
versed, in fact quite sharply [2]. This turn-around in the 
last ten years is also clearly visible in other commodity 
indices. The price of copper, for example, has – despite a 
recent downturn – risen by a factor of five since 2002. A 
massive increase in demand, mainly in China, is certainly 
a contributory factor, but the question is whether geo-
chemical scarcity, as defined above, also plays a role. For 
example, the Financial Times has reported that money 
is  “pouring into” copper exploration, but without there 
being many new discoveries [93]. The Economist cites 
the Gold Field Mineral Services (GFMS) Ltd in noting that 
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the average grades of gold have fallen by 30% since 1999 
and comments that “all the easy gold has been mined 
already” [94]. Despite record exploration budgets fewer 
gold is being discovered. Production costs are rising ac-
cordingly: In 2000 the average cost of extracting an ounce 
of gold was just over $200; by 2010 it had risen to $850 
[95].

The three case studies in Section 3 were chosen to 
 illustrate the possibilities of substitution (rare earth ele-
ments {REE} in electric machines), extraction as a by- 
product (rare metals for thin film photovoltaics) and 
 depletion (in all three, but particularly for helium). These 
factors typically belong to the indicators in the determina-
tion of potentially critical supply situations (see the dis-
cussion on “criticality” in Section 2). In the case of syn-
chronous machines it was established that employing 
copper coils rather than REE-based permanent magnets 
is  a viable alternative for synchronous motors and still 
allows gearless operation, for example, in the case of 
wind turbines. In the second example it was shown how 
the supply of Cd, Te, In, Ga and Se is dependent on the 
extraction of the parent ore. For helium (case 3) the avail-
ability of the gas generally, the needs of fusion and the 
finite nature of the reserves and resources were discussed. 
However, not just for helium, but in all three cases, geo-
chemical scarcity may soon play a role. The amount of the 
REE dysprosium needed to fulfil possible global require-
ments for wind energy and electromobility might not be 
covered by the available reserves, as quoted by the USGS. 
In the case of tellurium in photovoltaics, and possibly 
indium too, the demand could be higher than the putative 
resources.

Do these observations mean that mineral depletion 
is  already contributing to scarcity and influencing the 
market? At first sight the values above are alarming, but 
one should recall that the comparison of these data with 
possible future demand is not a straightforward matter 
and that the data on reserves and resources are dynamic 
in nature. For minerals in general, advanced prospect-
ing methods and improvements in extraction technology 
allow – in the course of time – resources to be re-classified 
as reserves and undiscovered resources to be re-classified 
as identified resources. The USGS Mineral Commodity 
Summaries cite as an example the case of copper [32]: In 
1970, identified and undiscovered world copper resources 
were estimated to consist of 1.6 × 109 t; the reserves were 
2.8 × 108 t. Since then, the world has produced 4.0 × 108 t 
of copper and the reserves are now estimated to be  
6.9 × 108 t and the global resources possibly 3 × 109 t! Thus 
the figures for dysprosium, tellurium, indium do not nec-
essarily indicate that there will be exhaustion of all the 

resources in the next few decades, or even in the next one 
to two centuries.

Helium is for two main reasons not a normal mineral 
commodity. Firstly, there is no substitute for what is its 
most important application, namely, in cryogenics. Sec-
ondly, it is a by-product of a fossil fuel energy carrier, 
namely, natural gas, the demand for which is expected to 
rise drastically in the years to come, as a result of its more 
favourable greenhouse gas emission characteristics com-
pared to coal. The danger exists that mankind’s thirst 
for cheap fossil fuel energy will result in the effective, pos-
sibly complete, exhaustion of natural gas deposits in the 
medium term (≈ 1 century), without the helium being ex-
tracted and preserved for future generations. Moreover, 
for the helium which is extracted and used, most of the 
gas is not recovered, although this is feasible in many ap-
plications. The backstop technology – extracting helium 
from air – not only requires large amounts of energy, but 
in the words Clarke and Clare [88] “it would be a gargan-
tuan task to supply the approximately 75 tonnes per day 
of helium the world now uses. At 5.2 ppm (volume), over 
100 cubic kilometres of air would have to be processed 
every day”.

Clearly, the consumption of mineral resources, and in 
particular of those required for producing “regenerative” 
energy, must be part of the wider debate on sustainability, 
or, to use a term which “sustainability” seems partially to 
have replaced in recent years, “intergenerational equity”. 
In the case of the mineral resources of the planet in 
general, complete exhaustion of a particular mineral will 
never occur. If, however, uninhibited usage continues, a 
situation will be reached, which could be termed “effec-
tive” exhaustion, where the cost of producing a further ton 
in terms of energy, water and environmental damage will 
be so great, that mining activities will cease. Our society, 
or world economy, will switch to a cheaper, more readily 
available, but for the purpose, less appropriate substitute. 
This non-sustainable process of “unlimited substitutabil-
ity” [96, 97] could in principle go on indefinitely, but with 
disastrous consequences for future generations. Due to 
the development of world population and concomitant in-
creases in average standards of living, demand for raw 
materials will presumably continue to increase in coming 
decades until a maximum in the level of in-use stock is 
reached. Under such conditions, improved recycling can 
in principle supply the majority of global materials needs 
[15]. However, although elements are never destroyed 
(except in the case of nuclear reactions) and thus remain 
potentially available, recycling can never be 100% effi-
cient. Due to the loss of material at very high dilution in 
the environment (dispersion) and in the recycling pro-
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cesses themselves, fresh ore will always be necessary. For 
this reason, mineral depletion and even effective exhaus-
tion are inevitable. Since the activities of extracting and 
processing ores from the Earth’s crust are inherently 
non-sustainable, the term “sustainable mining” is indeed 
an oxymoron [98]. We are forced to conclude that “strong” 
sustainability [99, 100] is simply not achievable.
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