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Abstract 

The present report is a reflection on the impact and costs of raw materials involved in renewable energy 
(RE) technology development. The study is performed in collaboration with ADEME in France and is 
based on a range of previous studies initiated by ADEME, which aimed to test the limits for the integra-
tion of renewables in the energy mix by considering their raw material consumption and identifying the 
possible impacts if this consumption steadily grows in the future.   

The Earth’s material resources are already under heavy pressure, especially the exotic metals used in ad-
vanced technologies including renewable energy components and equipment. A sharp rise in material 
consumption due to a wide deployment of renewable energy could harm the metal markets and endanger 
the industries that depend on them. Securing a sustainable development path for RE technologies would 
require avoiding any fast resource depletion. This thesis focuses on several modern RE technologies, iden-
tifies their specific raw material consumption and points out some important strategic and economic is-
sues regarding their sustainability. The possible penetration in the energy mix of France of different RE 
technologies related to their life-cycle and cost implications of the involved raw materials is discussed.  

The study also compares the requirement of raw materials for a 100%-RE energy system to a more con-
ventional mix where the larger part is allocated to nuclear power and fossil fuels. By identifying the weak-
nesses and strengths of the renewable energy technologies as far as materials are concerned, the author 
aims at promoting the idea that a detailed Life Cycle Assessment of a project during the planning phase is 
a useful tool for the decision process and an important first step towards a more sustainable energy mix.  
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Introduction 
 

The energy production in France is at a turning point. Thanks to the dominance of nuclear 
power, France has been taking benefits from cheap and carbon-free electricity for decades. Those 
nuclear power plants are aging. Their initial life-time has already been extended once, and there are 
debates about doing it twice. In the meantime, there are rising concerns about the safety of nuclear 
power plants, especially since the accident of Fukushima. Nevertheless, the life-time of the existing 
nuclear plant fleet cannot be expended forever. Therefore in a near future France will have to rethink 
most of its energy production strategy.  

Possible and desirable candidates for wider employment in the future energy system are the 
renewable energy (RE) technologies. They have undergone an important development over the past 
few years and are part of France’s efforts to overcome the economic crisis. They could play a role in 
the political will to promote a more stable local economy, with a potential to generate local and sus-
tainable employment. Research work has been done on the energy and carbon payback times to 
prove that the RE sources score better than fossil-fueled energy production when it comes to green-
house gases emissions [26] and thus RE offer a better alternative to nuclear than gas or advanced 
coal power plants on that field. Finally, the technical issues imposed on the system network by a 
large deployment of RE, such as overproduction and need for balancing power, could be overcome as 
shown in a previous study on 100% RE by ADEME. 

But there are still legitimate arguments against the development of RE, and one of them is 
the availability and cost of building materials for RE. Since RE sources originate in less concentrated 
forms of energy, they typically require larger hardware structure per MW output. Adding the fact 
that they require some grid adaptation in order to meet the problem of variability in their produc-
tion, it is easy to understand that in order to add a MW of any renewable energy technology we will 
need more construction material than to add a MW of conventional energies such as fossil-fired 
power plants, combined cycles, or even nuclear power plants.  

In the meantime, the pressure on raw materials have never been that high. The European 
Commission found it necessary to conduct several studies through the Joint Research Council [17, 19] 
on the risk of shortage on some of the most strategic materials used in several important industrial 
activities. Sharing the same concerns, universities and organizations in France have been conducting 
research work on strategic materials for the French industry through the BRGM reports [14,15,16], 
and the French senate has studied the necessity to build strategic reserves of the most important 
metals [27]. The concerns about shortages in several materials are real. 

Therefore the cost of construction material for advanced RE technologies has been used as 
an argument against their development [22]. Confronted with the risk that lies on the supply chain of 
some exotic metals involved in RE hardware in relation to the competition with other industries using 
these for other types and products, and adding the fact that some scientists claim that the actual 
sustainability of renewable energy sources should also be considered in the view of a limited global 
resource of raw materials just in the same way as conventional power plants run on exhaustible fossil 
fuel supplies, they could appear as a risky bet and not a sustainable one anyway.  
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For all these reasons this study proposes a method to calculate a cost of raw materials for the 
wider development of renewable energies and to discuss the impact on the raw materials’ market. 
By discussing several different types of RE technologies focusing on a proper account of their        
construction materials, the author attempts to identify the possible exposure to supply risks and 
resource limitations.  

Finally, the report introduces the reader into the elements on the possibilities to reduce the 
impact of the use of raw materials by advanced RE technologies, through an effective recycling chain 
or by better resource management, which would be compulsory if a wider deployment of renewable 
energy in the near future would be truly sustainable.  
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PART 1: Methodology 
 

1) Background and aim of the study 
 

This study is based on a project initiated by ADEME (Agence de l’Environnement et de la    
Maîtrise de l’Énergie), called the “100% Renewable Energy study” or the “100%RE scenario”. Since 
there have been some reservations against the fact that an energy supply system of the scale of a 
country could actually work with 100% RE, the aim was to test the feasibility of a 100% renewable 
electricity mix in France by 2050. Following the results of this study, an attempt is made to compute 
the amount of raw materials that would be needed to build the infrastructure for a 100% renewable 
energy based on modern technology. In a context of possible shortage of metals, the feasibility of 
this scenario goes with the availability of enough raw materials at a reasonable price. Moreover, it 
must not endanger through market competition other sectors of activity that may rely on the same 
raw materials.   

The philosophy behind this study is to properly define and model the total amount of raw 
material needed to install all the capacity of a certain energy mix, starting from scratch. The scope of 
the study is 20 years, regardless of the actual life expectancy. By 2050, all the capacity is supposed to 
be installed and running. This limit of 20 years is set because some technologies require that the 
hardware is replaced after serving a 20-year lifetime, therefore extending the scope of the study to 
unwanted ends. Because of this limitation the reflection on the end of life of a power plant is limited 
to theoretical arguments since the end of life is de facto out of the scope of the study. 

The first step was to build a dataset that would allow to easily compute the cost in building 
materials of any energy scenario. The easiest way to do so was to build a database that contains the 
amount in t/MW of the major building materials for any RE technology considered in the scenario. 
This unit was preferred to t/MWh because we study the raw materials needed to install x MW of one 
technology at some point. A cost in t/MWh contains an idea that is closer to a Life-Cycle Assessment, 
which is representing an idea of material efficiency.  

Once the database is ready, we compute the cost of the 100%RE scenario through a very 
simple model that takes the data in t/MW for each building material stored in the database for each 
technology and multiply it by the number of installed MW expected in the scenario. The output is a 
number of tones for 34 different materials (among them 32 basic chemical elements, the remaining 
two are glass and concrete). The results are then analyzed in the light of some publications on strate-
gic metals in energy production. To complete this study, we run sensitivity analysis on some technol-
ogies that use materials that are considered at risk in the literature.  

2) Origins of the dataset, the LCAs and the LCIs 
 

An important amount of information has been gathered those recent years because there 
was a need to document the carbon footprint and the energy payback time of renewable energies to 
support their development. This type of study is known as Life Cycle Assessment (LCA). The aim of a 
LCA is to make a detailed “cradle to grave” analysis of the power plant, from the mining and refining 
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of the raw materials, through the manufacturing and processing to build the different parts and to 
the disposal of the parts of the power plant at the end of its life. A prelude for this study is the crea-
tion of a Life Cycle Inventory (LCI), where all the raw materials and fuels used during the life cycle of 
the power plant are referenced. 

The LCIs are the most complete data that can be collected for our study. Unfortunately, they 
suffer from two major flaws. Firstly, the boundaries are very hard to set and researchers hardly ever 
agree on them. The task of making an exhaustive LCI of, for example, a wind farm is almost impossi-
ble. Therefore, researchers would usually set the limit according to what the purpose was or what 
their resources were. Sometimes the scope of the study would be a certain number of wind turbines 
including cabling and the major infrastructures, but in another study the scope would be as large as 
to include the roads, the fence, the lighting, etc… As a result, the cost in raw material from one study 
to another may vary a lot and therefore one should be very careful when using them. 

The second major flaw for our study is that most of the LCAs were created in order to assess 
the environmental impact of renewable energies. With this aim, the LCIs only needs to be detailed 
enough to be used with one of the most commonly available LCA software. Such software relies on 
huge databases such as Gaby or EcoInvent. EcoInvent is a database made by several Swiss companies 
and universities (among which the EPFL) and it contains a very large amount of information (cost in 
raw materials, cost in energy, wastes, emissions of pollutants, etc…) on many industrial processes 
involved in the crafting of goods, including renewable energies devices. Such a dataset is very hard to 
handle due to its size. When making an LCA, researchers who use this kind of software would try to 
regroup the building materials into categories that can be found in their database. For example, all 
the steel parts will be regrouped under the label “Low Alloyed Steel” because it is a process refer-
enced in the software. Unfortunately, information on the quality of the steel and its composition is 
lost during the process. Therefore the amount of publications that could effectively be used for our 
study was limited because most of the LCIs are not detailed enough to be properly relied upon. 

Finally, we chose to exclude from the study several elements that were too complex or too 
poorly documented to be included. This is the case for water. Water is widely used in many industrial 
processes. It is used at almost any level from the extraction of the ore to the installation of the wind 
turbine. But its specific consumption is insufficiently studied. The total water consumption in a cradle 
to grave analysis is very hard to estimate. Though some LCA datasets we used gave values for water 
consumption, most did not although it did not mean that there was no water consumption in the 
processes considered. Thus the result would have been meaningless.  

We excluded plastics from the study too. By doing so, we knowingly chose to ignore a core 
material for our modern society. But we found that it would have been too difficult to make a proper 
inventory of plastics regarding their importance for our study. Plastics are indeed of little strategic 
value and are almost never quoted in studies on the subject. On the one hand it is undeniably an 
important subject from an end-of-life perspective, most specialists assume that the supply chain for 
plastics is well established and secured. Because of this, plastics are rarely traced down in LCAs with a 
strategic prospective.  On the other hand, the LCAs that mention plastics detail too many types of 
plastics. It would be of little interest to trace them all separately in the final result. Thus we decided it 
was better to exclude plastics rather than making an incomplete and misleading categorization. 
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3) The scenarios: 100% RE, 40% RE and Forecasts 2030 
 

The 100%RE scenario is a study that takes place in a wider discussion on the effects of and condi-
tions to an extreme development of renewable energies on the society, the economy, etc… This sce-
nario is the result of a 14-month study on the limits of the integration of renewable energies in a 
country’s energy mix. It was directed by the ADEME and it was an opportunity to pursue its reflection 
on the future of electricity production in France.  

Due to recent technological breakthroughs, the cost of RE has dropped, and some specialists as-
sert that the cost per MWh will continue on its downward trend and reach a competitive level before 
2050. Thus it was natural to conduct a study on the technical limits of the integration of renewable 
energies in the electricity mix of France and on its economic impact.  

The model focuses on electricity production, storage, consumption and cross-border exchange 
with neighboring countries. The base of the model is created around: 

• An estimation of the available RE resources for each technology for each of the 21         
regions of France; 

• An hour per hour model of consumption for each region; 
• An optimization and simulation model that creates the optimal regional mix and verifies 

that production meets demand on an hourly basis. 
 

Several energy mixes were found that guaranteed that the energy demand was met at any 
time. These energy mixes are submitted to series of stress tests like cold waves. The optimization 
computation was also run on several variations of the level of RE integrated in the mix: 80% RE and 
40% RE.  

The optimization process included the following technologies as producers: 

• Solar power: Photovoltaic panels on rooftops, photovoltaic panels on power plants and 
concentrated solar power; 

• Wind power: Onshore wind turbines ancient and new generation, floating offshore wind 
turbines and gravity-based offshore wind turbines; 

• Hydropower: River dams, dams with pumped energy storage, marine tidal energy and 
hydrokinetic energy; 

• Energy storage: chemical energy storage, pressurized air energy storage, power to gas 
associated to gas to power; 

• Biomass : cogeneration plants using biogas and cogeneration plants using wood; 
• Conventional:  gas turbines, nuclear power.  
In this study, many scenarios have been tested. The one that we analyze here in this report is 

the one with less social acceptability issues and the biggest amount of GW installed on the territory. 
Doing so, we characterize the scenario with potential maximum impact on materials. 

The Visions 2030 (which means “Forecasts 2030”) is an exercise made by the ADEME in 2012 
that aims giving a good approximation of what the realistic energy mix could be in France in 2030. 
This forecast is based on predictions on the evolution of the price of energy, fossil fuels, renewable 
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energies, on the energy demand, etc.. This scenario will be used as a reference point because it is 
accepted as a good approach for the actually expected energy mix in France in 2030. 

Table 1: Capacity of each technology installed in the different scenarios of the study. 

 

2GW is the maximum additional dam capacity that can be installed because France has         
already developed all of its hydropower resource. The 100%RE scenario requires to install 192 GW 
while the 40%RE only requires 90GW because of the lower availability of renewable energies.         
Additionally, about 31GW of energy storage must be installed in the 100%RE energy, compared to 
4.17GW for the 40%RE scenario.  

 

PART 2: General problem statement about raw materials 
 

In this study we will often make the distinction between “major industrial metals” or major 
“industrial raw materials”, “common metals” and “rare metals”. It is an important distinction when it 
comes to strategic analysis. The idea is to regroup raw materials into categories depending on their 
yearly global production. Each raw material has its own specificities, its own supply chain and in a 
way, its own story. But it would require too much time to detail each one of them in this study. Thus 
we chose to regroup the building materials into those three categories then favoring a more eco-
nomic and strategic approach: the supply chain. If the major industrial metals possess a well-
established supply chain and are widely recycled, the small production of rare metals make them less 
interesting for the major mining companies and their use as doping materials for other metals makes 
them hard to recycle. 

  100%RE (GW) 2050 40%RE (GW) 2050 
Forecasts 2030 
ADEME (GW) 

Electric mix in 2014 
in France (GW) Technologies 

Energy storage 
16.8 0 0 0 

Power to gas,          
gas to power 

2 2 2 24 Dams 

12.2 2.17 2.17 0 Batteries 

Sun power 

25.5 1.82 20 7.3 Rooftop PV panels 

4.32 0.236 1.3 0 CIGS power plants 

8.64 0.472 2.6 1.89 CdTe power plants 

30.2 1.65 9.1 3.22 
Silicon PV power 
plants 

Wind power 

23 7.17 0 8 Ancient generation 

73.6 7.25 34 0 New generation 

10 2.82 12 0 Offshore 

Nuclear power 0 36.5 32 63 EPR 

Gas turbines 0 15.9 11.9 13.5 With CCS 
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Table 2 : Yearly production of some metals in 2013 [12]. 

Major industrial metals Common metals Rare metals 
 More than 1 million tons/year Between 1 Mt & 10 000 tons/year Less than 10 000 tons a year 
Iron (1700Mt), aluminum (39Mt), 
chromium (21Mt), copper 
(16Mt)… 

Tin (330kt), molybdenum (210kt), 
cobalt (70kt)… 

Gold (2kt), indium (570t), telluri-
um (500t), gallium (78t)… 

 

1) Resources and exploitation of major industrial metals 
 

The “major industrial metals” are metals that have been exploited by humanity for a long 
time. Some emblematic elements of that group are iron (1700Mt/year), aluminum (39Mt/year), 
chromium (21Mt/year), copper (16Mt/year), manganese (14Mt/year), zinc (11Mt/year), titanium 
(5Mt/year), silicon (5Mt/year), lead (4Mt/year), nickel (1.6Mt/year). The demand has been increasing 
steadily at an exponential rate [17] and it is expected that in 2015 the annual production of copper 
will equal the entire production of copper since the beginnings of human development. At the     
moment, about three quarters of this production is consumed by OECD countries but the main 
growth in demand comes from emerging economies. Those metals are the basis of modern industry 
and the economic growth of the past twenty years has more or less doubled their production.  

The major industrial metals benefit from a well-established supply chain. The mining and the 
refining are done by huge companies that trade on a market at the international level. The resources 
are fairly well distributed (the market share of the three biggest producers is around 50% for all of 
the metals in this category). The supply chain is solid enough to adapt to an increase in the demand 
and the mines can produce more. Therefore there is little to no risk on the supply chain for these 
metals. They will always be available on the market, although at increasing prices.  

However, these metals are used in such huge volumes that they cause problems due to 
quantities. First, although the mining and the refining processes of common metals are less energy-
intensive than those of rare metals, the quantity refined are so important that the total energy con-
sumption is several orders of magnitude larger than the energy dedicated to rare metals refining and 
mining. Even worst is the fact that to meet the increasing demand of major metals ore with smaller 
and smaller metal content is exploited. This means that the grey energy of metals in a RE power plan 
is increasing, which in turn increase the energy payback time.  

Eventually at the end of the life of the installation, wastes have to be dealt with. The decision 
on how to dispose wastes will have important consequences due to the quantities involved.  

Figure 1 shows the abundance of each basic element in the Earth’s crust. The most abundant 
elements are the rock-forming elements that compose most of the known minerals on Earth. The 
remaining elements are found as impurities in those minerals, though some relatively concentrated 
seams can be found that are either the result of bacteria colonies having concentrated them in a 
remote past or other natural phenomena such as volcanic eruption. Those concentrated deposits are 
the resources we mine for metals. 
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Figure 1 : Abundance of elements in the Earth Crust (Wikipedia) 

 

2) Rare metals: geopolitics and economics 
 

Rare metals or high-tech metals have undergone a massive development during the last ten 
years. High-techs metals are almost always used in alloys. They are used in very small quantities and 
mixed with more common metals to give the final alloy very interesting properties. Electronics and 
steels are some of the major utilizations of high-tech metals: they have played an essential part in 
many efforts to lighten steel structures and to miniaturize further electronics. They also play a major 
role in all the touch screen and flat screen technologies. But they are also vital for a wider range of 
industrial sectors, being used from colorants to lasers.    

Contrary to what their name may suggest, rare metals are not all rare and must not be con-
fused with precious metals (see fig.1). The term “rare metal” is abusive in terms of resources, but it 
reflects more the availability of the metal on the global market. The best way to summarize the mar-
ket of rare metals is the sentence “whatever the price as long as there is some available on the mar-
ket”. Their market has developed quickly yet it is still very immature. Few producers exist since many 
major mining companies choose to ignore the rare metals contained in their ore. The cost and infra-
structure to extract them are investments they are not very interested in making because even if 
market prices of these metals are higher than those of major industrial metals, the latter are         
produced in so much bigger quantities that the incomes they represent dwarf any benefit from the 
trade of rare metals. As a result the market of rare metals is still very artisanal.  
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Rare metals are almost always the by-products of the extraction and refining of a major       
industrial metal. This means that the production cannot adapt easily to the demand. Increasing by a 
few units the production of a rare metal would mean increase by a great deal the production of the 
major metal it depends of. Therefore the price of this major metal would fall, and that would mean a 
great cut in the incomes of the mining company. For this reason the mining companies have no real 
interest in meeting the rapidly increasing demand.  

This is worsened by the fact that the production is very concentrated. For 33 out of the 52 
metals that we consider in our study, the market share of the three biggest producers equals more 
than 50% of the global production. The situation is the result of both the unequal repartition of the 
resource and whether or not the country is willing to position itself on the market. Moreover, some 
of the major producers are developing countries, less reliable in terms of stability as well as in terms 
of respect of the trade rules of the WTO. For all this reasons the European Commission keeps a close 
watch on the production and consumption of those metals and specialists expect shortages in most 
of the rare metals in the years to come. 

Nowadays, those metals are scarcely recycled. Because they are used as additives in materi-
als, they are almost impossible to extract from the wastes at the end of the life of the material. More 
often than not they also make the reuse of the material very difficult and are considered impurities 
during the recycling.  

 

3) Grades of steel and specific problematic 
 

Iron is hardly used pure in RE power plants. It is sometimes used as cast iron, but most of the 
time it is used alloyed with other elements to make steel. Steel benefits from the abundance of iron 
and cheap prices for the most commons steels, as well as from good mechanical and physical proper-
ties. Iron allied with molybdenum makes a very resilient steel ideal for mechanical pieces subject to 

Situations of near monopoly are frequent in rare metals production. More often than not a group of a few 
countries is responsible for most of the global production. Copper is given for comparison. 

Table 3 : Market shares of the three biggest producers in 2006. World Mining Data 2008. 

Metal 1st producer %  2nd producer % 3rd producer % % of tot production  
Rare earths China 95 USA 2 India 2 99 
Gallium China 83 Japan 17 - - 100 
Lithium Chile 60 China 15 Australia 10 85 
Indium China 60 Korea 9 Japan 9 78 
Tellurium Peru 52 Japan 31 Canada 17 100 
 Copper  Chile  36  USA  8  Peru  7 51 
This concentration reaches dangerous levels for some metals.  A notorious example  
is niobium, a metal used as additive to alloyed steel. Roughly 83% of the world  
consumption is met by CBMM, a Brazilian family-owned company (Niobium final  
report, www.iamgold.com, 2011). Two other companies represent another 16%.  
This means that a single family rules the market of a metal vital for the industry.  
This situation, though extreme, is a good measure of the levels of concentration   
that can be observed on the rare metals market. Niobium sample 
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important mechanical constraints; allied with chromium, iron makes stainless steel, widely used for 
pieces exposed to corrosive environments such as sea water.  In all the technologies considered in 
this study, steel is always the first or second most used building material in terms of volumes. But 
behind the term steel hide a very wide variety of materials, each one of them with its own strategic 
value, depending of the metals it contains. LCA thinking usually splits steels into three different cate-
gories.  

The first one is low-alloyed steels, composed of steels that contain more than 95% of iron 
and less than 0.25% of carbon [23]. Usually cheap and containing few rare metals, those steels are 
the core of constructions. Their supply chain is secured and competitive. Two factors help the devel-
opment of a fairly well organized end of life for those steels: first, containing more than 95% of iron, 
they are fairly close in composition and so are easier to recycle; second, the wastes containing those 
steels are produced in quantities sufficient enough to make it interesting to develop a dedicated in-
dustry. All in all, the low alloyed steels have little strategic value for our study. Though omnipresent 
in construction as well as in many sectors of the industry, little risk is present on its supply chain: in 
case of an increased demand in France due to the development or renewable energies, there is no 
element that may lead us to think that the low alloyed steel market would not be able to adapt its 
production to meet the demand at a reasonable price. 

 

The second category is made of the highly-alloyed steels. This category includes steels that 
usually contain more than 80% of iron this content can be much lower. Those steels are more expen-
sive than the previous one. Therefore they are only found where they are absolutely necessary. They 
are usually found where very specific properties are required: highly solicited gears in gearboxes for 
example. They frequently contain chromium, nickel, manganese, molybdenum, titanium, but also 
aluminum and copper. Sometimes they also contain rarer metals such as cobalt and vanadium, and 
even rhenium and rhodium for very specific steels in aeronautics. The content in rare metals is very 
important. For example, rhenium, a sub-product of copper refining is used to make super-alloys for 
turbines for planes. These alloys only contain about 6% of rhenium; but it represents 80% of the total 
cost of the alloy [12]. Thus the problematic with highly alloyed steels is very different than with low 
alloyed steels and very close to the problematic of rare metals. The value of the highly alloyed steels 
resides in the rare metals they contain. They also tend to be alloyed of numerous metals, which mul-
tiplies the risks for shortages and makes the recycling process more complex.  

Low alloyed steels often contain sulfur, nitrogen, carbon, phosphorus, and silicon.  

• A good example is the steels used to build the wind turbines towers by the French leader of this sec-
tor, FrancEole. The steel they use contains little metal but iron: 

Iron Carbon Silicon Manganese Phosphorus Sulfur Copper Nitrogen 
97% 0.2% 0.6% 1.6% 0.04% 0.03% 0.6% 0.01% 

• Chromium, nickel, and sometimes vanadium can also be found in very small quantities in low alloyed 
steels to give them basic stainless properties at ambient temperature.  
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The last category consists of the stainless steels. They are a specific category of highly alloyed 
steels that are mostly composed of chromium (from 12% to 17% for austenitic stainless steels) and 
iron. Stainless steels are usually counted separately from other highly alloyed steels because they 
already benefit from their own recycling industry.  

 

To reflect the strategic importance of the metals contained in the steels we found it neces-
sary to break the steels into their elemental composition. Therefore the reflection on steel will have 
too different levels: first the three categories of steel previously mentioned, second, the elements 
that compose them. 

 

4) Rare earths 
 

Rare earths are a set of seventeen chemical elements that regroups the fifteen lanthanides 
plus scandium and yttrium. They are found in the same ore and show similar physical properties. 
Contrary to a widespread belief that is encouraged by their name, rare earths are rather plentiful. In 
fact, Cerium, the most abundant of the rare earths is as present as copper in the Earth crust. Yet, 
their properties make that they are far more dispersed and only a few concentrated spots exist. They 
are essential to many high-tech technologies, such as high quality magnets, nuclear power, low ener-
gy lamps or lasers. A lot of researches are made on what is sometimes called “the vitamins of materi-
als”. This nickname means that though they are not compulsory for the material to be functional, 
they greatly enhanced its characteristics. For example, researches have evidenced that rare earths 
added in small amounts in steel could improve its mechanical properties, allowing building lighter 
structures. We are discovering new uses of the rare earth at a fast pace and they appear more and 
more as highly strategic materials. Though few rare earths are used in the renewable energy tech-
nologies we will be discussing, we thought we had to speak about them at some point because rare 

Highly alloyed steels often contain molybdenum, manganese, aluminum, copper, titanium, vanadium. 

• Some highly alloyed steels are composed of relatively current elements and differ from  low alloyed steel 
only by the proportion of each additive and the fabrication process, like the 18NiCrMo7, a case harden-
ing steel: 

Iron Silicon Manganese Chromium Nickel Molybdenum Carbon Sulfur 
94% 0.4% 0.9% 1.8% 1.7% 0.35% 0.21% >0.1% 

• Some other highly alloyed steel have a much more complex and expensive composition like those used 
in aerospace that may contain vanadium, titanium, and even rhenium and rhodium for the most particu-
lar ones. 

Stainless steels contain a high proportion of nickel and chromium. 

• An example of austenitic stainless steel that is often used in offshore construction is the type 316A. Here 
is the composition of the 316ATi : 
 

Iron Manganese Nickel Chromium Carbon Silicon Molybdenum Titanium 
65.9% 2.0% 10.0% 18.5% 0.1% 1.0% 2.0% 0.5% 
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earths have been at the center of several diplomatic issues that embodied well the problematic or 
rare metals during the past few years.  

Rare earths are divided into two groups: light rare earth (first line of the lanthanides) and 
heavy rare earths (second line of the lanthanides). Light rare earths are the most abundant, and are 
fairly well distributed around the globe. Some major deposits are found in Sweden and the United 
States. On the contrary, China has a monopoly on heavy rare earths, including dysprosium and neo-
dymium, two rare earths widely used for permanent magnets. Though heavy rare earths deposits are 
rarer than light rare earths deposits, China doesn’t own all of the resources. In fact, at the moment it 
is estimated that they own 35% of the world reserves. But that may be because there have been few 
researches in the rest of the globe due to the previously low prices of rare earths: a very important 
deposit has been found in Greenland recently. The current situation is inherited. For years China has 
been the only country to treat heavy rare earths when the prices were too low for anyone else to 
invest in mines and refining facilities. As a result China was the only one able to provide the world 
with them when they became so important. And China has been successful in maintaining this situa-
tion since. In 2010 they reduced by 40% their quotas on heavy rare earths exportations, creating a 
crisis where the price of rare earths skyrocketed to unprecedented highs. The aim was to incite rare 
earth-dependent industries to relocate their production in China. In 2014 the WTO forced China to 
step back and they cancelled its quotas. Prices of rare earths have since decreased dramatically. But 
the strategic value of rare earths became evident and countries felt the need to secure their supply, 
or even to build stocks.   

The availability of rare earths is not a problem in itself. Opening a mine takes some time. A 
new mine needs about 10 years to become fully operational. But the real problem is to have a facility 
that can separate the different lanthanides. The facility opened by Lynas in 2012 in Malaysia costed 
$800 million dollars and will not be fully operational before several years. Moreover these facilities 
pollute and the byproducts are either toxic or radioactive, which implies that solutions must be 
found for byproducts like uranium and thorium. 

 

5) Critical metals in a Renewable Energy Strategy 
 

Studies such as O. Vidal et al. in Nature [22] have led the emphasis on the fact that renewa-
ble energies would consume much more materials than conventional energies. The scopes of these 
studies are often limited to basic raw materials such as copper, concrete, steel and aluminum, which 
is sufficient when the aim is to denounce the huge cost of a renewable energies development policy. 
However, it is the use of critical metals in renewable energies that has been drawing increasing     
attention because of several supply crises such as the rare earth crisis in 2011 that ended with the 
opening of a rare earth production facility in Malaysia in 2012. The Join Research Commission (JRC) 
of the European Commission has led two studies on the subject [19]. Though the JRC acknowledges 
the fact that a renewable energies policy will increase the demand for concrete and steel, it assumes 
that the production will be able to adapt and that the environmental impact is limited thanks to the 
benefits of a carbon-free energy. However, it recognizes the problems of to the consumption of rare 
metals. If RE would increase in a significant way the demand for rare metals on a market that is al-
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ready barely at its equilibrium, it could have severe consequences. The prices would likely skyrocket 
with a risk of damaging the most dependent industries.    

The European Union is heavily dependent on imports as far as raw materials are concerned, 
especially rare metals. As was said above, those metals are an essential part of any developed econ-
omy and they introduce a fairly worrying amount of risk in it. The European Union, and especially 
France chose to invest in renewable energies and they now play a significant role in the economy. 
The fact that the supply sources for the raw materials needed to develop renewable energies have 
become less and less reliable endangers the whole system. Since most specialists agree on the fact 
that shortages of rare metals should be expected in the years to come, it is of the upmost importance 
to determine the weaknesses and the exposition of the economy to shortages.  It comes with deter-
mining the main vulnerable industries and the most vital industries, which may or may not overlay.   

Because of their heavy consumption of rare metals, renewable energies will be forced to 
compete with heavily dependent industrial sectors. This type of competition will most likely become 
harmful for the competitors with a serious risk of slowing the development of renewable energies. 

PART 3: Problem statement by sector 
 

1) Building materials for wind power 

A) Dataset for wind power 
 

The dataset for onshore wind power materials is mostly based on the LCA of the 2.6MW 
V100 by Vestas [5]. The choice of this specific study was made because it is the most exhaustive one 
we found plus it is a part of a corpus of three different LCA on the same wind turbine that were made 
by the same researchers from Vestas a few years apart. Therefore we benefit from a very exhaustive 
study with detailed information on the methodology of the LCA and what is taken in the scope of the 
study and what is/was not and for what reason.  

The V100 by Vestas is a standard onshore wind turbine. Its nominal power reaches 2.6MW, 
the specific surface equals 3.02 m²/kW. Its high availability in the mid to low wind speed ranges and 

Competition between RE and other industries are likely to be frequent in the near future. 

• Photovoltaic panels use silver (jewelry, electronics), indium (flat screen), gallium (LED, inte-
grated circuits), antimony (flame retardant), tellurium (thermo-electric modules), etc… 

• Wind turbines use molybdenum (automotive, petro-chemistry, electronics), chromium (stain-
less steels), tantalum (electronics), etc… 

• Electrochemical energy storage use rare earths, zirconium (ceramics and refractories), vanadi-
um (steel), lithium (lubricants, batteries, rubbers, pharmaceuticals, catalyst, electronics), etc… 

The quoted elements are already intensively solicited. An increase in consumption due to the development 
of RE could mean incapacity to meet the demand: these elements are called bottleneck elements. 
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its 3m/s cut-in speed makes it a fairly good choice for wind sites experiencing low wind speeds – such 
as many locations in France. The drivetrain includes a gearbox thus this wind turbine does not use 
rare-earth permanent magnets. Though the JRC points the use of rare-earths permanent magnets in 
wind turbines as one of the major issues with wind power, today, less than 4% of all onshore wind 
turbines in France are equipped with permanent magnets. For this reason we choose to use a wind 
turbine equipped with a gearbox and a conventional generator without permanent magnets. 

The scope of the study is a 90MW wind farm containing 35 units 2.6MW V100 wind turbines. 
An assessment is attempted on the 25 000 parts that compose the wind turbine plus the infrastruc-
ture required to install and run the power plan properly. Because there is a wide variety of technolo-
gies and models for wind turbines other studies [5,6,7] have been used to compare our results and 
be sure we are not off limits nor bypassing some important materials.  

 

The offshore dataset comes mainly from a study on a floating offshore wind farm [8]. Though 
we are doubtful about the results of the study, it was the most exhaustive and most detailed study 
we could find. Our reserves come mainly from the fact that the final results show a wind turbine that 
is about 100 times lighter than its onshore equivalent. Moreover, it is the LCA of a floating wind farm, 
a technology not installed in our scenarios. Most offshore wind farms in France are expected to have 
gravity-based foundations. Finally, it is expected that roughly all offshore wind turbines will be 
equipped with permanent magnets, which in principle leads to maintenance reduction. That is the 
reason why we also considered other less-exhaustive studies for the materials for which additional 
data were available. The components of rare-earths permanent magnets were extracted from the 
JRC study [19] and added to the offshore dataset. 

B) Wind Power capacity and details on the technologies 
 

The 100% RE scenario is ambitious as for the wind power capacity. By 2050, the onshore and 
offshore wind turbines will amount to 96 GW and 10GW respectively. In this scenario, wind power 
provides the largest part of the production mix.  

There is a large variety in the data found in literature. The following table shows the LCI proposed in some studies found 
in the literature. The materials whose name is displayed in green are elements for which the studies present close values 
for the quantity needed per kW. On the contrary, materials with their name in red present a wide spectrum of values for 
the quantity per kW. Often some element is present in a significant quantity in one study but is not mentioned at all in 
another. 

Table 4: Composition in kg/kW for some metals that can be found in the literature 

Onshore (kg/kW) Vestas V100 Gamesa G8X JRC Report Gamesa 2007 Vestas 2012 
Concrete 3,84E+02 3,50E+02 

 
3,88E+02 3,75E+02 

Chromium 1,08E+01 
 

9,02E-01 1,08E+00 2,22E+00 
Iron 1,12E+02 1,16E+02 

 
1,61E+02 1,24E+02 

Manganese 4,84E-01 1,44E+00 8,05E-02 2,22E+00 1,73E+00 
Molybdenum 1,76E-01 

 
1,37E-01 1,61E-01 3,28E-01 

Neodymium 
  

4,06E-02 
  Nickel 8,03E-01 

 
6,63E-01 7,75E-01 1,58E+00 

Silicon 8,86E-02 4,94E-01 
 

7,43E-01 5,58E-01 
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 23 GW  Onshore classic 
Wind Power  73.6 GW Onshore New Gen 

  10 GW offshore 
 

 23GW of onshore wind power will be in-
stalled as regular wind turbines. Regular turbines 
are turbines of the type that is already widely 
installed in France. Those wind turbines are char-
acterized by the ratio Su = Swept area / nominal 
power. In France, the maximum Su is around 
3.4m2/kW. But a new generation of wind turbines 
is entering the market with higher than 5m2/kW. 
Those New Gen wind turbines possess a larger 
rotor diameter and are usually taller. They are 
made to be able to take benefits from lower wind 
speed so that they have a better availability. New 
Gen wind turbines are the biggest capacity in the 
scenario with 73.6 GW. 

 

In the 100% RE scenario, 10 GW of offshore 
wind turbines will be installed. For technical rea-
sons, the offshore wind turbines will mostly have 
gravity-based foundations. Gravity-based founda-
tions are the heavier foundations for offshore wind 
turbines. They require a very high amount of con-
crete and are intrusive for the wildlife of the sea. 
But the choice of the foundations is mostly depend-

ing on the nature of the submarine soil. 

 

C) Concrete, copper and steel in Wind Power 
 

The major building material consumptions for wind power are concrete (foundations), steel 
(towers, mechanical parts, power electronics), composites (blades) and copper (cables, wires and 
generators). The high consumption of those materials has been pointed out by Vidal’s study [22]. The 
results of our study are shown below on the graph below: 

Concrete is by far the most employed building material to install the wind power capacity 
with 1.88 million tons required over 20 years. Concrete represents 67% of the weight of offshore 
wind turbines and 72% of onshore wind turbines.  

Figure 2: New Gen wind capture lower wind speed. 

Figure 3 : Monopile, gravity-based and jacket foundations 
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Steel is the second most 
used material in wind power with 
547 000 tons over 20 years. The steel 
consumption is split between 90% 
low alloyed steel, 9% stainless steel 
and 1% for high grade steel for off-
shore wind turbines. These results 
are consistent with the JRC study 
(Fig.5), and are roughly the same for 
onshore wind turbines except that 
stainless steel represents a lower 
share of the total steel weight      
because it contains fewer parts    
exposed to corroding environment. 

For a more detailed analysis 
it is important to look at the compo-
sition of the steel at stake. In our 
studies three different grades of 
steel are used: i) low-grade-steel for 
the tower and most of the miscella-
neous parts, ii) high grade-steel for 
the gearbox where particular mechanical 
proprieties are needed and iii) stainless steel for pieces exposed to a highly corrosive environment 
such as salt water. The JRC uses the 18NiCrMo7 steel as the high grade steel and type 316 steel for 
stainless steel [19]. We used the same references to split the steels into their elemental components. 
The composition of these steels is detailed on page 15.  

 

0.34E+03 
5.47E+03 

0.02E+06 

0.00E+00

2.00E+03

4.00E+03

6.00E+03

8.00E+03

0.01E+06

0.01E+06

0.01E+06

0.02E+06

0.02E+06

0.02E+06

Copper Steel Concrete

Total amount of steel, concrete and copper needed in tons for 
wind power 

Figure 4: Composition of an offshore wind turbine, JRC. 

Figure 5 : Total amount of steel, concrete and copper needed in tons for the wind power in the 100% RE scenario 
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Though copper more frequently get the attention of researchers in LCAs, it is only the fifth 
most consumed material in wind power. Wind power would require 52 600t of chromium, 47 000t of 
aluminum and 33 800t of copper over 20 years. The high chromium consumption was not expected 
because chromium is mostly used in stainless steels which are not so frequent in onshore wind tur-
bines. This could be due to a particularity of the V100 we used to build the data set because the oth-
er studies we found show amount of chromium per MW that is around a tenth of this value (table 3).  

D) Specific materials, recycling and strategic issues  
 

Concrete represents 70% of the wind power material consumption and iron (in steel or cast 
iron) 21%. The composition of the remaining 9% is detailed in this section. Onshore wind turbines 
and offshore wind turbines have a slightly different material consumption. But because the onshore 
capacity is ten times the offshore capacity, the totals presented in Figure 6 mainly illustrate the on-
shore wind power material consumption.  

Chromium and nickel consumption is mainly due to the use of stainless steel and specific 
high-resistance high-grade steels. Stainless steel is not an issue for wind power. In general it is used 
in very small amounts in onshore wind turbines (although some data can be found that show a larger 
use of stainless steel, but should be further investigated and crosschecked). Offshore wind turbines 
rely more on stainless steel but the volumes involved are still small compared to lower grade steel. 
Most of the stainless steel is collected and recycled in its own recycling chain.  

 

Figure 6 : Material consumption of wind power over 20 years for materials that composes between 0.1 and 2% of the wind 
turbine. 
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The components for low-grade steel are cheap and their supply chain is well-established and 
secured (carbon, silicon, manganese, phosphorus, sulfur, copper and nitrogen). There are very few 
risks of shortage of low grade steel in the years to come. However, the high amount of low-grade 
steel that is used for the towers may prove a fertile ground for circular economy.  

High-grade steel however is an important part of wind turbines. Although there is no risk on 
the supply chain, the recycling of such steel is still poorly executed. Almost each piece is made of a 
different alloy and the recycling process more often than not consists in cutting the device in pieces 
and melting those pieces after a quick sorting. The result is a degraded material that makes little of 
out of the rare metals it contains and reduces the metallic capital. 

As a result, there is little strategic hazard on wind power. But there is a real need to monitor 
the use of chemical elements in order to ensure that wind power is indeed a sustainable energy 
source. This use is widely unknown, and therefore it is a parameter hardly considered in wind power 
projects. The trend to increase the complexity of alloys and to increase the amount of electronics 
reduce the possibilities for recycling, thus giving credit to the argument that renewable energies run 
on yet another limited resource : metals. 

E) Technological improvements 
 

Wind turbines have been undergoing tremendous technological changes during the past 
years following two major trend lines. Some improvements involve higher towers to benefit from the 
stronger wind that comes with altitude improving the capacity factor and the ability to operate at 
lower nominal wind speeds; and other efforts are made to reach wider swept area with the help of 
longer blades, again to target lower speed winds and increase the installed capacity per turbine while 
improving the reliability.  

An option explored to achieve higher towers is to make concrete towers. At the moment in 
France, only Enercon consider this technology for its own installations. Concrete towers are not less 
expensive than steel towers, but this may change at some point as towers go higher. They have a 
social benefit though since they allow a more local production because concrete is more often than 
steel produced on site, the tower cannot be prefabricated and shipped to the site except for some 
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Figure 7 : Material consumption for onshore and offshore wind power for materials other than steel and concrete. 
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inserted components. As far as raw materials are concerned, the impact is unclear. Though it allows a 
lower steel consumption, the steels used for the towers are low-alloyed steels that contain no critical 
metal. Moreover low alloyed steels can more easily been retrieved and reused at the end of their 
lives without too much degradation of function than concrete. Therefore a full LCA on steel towers 
compared to concrete towers would be necessary to obtain more information on the grey energy 
cost and the carbon footprint, two points that can tip the scale in favor of concrete towers. 

Swept area, the second axe of evolution is the domain of new generation wind turbines that 
have already been presented on page 19. Thanks to their steadier power production, those wind 
turbines are expected to compose most of the French installed wind park by 2050, according to the 
100% RE scenario. As far as raw material are concerned there is little to be said on new gen wind 
turbine. They are basically the same as conventional wind turbines but with a bigger rotor.  

One positive effect though comes from the higher availability of large-rotor wind turbines 
that improve the material consumption expressed in kg/MWh. The result of our sensitivity analysis 
where the whole onshore wind power capacity is installed as new generation wind turbines - instead 
of having 23% of it being conventional models - shows that the overall impact (drop) in the total 
metal consumption is expected to be: -8% of zinc, -9% of chromium, -4% of iron as the most signifi-
cant changes. But because those wind turbines have a higher CAPEX, they must be installed at the 
right place to be competitive. Conventional wind turbines are still more pertinent where the wind is 
usually strong and steady.   

To conclude this chapter, we ran a sensitive analysis on the impact of permanent magnets in 
onshore wind power. As it has already been mentioned above, this technology is sparse in France at 
the moment of writing. In 2014, less than 4% of the onshore wind turbines are equipped with tech-
nology using permanent magnets. If we were to install 96 GW of wind turbines equipped with per-
manent magnets the 100%RE scenario would involve 298 tons of dysprosium (prod 1 750 t/year) and 
5 190 tons of neodymium (prod 33 000 t/year). Hence, it would require a bit less than 1% of the an-
nual world production to achieve the scenario’s objectives, a limit that the JRC considers as highly 
critical. But in the 100%RE scenario, we choose to set this number to 10%. As a result only 55 tons of 
dysprosium and 1 660 tons of neodymium are necessary to achieve the 100%RE goal. Therefore the 
dysprosium and neodymium consumption are not a major issue. The choice to install wind turbines 
with gearboxes may sound an advantage seeing the troubles with rare earths supplies. However, 
permanent magnets have some significant advantages such as a reduced copper consumption (minus 
10% of the global scenario consumption of copper with 100% permanent magnets instead of 10%) 
and they allow lower maintenance costs.  
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2) Building materials for Photovoltaic Panels 

A) Dataset for photovoltaic panels 
 

The dataset for solar panels is the most complete and accurate we had. It is divided into 
three independent parts: the silicon panels, the infrastructure for a PV electric utility and the tin layer 
panels. The amounts of each material that compose a silicon solar panel were given by a study made 
by HESPUL [1] (black box in Figure 9). A study directed by the ADEME [2] addressed the specific issue 
of the environmental impact of the infrastructure needed for a photovoltaic power plant (red box in 
Figure 9). Are include the frames, the wires, the inverters, the roads, the fences, etc… but not the 
panels themselves. This study provides us with a very detailed and exhaustive LCI that allows us to 
make the distinction between four different infrastructures: the infrastructure for fix silicon solar 
panels, for fix thin layers solar panels and for trackers 1 or 2 axes equipped with silicon solar panels. 
The composition of thin layer panels was harder to obtain [3] (green box in Figure 9). Because they 
had the largest market shares among the thin layer panels technologies we chose to focus on CdTe 
(cadmium-tellurium) and CIGS (copper, indium, gallium and selenium) panels.  
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Figure 8: Global PV market share in capacity (MW) by technology in 2013, "Photovoltaic report", Fraunhofer ISE, 2014. 
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In order to obtain the final material consumption of a specific technology, we then had to re-
combine the data following the process given in Figure 9. Say for example that we want the con-
sumption of 1MWc of a CdTe-based PV power plant. We have to use two different publications to 
obtain the result: the components of an infrastructure for a thin-layer based PV power plant are giv-
en by ESPACE PV 3 (red box) and the composition of the CdTe panels are given by our dataset on 
CdTe panels (green box). 

 

B) PV capacity in the 100%RE scenario 
 

The PV capacity installed in the 100%RE scenario is ambitious. Moreover, 62.5% of this capac-
ity is installed in power plants. In the Forecast 2030 scenario, which is a more realistic prevision of 
the future of energy in France, around 60% of the PV capacity is installed on rooftops. This has an 
important impact on the material consumption since PV power plants cost more material per MWc 
than rooftops panels. 

PV power 

25,5 GW Rooftops 
4,32 GW Power plants -CIGS 
8,64 GW Power plants -CdTe 
30,2 GW Power plants -Si 

 

The PV mix for utility scale installation is made of 10% fix CIGS panels, 20% fix CdTe panels, 
and 70% of silicon based panel power plants. Among the silicon-based panel power plants, 50% are 
made of panels on a fix structure, 17.5% of panels on 1-axis trackers, and 17.5% of panels on 2-axis 
trackers. At the moment the proportion of tracking devices in PV utility scale installations is roughly 
inferior to 5% [4]. But trackers offer a certain amount of benefits, such as flatter load duration 
curves, that make very likely an increase in their market share.   
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Figure 9: Process to determine the final consumption for a specific PV technology.  
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C) Concrete, copper, steel and other common building materials 
 

Our results show a concrete and steel consumption that is less worrying than other studies 
have previously shown. Per MWh, this consumption is less important than for wind power or gas 
power plants.  But PV power is a big consumer of aluminum and copper. Per MWh, PV power is the 
biggest consumer of copper before wind power, gas-fired power plants and nuclear power plants. 
The overall consumption of PV power in our model for concrete, steel and copper is shown in the 
following figure:  

 

Though important, our results as far as concrete and steel are concerned are less alarming 
than the ones shown by O. Vidal et al. [22]. Per MW installed capacity, we find an average cost of 
788t/MW of concrete for utility scale PV, and 347t/MW when combining with rooftop PV. Vidal 
found 2700t/MW of concrete for utility scale PV and 1100t/MW when combining with rooftop PV. 
On the other hand, the aluminum consumption in our study was twice bigger. After several conversa-
tions with Mr. Vidal we found that these important differences mainly came from the fact that Mr. 
Vidal used a single and old source [21] for utility scale PV systems. The foundations for these systems 
were made of a huge volume of concrete while nowadays many new fix systems are deployed on a 
structure of aluminum posts. This technique does not require that each array has its own concrete 
foundation anymore. This shows that, as Mr. Vidal emphasized in the communication, in this area of 
study a great variety of results can be found in the literature leading to very different results.  
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Figure 10: Total material consumption of PV power in tons over 20 years. 
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 Our results clearly showed another important fact about PV power. Contrary to wind power 
where the choice of the technology was of little impact on the material cost, set aside the founda-
tions for offshore wind power and the permanent magnets, the material consumption of PV power 
rely a great deal on what type of system is going to be installed. This will be more extensively dis-
cussed in the following parts. 

 

D) Specific materials for solar power 
 

Aluminum is the third material consumed in term of volume, behind concrete and steel. The 
100% RE scenario would consume around 6.72 million tons of aluminum. As a comparison, the 
French trade balance for aluminum in 2006 was only 869 000 tons [12]. Abundant and cheap, alumi-
num is not considered critical and therefore it does not appear in the JRC study. But aluminum is one 
of the materials with the highest embodied energy: its takes between 43 000 and 63 000 kWh to 
produce a ton and between 2 250 and 12 000 kWh to recycle a ton (compared to 440 to 2600 kWh/t 
for concrete). Aluminum production counts for a great part in the total energy cost of the scenario. 
But the use of aluminum structures to support the panels plays a critical role in the reduction of steel 
and concrete cost of PV farms. 

Glass accounts for 8% of the total material consumption. This is not surprising due to the 
large amount of glass that is necessary to properly encapsulate and protect the panels. Over 20 
years, it would require 3.75 million tons of glass to achieve the 100%RE goal in solar power. This is 
only half the amount of aluminum required. In France in 2012, the total production of technical glass 
was as high as 855 530 tons [11]. This means that the development of solar power according to the 
100%RE scenario would consume 4 years of France’s technical glass production. The glass consump-
tion is nonetheless a problem seldom addressed. The main reason is that glass is a cheap, available 
and easy to recycle material.  

However, just like aluminum, glass takes a lot of energy to produce (around 4400 kWh/t) and 
require a certain quality of sand, especially high quality anti-reflection glass for solar panels. Because 
of the need of high quality, the glass for solar panels cannot come from recycled glass.  Shortages of 
high quality sand have been forecast by some specialists, but it is nevertheless a minor issue when it 
comes to PV power.  

Silicon comes fourth with 279 000 tons just behind copper (376 000 tons). Silicon is one of 
the most abundant materials on Earth. Yet many efforts are put into reducing the silicon consump-
tion of silicon-based solar cells. It takes 60 times the amount of energy required to produce a ton of 
glass to produce a ton of solar-grade silicon. The modules count for 84% of the embodied energy of 
mono-Si systems [4] and 50% of the embodied energy of amorphous-Si systems. Therefore efforts 
are made toward reducing the thickness of the modules and improving the refining of silicon. 
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- Indium (49In) is a soft and malleable metal that has come 
to be of the utmost importance for the industry in the 
recent years. Because it can be used to make transparent 
electrodes and welds on glass its demand has skyrocket-
ed with flat screens and touch screens. Indium is a by-
product of zinc refining. China is the leading producer, 
followed by Canada, Japan and South Korea. The global 
production is around 570 t/year. The economically viable 
resources are rapidly depleting with reserves estimated 
around 6 000 t. As a result China has imposed quotas on 
exportations, tightening market already highly unreliable. 
Bolivia and Canada possess important resources that 
could counterbalance China’s market power. But at the 
moment, indium metal is highly critical, with a rapidly 
fluctuating price and a vital importance for the industry. 

  

The thin layer technology has 
the advantage to use les raw materi-
als than silicon-based technology. 
They use a very thin layer of metal 
oxides to convert the light spectrum 
into electric current. To convert as 
large as portion of the spectrum as 
possible they rely on a wide variety 
of rare metals. Though cheaper than 
Si-based technologies (a gap that 
tends to diminish lately with China 
invading the market of silicon based 
panels) they suffer from two major 
issues: they are less efficient than 
silicon solar cells (increasing the size 
of a solar farm for the same capacity) 
and use a wide variety of rare metals, most of them rare, toxic, and already extensively used in other 
sectors of the industry.  The Cadmium-tellurium technology is one of the two technologies studied in 
this report beacuse it is the most installed thin layer technology in France  at the moment with 1.89 
GW out of the 5.11 GW of solar farms. It was originally developed by the National Renewable Energy 
Laboratory (NREL) in the US and commercialized by First Solar. The massive commercial production 
of CdTe panels has driven up the demand for tellurium and so the prices. On the 1st of March 2011, 
the price was around 302,5 euros/kg. The BRGM rated the tellurium’s criticality as average because 
although the market was highly unreliable, few economic actors in France rely on tellurium for their 
activities: if there was a tellurium crisis, its impact on the French economy would be meagre1. But to 
obtain the PV goal of the 100%RE scenario with 20% CdTe panels, would require 2 150 tons of 
tellurium. Assuming a yearly production of 115 tons per year, it means that France would by 93% of 
the global production each year only for CdTe panels. Such a scenario is absolutly unrealistic. Since 

tellurium is a by-product of copper 
refining, its produciton cannot be 
increased without harming the 
equilibirum of the copper market. 
The JRC reached the same conclusion 
and even First Solar started exploring 
other paths.  

CIGS is often proposed as an 
alternative to the CdTe technology. 
This thin layer technology relies on 

Copper-indium-Gallium-Selenium 
compounds. But it is also less mature. 
At the moment, France has no solar 
farms equiped with this technology. 
Though the fact that CIGS does not 

                                                           
1 www.infoterre.brg.fr, BRGM, 2011.  

- Tellurium (52Te) is a metalloid presenting properties 
similar to sulfur and selenium. It is 37 times rarer than 
platinum in the Earth’s crust and is found in very small 
quantities in copper ore (90% of the production). It is 
mainly use in metallurgy in iron, copper and lead alloys. It 
is also used to make semi-conductors in electronics, in-
frared sensitive materials, thermoelectric devices but it is 
also used in the vulcanization process for rubber crafting. 
Tellurium is exclusively produced by Peru, Japan and 
Canada. The world production is secret but can be esti-
mated between 115 and 500 tons/year. Recycling at the 
moment is almost close to zero as most of its usages are 
dispersive.  France has few economic actors that rely on 
tellurium for their activity. Therefore the BRGM rates 
tellurium’s criticality as average. 

  



 29 

use tellurium is undeniablely an advantage as we have seen previously, it still suffers from the use of 
another metal: indium, a metal also used in the CdTe technology. Between 2006 and 2009 the price 
of indium has ranged from 351 to 845 euros/kg (3 279 to 7 894 sek/kg). On the 8th of April 2015, the 
price was 550 euros/kg [20] (5 138 sek/kg). With 10% of CIGS panels, the 100%RE scenario would 
require 238 tons of indium over 20 years. Thus it appears less impressing than the tellure 
consumption of the CdTe technology, the pressure on indium is very important. France would have 
to buy a 2% of the world production each year just for its CIGS panels, which will have consequences 
on the market. Moreover, the CIGS technology requires gallium. Gallium, a metal praised for semi-
conductors and electronics is a by-product of the refining of bauxite into aluminum. Only 78 tons of 
gallium are produced each year. The production could be higher but fully exctracting the gallium out 
of bauxite is not economically viable and to increase the produciton by increasing the bauxite 
production would perturb the aluminum market. To conclude, the thin layer technologies seem to 
introduce a risk factor in the PV market  that is undesirable in such an ambitious project.  

Another regular concern in solar power is the use of silver. Though the amount is small in a 
single panel, the cumulative cost in silver of all the solar panels needed for the 100% RE scenario is 
very high: it takes about 48kg of silver to make a 1 MW system, 3 340t for the whole PV capacity. At 
499 euros/kg (4686 sek/kg), [20] it represents 1.6 billion euros (15.6 billion sek) worth of silver. As a 
comparison, buying the 6.72 million tons of aluminum needed would cost around 11 billion euros 
(103 billion sek) [20]. As a result, efforts are being made by panel manufacturers to reduce the 
amount of silver needed by panel: using a frame of silver instead of a plain sheet of silver, or switch-
ing from silver contacts to aluminum contacts for example. The JRC found an amount of silver of 
24kg/MW which is half our result. Even so, they point silver as weakness of the PV sector and it is 
certainly an obstacle to the development of PV power. 

E) Choosing the right technology and future improvements 
 

Because the choice of the right technology in PV power can have a great influence on the 
overall material consumption of the 100%RE scenario, we ran several sensitivity analyses to precise 
the role of one technology in the final result. PV power is in our study one of the means of produc-
tion that consumes the less concrete. This is mainly due to the fact that 50% of our solar farms are 
equipped with aluminum structures directly planted into the ground. But fixed PV power suffers from 
a non-grid-friendly production curve because of its intense power production around midday.  

Table 5: Consumption of several materials for balance of system for several PV technologies in solar farms 

Total structure poly-Si, fixed sheds Thin layers, fixed sheds poly-Si, 1 axis trackers poly-Si, 2 axis trackers 
Concrete 70 kg/MW 71 kg/MW 732t/MW 2420 t/MW 
Steel 202 t/MW 286 t/MW 180 t/MW 230 t/MW 
Aluminum 181 t/MW 248 t/MW 108 kg/MW 229 kg/MW 
Copper 4 530 kg/MW 7 450 kg/MW 4 757 kg/MW 9 790 kg/MW 
Building energy 133 t/MW 187 t/MW 138 t/MW 597 t/MW 

 

Trackers are a solution to achieve a better production curve that would vastly help the grid 
administrator to balance production and demand, especially in a 100%RE scenario. Unfortunately, 
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trackers tend to require a lot of concrete and steel (see table 5) because the tracking device require 
heavy concrete foundations. The hypotheses for the following sensitivity analysis are: 50% of two 
axis trackers instead of 25%, and a share of fixed sheds reduced from 50% to 18% to simulate the 
effect of the better load factor of trackers.  

 

Figure 11: Results of the sensitivity analysis on the share of trackers in the PV mix. 25% two axis trackers is the reference. 

  

As we can see, increasing the share of two axis trackers up to 25% of the PV mix would result in a 
20% increase of the concrete consumption of the whole scenario. But it would also lower the alumi-
num consumption and the energy consumption to build the park. In fact, though it takes more ener-
gy to build a tracker, the lower aluminum consumption has a bigger impact on the final energy bill of 
the scenario.  

We also ran a sensitive analysis on the impact of an abandon of the CdTe technology before 
2050. To do that we simply went from a mix of 43.2 GW of solar farms composed of 8.64 GW of 
CdTe, 4.32 GW of CIGS and 30.24 GW of poly-Si panels to a mix of 43.2 GW of solar farms with 38.9 
GW of poly-Si panels and 4.32 GW of CIGS. The results are mostly in favor of a smaller share of CdTe 
in the PV mix (see figure 12). Without the CdTe technology, the 100%RE scenario would consume 
minus 63% (minus 150 tons) of indium. This shows that the CdTe technology is the first consumer of 
indium in the scenario, before the CIGS technology. It would also take minus 36% of antimony (minus 
1 270 tons) and minus 5% of cadmium (1 540 tons), both toxic metals. It would also require minus 
12% of tin (3 230 tons), a too much exploited metal, and minus 18% of aluminum (1.35 million tons) 
which lighten the embodied energy of the 100%RE scenario. But unfortunately it would also take 
16% more of silver (522 tons) and 13% more of silicon (3 810 tons). Overall, the embodied energy 
total is in favor of the abandon of the CdTe technology because this would save 8.65% (73.6 TWh 
over 20 years)of the total energy consumption of the 100%RE scenario.  

0
0.2
0.4
0.6
0.8

1
1.2
1.4

Steel

Concrete

Copper

Critical metals

Energy
consumption

Aluminum

Impact of icreasing the share of trackers 

25% two axis trackers

50% two axis trackers



 31 

 

Figure 12: Sensitivity analysis on the abandon of the CdTe technology, percentage of the final material consumption. 

 A small diminution of the amount of silver required per panel would have a great impact on 
the material consumption of the scenario. A specialist at the ADEME said that there was research on 
the way to replace a part of the silver in solar PV panels with a copper/nickel alloy. This would help 
decrease the amount of silver per panel from 0.06kg/kWc to less than 0.05kg/kWc. We ran an analy-
sis to see what such a diminution would result in our model. The results are surprising. It would de-
crease the silver consumption of the 100%RE scenario by 17% (552 tons) and would save 213 GWh 
over 20 years (silver refining takes a lot of energy). On the other hand it would increase the copper 
consumption by 353 tons (out of the 1.16 million consumed by the scenario) and the consumption of 
nickel by 249 tons (out of the 193 000 tons consumed by the scenario) which is negligible.   

 Of course the raw material consumption is not the only factor that counts in the decision 
process on which technology should be installed. But we believe it is too rarely considered and that it 
is a useful piece of information to add to the thinking to make green energies fully renewable. 

 

3) Building materials for energy storage through batteries 

A) Technologies for electrochemical energy storage 
 

Because renewable energy have a production profile that is variable, a 100% renewable en-
ergy mix could suffer from periods of overproduction that can damage the electrical network or un-
derproduction where the network operators would be unable to meet the demand. In order to pre-
vent such issues, it is compulsory to install energy storage devices. In the 100%RE scenario, several 
means of energy storage are considered:  

• Dams and hydro pumping stations for long term energy storage (weeks, months) 
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• Electrochemical energy storage for medium term energy storage and compressed air 
energy storage (hours, days) 

• Power to gas to power, PTGTP (mid to long term energy storage) 
Each technology has its use and all must be included in the mix to meet the challenges creat-

ed by a 100%RE energy mix. In this report, neither dams nor PTGTP have a detailed paragraph of 
their own. Few new dams are to be created in France by 2050 (around 2GW) because almost all of 
the suitable locations are already equipped. Moreover dams are mostly composed of concrete and 
steel which make a detailed paragraph of little interest. As for PTGTP, we were unable to find data 
detailed enough to be of some use in our study. Therefore, the devices that convert power to gas are 
not in the study, but the power plants that would then burn this gas to produce energy are included 
as gas-fired power plants. 

Therefore in this chapter we will only deal with electrochemical energy storage. The 100% RE 
scenario requires 12.2 GW of electrochemical energy storage. We included six different technologies 
in this study 

• The Sodium-sulfur technology is a type of molten salt batteries. This technology, a 
variant of the Zebra technology (NaNiCl) presents a large number of advantages for 
supporting the network. It has a high specific energy, high cycle efficiency (between 
80 and 90%), quick charges and discharges. NaS batteries function best at high volt-
age and power and have a long lifespan (around 1500 cycles). They use conventional 
materials: sodium and sulfur. Unfortunately, they need to be constantly heated at 
300-350◦C. Because at this temperature Na2S4 salts are highly corrosive, the tank 
must be made of strong stainless steel with high molybdenum and chromium alloy 
contents. 

• Lead acid technology is an old yet still widely used technology. Thanks to the age of 
the technology, they benefit from efficient and low-cost production, collecting and 
recycling chains that limit the polluting impact of lead. Among their advantages, lead-
acid batteries are cheap, easy to produce and robust. They require low maintenance 
and have a long lifespan if properly maintained. On the other hand, they have a very 
low specific energy and despite all the efforts often result in heavy metal pollution. 
Yet, using lead-acid batteries to support the grid could be a convenient part of the 
life of a lead-acid battery. Old batteries from cars are already collected and used in 
large amount to store energy to support the grid. 

• Nickel-Cadmium batteries were widely used until their sale to general public was for-
bidden by the EU in 2006. They are nonetheless still used thanks to their high electric 
reliability as backups where a constant supply of power is vital, in hospitals for exam-
ple. They have an easy and quick charge, a long lifespan (1500 to 2000 cycles) but 
they have a low specific energy. However the biggest drawback of nickel cadmium 
batteries and the reason their production was limited is the use of cadmium, a very 
polluting and toxic heavy metal. 

• Nickel-metallic hydrates batteries are an evolution of nickel cadmium batteries that 
should replace them. They have a slightly higher specific energy and do not contain 
cadmium. However they have a shorter lifespan and require electronic precautions 
to avoid any surcharge that could destroy them. A bit more reliable than lithium-ion 
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batteries thanks to their higher resilience to high currents, they can be used for trac-
tion power. However, they consume rare earths such as neodymium, praseodymium, 
cerium and lanthanum. Used batteries must be collected and recycled.  

• Lithium-ion batteries are often seen as the future of batteries. Light and with a spe-
cific energy similar to the NaS technology, they can store energy for longer periods 
thanks to their slow self-discharge. But the technology is still immature and li-ion 
batteries require a lot of attention to function properly: they have a shorter lifespan 
if submitted to complete cycles and they may explode if subjected to high currents. 
Some commercial Li-ion technologies for grid support are already on the market.    

  

The specific material requirements for each technology except Li-ion were found in the study 
“Status of Life Cycle Inventories for Batteries” by J. L. Sullivan & L. Gaines [10]. The data for the two 
different Li-ion technologies were obtained directly from two producers (SAFT and DOW) for another 
study. Note that the results herein do not include the whole infrastructure needed for fully function-
ing electrochemical energy storage devices. We only had access to the components of the batteries 
themselves. 

B) The electrochemical energy storage mix and its raw material consumption 
 

In our study, the NaS technology received a large share of the electrochemical energy storage 
capacity because it is a reliable and mature technology well suited to support the grid. Just behind 
comes the LiFePO4 technology, a technology also already used for grid supporting. The lead-acid 
technology received one of the larger shares of the capacity because of its maturity and its low cost. 
It is also as we have already said, a good way to extend the lifespan of standard car batteries. The 
modeled electrochemical energy storage mix used in the study is given in the Table 6. 

Table 6: The electrochemical energy storage mix of the study. 

Technologies Share of the capacity 
Lead-acid 10% 
Nickel-Cadmium 5% 
Nickel-Metallic hydrates 1 5% 
Nickel-Metallic hydrates 2 5% 
Sodium-Sulfur 50% 
LiFePO4 20% 
LiNiMnCoO 5% 

 

 Our results show an important consumption of toxic and polluting heavy metals: 125 000 
tons of lead and 32 100 tons of cadmium. Copper composes 15% of the total weight of the battery 
mix, but that only represents 102 000 tons, which is small compared to the final 1.16 million tons 
required for the scenario. The nickel consumption is important with 10% of the weight of the battery 
mix, which represents 71 300 tons. It represents 36% of the total nickel consumption of the scenario. 
The materials whose share in the final weight of battery mix is superior to 1% are mostly common 
materials with no supply issues. Together they represent 98% of the total weight of the battery mix. 
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Figure 13: Components of the battery mix whose individual share of the total weight is superior to 1%. 

The remaining 2% are composed of rare metals and rare earths. Though used in small 
amounts most of those metals are critical. Therefore their consumption should be closely monitored. 

 

Figure 14: Components of the battery mix whose individual share of the total weight is inferior to 1% 
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C) Importance of the choice of the technology 
 

The reasons why we chose this battery mix were mainly a matter of performances. Now us-
ing our results we can discuss this mix on the material consumption side. 

Lead-acid and nickel-cadmium batteries are the main source of polluting metal use. Lead-acid 
batteries count for 63% of the total lead consumption of the scenario while Nickel-cadmium batteries 
count for 96% of the cadmium consumption of the scenario making the cadmium consumption of 
CdTe panels negligible. Limiting the use of these technologies could vastly limit the use of toxic met-
als in the scenario. However, nickel-cadmium batteries are likely to remain in use for their reliability 
as backups and lead-acid batteries have the advantage of their price. 

 

Figure 15: Components of a typical lead-acid battery and of a typical Nickel-cadmium battery. 

 Nickel-metallic hydrates batteries are the main source of rare earth consumption in this sce-
nario. They use light rare earths such as cerium and lanthanum but also heavy rare earth such as 
neodymium and praseodymium, two metals already under a lot of pressure because of their use in 
permanent magnets. Our battery mix uses around 900 tons of each of the previously quoted rare 
earths. In comparison, the whole wind power park would consume only 798 tons of neodymium for 
its permanent magnets. Because this technology does not render a service that cannot be render by 
another technology, the amount of Ni-MH batteries in the mix could be lower to reduce the exposure 
of the scenario to the risks of the rare earth market. 

 

Figure 16: Composition of the Ni-MH mix of the scenario. Different technologies are regrouped under the Ni-MH label. 
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 The NaS technology presents an interesting material consumption. It requires very common 
and non-toxic materials. Added to its interesting properties for grid supporting energy storage, this 
makes NaS batteries a serious candidate for a place in the 100%RE scenario. But it is also the tech-
nology that uses the largest amount of copper. Be that as it may, the major drawback of NaS batter-
ies is their thermal energy consumption due to the necessity of heating them continually.  

 

Figure 17: Composition of an average NaS battery. 

A serious competitor to the NaS technology could be found among the lithium-ion range of 
technologies. They are already being tested for grid supporting and they do not need to be heated to 
function. But there are already concerns about the world reserves of lithium. Specialists wonder if 
they will be sufficient to meet the demand from the automotive industry. Moreover lithium demand 
has dramatically increased with the commercialization of more and more connected devices that rely 
on lithium batteries to function. Though they only contain 2% of lithium, which represent a total of 
1680 tons of lithium it will likely be a limitation to the use of lithium-ion batteries as grid supporting 
energy storage. Also lithium-ions batteries contain around 37% of high quality graphite. At the mo-
ment, this material is almost exclusively produced by China who possesses the best reserves. This 
means that there might be threat on graphite supply since China as already proven that it is not 
afraid of using its dominant position on a specific market to put pressure on the depending indus-
tries. As with other materials that are a quasi-monopoly of China, the future of graphite supplies are 
subject to caution.  

To conclude this chapter, electrochemical energy storage can be a big consumer of critical 
metals if raw material consumption issues are not taken into account. When building an electro-
chemical energy storage mix for grid supporting, one must consider multiple technologies because 
each has its own utility. The raw material consumption analysis reinforces this idea. To consider a 
wider range of technologies would help limit the consequences of a risk of shortage of rare metals.   
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PART 4: Comparison with other scenarios 
 

We have showed how raw material problematics affect the development of the different 
technologies of renewable energies considered in the 100%RE scenario and we have asserted the 
different weaknesses of this scenario related to possible supply issues. But this study will not be 
complete unless we compare the raw material consumption to other scenarios. In the following part, 
we will compare the material consumption of the 100% RE scenario with that of the 40%RE scenario, 
a scenario that leaves a great place to nuclear power in the electric mix. It may also prove interesting 
to compare the consumption of the 100% RE scenario with the consumption of the ADEME’s Forecast 
2030 because this scenario is intended to be a good approximation of the mix in 2030. 

 The 40%RE scenario relies heavily on baseload nuclear power and gives an important place 
to gas fired power generators for demand peaks. To compare the raw material consumption of the 
two scenarios we make the assumption that the whole nuclear capacity has to be rebuilt starting 
from scratch. This assumption is relevant when we consider that the time limit for this scenario is 
2050 which exceeds by far the lifetime of the French nuclear power plants already running. 

1) Concrete, copper and steel 
 

In their publication, O. Vidal et al. [22] evidenced the fact that the concrete, steal and copper 
consumption of renewable energies can be alarmingly important in a worst case scenario. In the 
100%RE scenario, the total capacity installed is 2.1 times the capacity installed in the 40%RE case 
because of intermittency issues. This number is important to monitor the consumption of raw mate-
rial in the 100%RE scenario and see if the consumption of raw materials is significantly higher for 
renewable energies than for conventional energies.  

 

Figure 18: Consumption of the 100%RE scenario compared to the consumption of the 40%RE scenario. 

1.83 1.58 

5.76 

7.40 

000

001

002

003

004

005

006

007

008

Steel Concrete Copper Aluminum

Consumption of the 100%RE scenario compared to 
the 40%RE scenario 



 38 

Figure 18 shows how many times the consumption for 40%RE of a certain material is needed 
to achieve the 100%RE scenario. This means that for example it takes 1.58 times more concrete to 
achieve the 100%RE scenario if the 40%RE is a reference base. In regard of the fact that the capacity 
installed in the 100%RE scenario is 2.1 times the capacity installed in the 40%RE scenario, this means 
that renewable energies consume less concrete per MW than conventional energies. Our results also 
show that it would only take 1.83 times more steel to install the total capacity of the 100%RE case. 
These results are surprisingly low compared to the citations in [22] and are partly due to the fact that 
we considered a wider range of technologies in our mix, as well as to the fact that we used more 
recent studies that reflects better modern improvements. On the other hand, our results show an 
important consumption of copper and aluminum. This is in accordance with a common complaint 
against renewable energies that they tend to be far more copper and aluminum consuming. 

 

Figure 19: Consumption of concrete in kg/MWh/year for the 40%RE (left) and the 100%RE (right) scenarios. 

 As shown in figure 19, the consumption of concrete per MW of conventional energies is 
higher than the consumption of concrete of renewable energies. This explains why the 100%RE sce-
nario consumes less than 2.1 times the amount of concrete that the 40%RE scenario consumes. The 
high consumption of concrete of onshore wind power comes from the heavy foundations that are 
necessary to counterbalance the force of the wind on the tower. The same goes for offshore wind 
power although a higher consumption was expected.  

 

Figure 20: Consumption of steel in kg/MWh/year for the 40%RE (left) and the 100%RE (right) scenarios. 
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The high copper consumption of the 100%RE scenario is rather well shared between the dif-
ferent technologies, but the aluminum consumption is mainly due to solar farms on fixed sheds. The 
40%RE scenario contains almost no solar farm with almost all its solar capacity installed on rooftops, 
which have a much lighter material consumption. 

 

Figure 21: Copper consumption in kg/MWh/year for the 40%RE (left) and the 100%RE (right) scenarios. 
 

2) Rare metals and critical metals for fossil fueled and nuclear power 
 

Although the use of critical metals may be important for renewable energies depending on 
the technology, it is not a specificity of renewable energies. As a matter of fact, the aim of one of the 
two JRC’s studies [17] was to monitor the use of critical metals by all decarbonized energies: nuclear 
energy, renewable energies and fossil-fueled power plants with Carbon Capture and Storage devices. 
Therefore if the previous part aimed to raise awareness to the possible critical metals pitfalls that 
may hinder a massive devel-
opment of renewable ener-
gies, it is important to keep 
in mind that almost every 
technology that produce 
energy suffers from similar 
issues. The JRC study [23] 
evidences the use of rare 
metals by advanced fossil-
fueled power plants (see 
Table 7). They serve as 
alloys to create the specific 
steels required for the 
parts submitted to high 
temperatures and highly 
corrosive environments.  
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Table 8: Nuclear power metal requirement in kg/MW. 

Table 8 shows the metal requirement (plus concrete) 
for a nuclear power plant of the EPR type. We can see 
that nuclear power requires a similar lot of metals for 
steels, plus some rare metals for their neutron proper-
ties: cadmium, silver, cobalt, indium and hafnium are 
used for control rods for example. Rare earths, like 
Yttrium (Y) are also used for their neutron properties.   

Hafnium (Hf) is vital for nuclear energy because of it 
captures neutrons very efficiently. Found associated 
with zirconium in titanium ore, about 100t of hafnium 
is produced each year [12]. For decades its price has 
been around 200$/kg, but in 2007 Intel announced a 
new technology for semi-conductors that uses hafni-
um instead of the regular silicon oxides. This new 
technology will help improving the transistors, but it 
also make the price of hafnium increase to 600$/kg 
before the end of 2008 [24]. With the increasing      
demand for nuclear power and the development of 
transistors with hafnium, the pressure on hafnium is 
heavy. The resource is not problematic as hafnium is 
found everywhere where there is zirconium, which is 
relatively abundant (although unevenly spread around 

the globe). However, as it is current with rare metals, increasing the production of hafnium to meet 
the demand would cause the production of zirconium to exceed the demand, resulting in a crash of 
zirconium prices. Yet it is the sale of zirconium that makes the ore extraction profitable. As a result 
shortages of hafnium are likely to happen. 

Rhenium (Re) is a precious metal that is mainly used as super-alloys for aeronautics. This metal is 
very expansive (around 10 000 euro/kg, or 93 300 sek/kg) but it has a very significant effect on the 
alloy. It is found in very small quantities in copper ore. The annual production is around 50 tons [24].  

3) Comparing the use of critical metals by the two scenarios 
 

Overall it is very difficult to state about the use of critical metals by the two scenarios. Vol-
umes are not relevant to determine if a scenario contains more risk due to its critical metal content 
than other because the use of a small quantity of a specific metal (rhenium for example) can have a 
much more important impact than a large quantity of another metal (some rare earth for example). 
The JRC provides and BRGM provide in-depth analysis on the criticality of each metal. Figure 22 (tak-
en from [16]) displays on the horizontal axis the importance of a metal for the European industry (on 
a scale of 0 to 10, 10 being the highest importance) and on the vertical axis an estimation of the risk 
on the supply chain (on a scale of 0 to 5.5 being the most risky supply chain). As a result, the metals 
with the highest criticality, it is to say metals of the highest importance for European industry and 
with the less reliable supply chain are on the top right hand corner of the graph (the group in yellow). 

Element Demand (kg/MW) 

Hf 4,80E-01 
In 1,60E+00 
Ag 8,30E+00 
Mo 7,08E+01 
Ni 2,56E+02 
W 5,00E+00 
Y 5,00E-01 
Nb 2,00E+00 
Zr 3,05E+01 
Cd 5,00E-01 
Cr 4,27E+02 
Sn 4,60E+00 
V 6,00E-01 
Cu 5,96E+01 
Pb 4,30E+00 
Ti 1,50E+00 
Co 5,87E-01 
Fe 1,82E+05 
Concrete 7,00E+05 
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The purple group is composed of metals that are vital for the industry but whose supply chain is reli-
able. Those metals are common metals that have been used by the industry for a long time.   

 

Figure 22: Criticality of certain metals for the European Union, [16]. 

 

 The index on the risk on the supply chain is the result of a computation between several ob-
servations: a third of this index is determined by the resource (geological, economical and technical 
availability), a third by social considerations (Human Development Index (HDI) and Policy Potential 
Index (PPI)) and the last third is determined by geopolitical considerations (governance and concen-
tration of population).  

 

Figure 23: Amount of times the consumption of a metal by the 40% RE scenario is needed to complete the 100%RE sce-
nario. 
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Figure 23 displays the result of the comparison between the two scenarios for all non-basic 
materials. We can see that the rare metal requirement for the 100%RE scenario is more important 
than for the 40%RE scenario. For a vast majority of the metals, the requirement of the 100%RE sce-
nario exceeds 2.1 times the consumption of the 40%RE scenario. This is especially true for the com-
ponents of solar panels. This leads us to the observation that renewable energies tend to shift the 
use of certain metals used in high resistance steels (vanadium, niobium, rhenium, titanium, tungsten, 
etc…) to the use of more high tech metals: tellurium, gallium, selenium, or tantalum for semi-
conductors, rare earths for permanent magnets and batteries, etc… This means that the develop-
ment of the 100%RE scenario will not affect the same industries as the 40%RE scenario. When the 
development of the 40%RE scenario will likely compete with the aeronautic industry and the chemi-
cal industry, the 100%RE will be in competition with high tech industries: lasers, flat screens, elec-
tronics, etc…   

As a conclusion, and in regard of Figure 22, we may argue that fossil fueled and nuclear pow-
ers are in competition with already well established industries. They use critical metals that have 
been used for a while by the industry: their use is spread among a large variety of industries, but the 
supplies chains are also well-secured. On the other hand, renewable energies are part of booming 
industries that use recent high tech-metals. The supply chains of those metals are new, rather arti-
sanal. This problematic extends to the end of life of the power plants. While steel have been reused 
for a while now, new metals are often hard to isolate after they have been used. But renewable en-
ergies undergo intensive researches to substitute more common metals to rare metals, which could 
be an improvement on both the supply chain and the end of life.  

The metal market is always and rapidly evolving. It has already undergone several revolutions 
and renewable energies are just another one. But to include raw material issues in the decision pro-
cess will help to limit the impact on the market and other industries, to lower the risks that the sup-
ply chains of metals lay on any energy policy, and it will improve the overall environmental impact of 
renewable energies. 
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ANNEXES 
 

ANNEX 1: The tree of metal extraction and refining 
 

Figure 24 shows the tree of metal extraction and refining. The filled circles correspond to the 
metals that are the main products of mining. The other elements are by products. They are circled 
with the same color as the element from which they are a byproduct.  For example, nickel ore con-
tains also cobalt, scandium, copper, gold, uranium and palladium. This figure is very important be-
cause it shows very well the problem with rare metal extractions. For example, increasing the 
amount of tellurium produced each year would require intensifying the copper extraction. But as a 
result, the price of copper may fell, which could endanger the profitability of the mine. It would also 
result in a production of uranium for which outlets must be found. This illustrates well one of the 
reasons why the gap between offer and demand in rare metal markets are not easily filled. 

 

 

Figure 24: The Tree of metal extraction and refining. Source: BRGM. TR stands for Rare earths. 
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ANNEX 2: Recycling metals  
 

Figure 25 is a periodic table showing the average recycling rate for several elements. The re-
cycling rate is the share of the annual production of an element that comes from recycling. Although 
it is usually a good indicator of the maturity of the recycling chain for an element, this number can be 
treacherous. For example, copper is among the materials that are best recycled. But the annual glob-
al demand is always increasing and the average lifetime of products involving copper is usually quite 
high. Therefore there is a need for a very important first-hand copper production that reduces the 
average recycling rate. 

It is nonetheless interesting to notice that high-tech metals have a low average recycle rate. 
This may be due to several factors: either a high demand for a first hand production, or a lack of 
wastes with a sufficient content of the metal, dispersive uses (in chemistry for example), or a not yet 
mature recycling chain. On the contrary, basic metals like aluminum, iron, or common metals such as 
lead, manganese, molybdenum, and nickel have a high average recycle rate. This means that the 
resources in wastes are high and well retreated. Rare metals such as platinum, gold, silver, rhodium 
are very well recycled, thanks to their price and scarcity. 

 

 

Figure 25: Periodic table showing the recycling of several elements. Source: BRGM 
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ANNEX 3: Complete results of the model for the four scenarios. 
 

Table 9: Complete results for the four scenarios considered in our model. Results are in tons over 20 years. 

 

The electric mixes for the four scenarios are given on page 10. 

  

In tons, over 20 years 100%RE scenario 40%RE scenario Visions ADEME 2030 Electric mix in 2014
Steel 2,82E+07 1,54E+07 1,89E+07 4,85E+07

Concrete 8,07E+07 5,11E+07 6,02E+07 1,89E+08
Copper 1,16E+06 2,02E+05 4,32E+05 1,22E+05
Glass 6,71E+06 1,67E+06 2,95E+06 1,10E+06

Chromium 1,09E+06 2,12E+05 4,28E+05 4,81E+05
Lead 1,96E+05 3,33E+04 4,83E+04 6,27E+03

Manganese 2,48E+05 1,06E+05 1,27E+05 3,23E+05
Molybdenum 4,55E+04 3,30E+04 3,68E+04 3,37E+05

Nickel 1,94E+05 7,30E+04 8,68E+04 2,38E+05
silicone, plastique 5,02E+04 1,79E+04 2,62E+04 9,47E+03

Sulfur 5,72E+04 9,92E+03 1,17E+04 8,79E+02
Tantale 2,74E+05 4,08E+04 9,64E+04 2,26E+04

Zinc 2,98E+05 4,22E+04 1,04E+05 2,56E+04
Silicone 3,02E+05 1,02E+05 1,55E+05 1,37E+05

Silver 3,34E+03 1,50E+03 2,01E+03 1,15E+03
Aluminum 7,73E+06 1,04E+06 2,76E+06 1,06E+06

Tin 2,63E+04 1,58E+04 1,84E+04 7,34E+03
Titanium 1,74E+04 1,52E+04 1,52E+04 1,48E+04

Vanadium 6,52E+03 4,06E+03 4,09E+03 3,40E+04
Niobium 1,35E+02 2,00E+02 1,60E+02 2,34E+02
Indium 2,38E+02 7,14E+01 1,23E+02 1,34E+02

Cadmium 3,37E+04 5,81E+03 6,22E+03 3,68E+02
Tellurium 2,15E+03 1,18E+02 6,48E+02 4,71E+02
Antimony 3,52E+03 4,69E+02 7,82E+02 2,77E+02
Gallium 3,76E+01 2,05E+00 1,13E+01 0,00E+00

Selenium 1,22E+03 6,65E+01 3,66E+02 0,00E+00
Lithium 1,68E+03 2,98E+02 2,98E+02 0,00E+00

Neodymium 1,66E+03 3,26E+02 7,78E+02 3,25E+01
Praseodymium 8,61E+02 1,53E+02 1,53E+02 0,00E+00

Cerium 8,61E+02 1,53E+02 1,53E+02 0,00E+00
Sodium 2,66E+04 4,73E+03 4,73E+03 0,00E+00

Zirconium 2,70E+03 1,59E+03 1,46E+03 1,92E+03
Lanthanum 8,61E+02 1,53E+02 1,53E+02 0,00E+00

Cobalt 6,76E+02 1,49E+02 1,44E+02 4,50E+01
Tungsten 0,00E+00 1,83E+02 1,60E+02 3,15E+02
Yttrium 0,00E+00 1,83E+01 1,60E+01 3,15E+01

Hafmium 0,00E+00 1,75E+01 1,54E+01 3,02E+01
Dyprosium 5,50E+01 1,19E+01 4,31E+01 2,24E+00
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ANNEX 4: Total Energy production for the 100%RE scenario and the 40%RE 
 

Table 10: Load factor of the technologies considered in this study for two scenarios. 

 
Load Factor, 100%RE scenario Load Factor, 40% RE scenario 

Onshore Wind Power 31% 31% 
Offshore Wind Power 48% 46% 
PV Power 14% 15% 
Nuclear Power 0% 75% 
Gas Power Plants 13% 15% 

 

Those load factors are used for the computation of the results in kg/MWh/year given in Part 4. 
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