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Abiotic:



Metals (or metallic ores) and industrial minerals. These are derived from static reserves.



Biotic:



Materials which are derived from renewable biological resources that are of organic origin but not of fossil origin. Only non-energy and non-food biotic materials are under consideration in this report.



Deposit:



A concentration of material of possible economic interest in or on the earth’s crust.



Reserves:



The term is synonymously used for “mineral reserve”, “probable mineral reserve” and “proven mineral reserve”. In this case, confidence in the reserve is measured by the geological knowledge and data, while at the same time the extraction would be legally, economically and technically feasible and a licensing permit is certainly available.



Resources:



The term is synonymously used for “mineral resource”, “inferred mineral resource”, “indicated mineral resource” and “measured mineral resource”. In this case, confidence in the existence of a resource is indicated by the geological knowledge and preliminary data, while at the same time the extraction would be legally, economically and technically feasible and a licensing permit is probable.



Units:



Conventional SI units and prefixes used throughout: {k, kilo, 1,000} {M, mega, 1,000,000} {G, giga, 109} {kg, kilogramme, unit mass} {t, metric tonne, 1,000 kg}.
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Executive Summary Raw materials are fundamental to Europe’s economy, and they are essential for maintaining and improving our quality of life. Recent years have seen a growth in the number of materials used across products. Securing reliable and undistorted access of certain raw materials is of growing concern within the EU and across the globe. As a consequence of these circumstances, the Raw Materials Initiative was instigated to manage responses to raw materials issues at an EU level. At the heart of this work is defining the critical raw materials for the EU’s economy. These critical raw materials have a high economic importance to the EU combined with a high risk associated with their supply. The first criticality analysis for raw materials was published in 2010 by the Ad-Hoc Working Group on Defining Critical Raw Materials. Fourteen critical raw materials were identified from a candidate list of forty-one non-energy, non-food materials. The group highlighted the need to revise this list at regular intervals. This present study follows on from this recommendation, revising and extending the work carried out previously at the EU level. Three key areas are addressed:  Revision of the list of critical materials for the EU.  Discussion of additional influences on raw material criticality.  Extension of the analysis to biotic materials. Fifty-four non-energy, non-food materials are analysed using the same methodology as the previous study; this extended candidate list includes seven new abiotic materials and three biotic materials. In addition, greater detail is provided for the rare earth elements by splitting them into ‘heavy’ and ‘light’ categories. Critical raw materials experience a combination of high economic importance and high supply risk relative to the other candidate materials, and are defined using thresholds for each measure set during the previous study. The overall results of the 2013 criticality assessment are shown below; the critical raw materials are highlighted in the red shaded area of the graph.



Twenty one critical raw materials are assessed as critical from the list of fifty-four candidate materials: Antimony



Beryllium



Borates



Chromium



Cobalt



Coking coal



Fluorspar



Gallium



Germanium



Indium



Lithium



Magnesite



Magnesium



Natural Graphite



Niobium



PGMs



Phosphate Rock



REEs (Heavy)



REEs (Light)



Silicon Metal



Tungsten
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This 2013 list includes thirteen of the fourteen materials identified in the previous study, with only tantalum moving out of the EU critical material list. Seven new materials are included: borates, chromium, coking coal, lithium, magnesite, phosphate rock and silicon metal. Three of these are entirely new to the study. None of the biotic materials were classified as critical. Whilst this analysis highlights the criticality of certain materials from the EU perspective, limitations and uncertainties with data, and the study’s scope should be taken into consideration when discussing this list. In addition, information for each of the candidate materials is provided by individual material profiles, found in two separate documents. Further analysis is provided for the critical raw materials within these profiles. Analysis of the global primary supply of the fifty-four candidate materials identifies that 91% of global supply originated from extra-EU sources; this included most of the base, speciality and precious metals, and rubber. China is the major supplier when these materials are considered, however many other countries are important suppliers of specific materials; for instance, Russia and South Africa for platinum group metals. EU primary supply across all candidate materials is estimated at 9%. By contrast, supply of critical raw materials is more limited, with less than 3% of critical raw material supply arising from within the EU. A comparison between supply of the candidate materials and the critical materials is shown below, showing that supply becomes more concentrated for the critical materials, particularly in China.



World primary supply of the 54 candidate raw materials



World primary supply of the 21 critical raw materials



The major producers of the twenty-one EU critical raw materials are shown below, with China clearly being the most influential in terms of global supply. Several other countries have dominant supplies of specific raw materials, such as the USA (beryllium) and Brazil (niobium). Supply of other materials, for example the PGMs, lithium and borates, is more diverse but is still concentrated.
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Clays (& Kaolin) Diatomite Feldspar Hafnium Limestone Perlite Sawn Softwood Silica sand Tellurium



Bentonite Gypsum Potash Pulpwood Selenium Talc



Aluminium Copper Rhenium Silver Zinc



Barytes Bauxite Iron Ore Nickel



Gold Manganese Molybdenum Natural Rubber Scandium Tantalum Tin Titanium Vanadium



EU Supply



>20%



20%) material Supply (>20%) Antimony



93%



China (87%)



Magnesite



86%



China (69%)



Beryllium



99%



USA (90%)



Magnesium



96%



China (86%)



Borates



88%



Natural Graphite



93%



China (69%)



Chromium



88%



Niobium



99%



Brazil (92%)



Cobalt



82%



DRC (56%)



PGMs



93%



South Africa (61%) Russia (27%)



Coking Coal



94%



China (51%)



Phosphate Rock



66%



China (38%)



Fluorspar



84%



China (56%)



REE (Heavy)



100%



China (99%)



Gallium



90%



China (69%)



REE (Light)



100%



China (87%)



Germanium



94%



China (59%)



Silicon Metal



79%



China (56%)



Indium



81%



China (58%)



Tungsten



91%



China (85%)



Lithium



83%



Chile (48%) Australia (22%)



Total



90%



China (47%)
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Turkey (38%) USA (30%) South Africa (43%) Kazakhstan (20%)
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These twenty countries are also the largest suppliers of the critical raw materials. Table 8 shows the contribution of these countries to the supply of the critical raw materials, with 90% of supply coming from these twenty countries. All major suppliers of the individual critical raw materials fall within this group of twenty countries. Other significant producers not in this group include Argentina (Lithium, 16%) and Morocco (Phosphate rock 15%). Figure 9: Major supplying countries of the EU Critical Raw Materials



In terms of EU supply, around 9% of raw material supply is indigenous to the EU according to the data gathered. This is includes large supplies of hafnium (47%, linked to refining), clays (37%), perlite (37%), silica sand (35%), feldspar (35%), diatomite (28%) and sawn softwood (26%). For the critical raw materials the supply situation is more limited. Total supply across all twenty one critical raw materials can be estimated at under 3%, with over half having no or very limited production within the EU (Figure 10) . The critical raw materials with the highest production are gallium (12%), magnesite (12%), silicon metal (8%) and germanium (6%) having the highest production.



Clays (& Kaolin) Diatomite Feldspar Hafnium Limestone Perlite Sawn Softwood Silica sand Tellurium



Bentonite Gypsum Potash Pulpwood Selenium Talc



Aluminium Copper Rhenium Silver Zinc



Barytes Bauxite Iron Nickel



Gold Manganese Molybdenum Natural Rubber Scandium Tantalum Tin Titanium Vanadium



EU Supply



>20%



99% ≈20% at Kennecott, USA Hafnium Zircon 100% Low 95% ≈45% at Teck Trail, Canada Primary 30% Silver Copper 23% >99% ≈25% at KGHM, Poland Gold 12% Tantalum Tin 20% N/A ≈10% in DR Congo Copper 90% 30%-40% ≈0.2% at Boliden, Sweden Tellurium Lead 10% ≈2% at Port Pirie, Australia Steel slags 75% Vanadium Primary 25% Source: ILZSG (2012), Study of the By-Products of Copper, Nickel, Lead and Zinc; additional references & Oakdene Hollins analysis



Revenues of by-product relative to the main product An analysis of the revenue mix of base metal refineries gives a picture of the relative economic incentives for recovering specific by-product metals. This type of analysis will be specific to a given refinery, and will vary according to the particular ore or feedstock processed. It will also depend upon current metals prices, which will fluctuate considerably year-to-year. These fluctuations will in turn influence technical decisions relating to recovery trade-offs and efficiencies, and therefore year-to-year production.
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In terms of data availability, metals price data is relatively widely accessible for all the base metals, and the majority of by-product metals. Operational data for annual metals production at specific refineries is often published within company annual reports, although the level of detail may vary considerably between the companies concerned. For the sake of brevity and commercial sensitivity, production figures for the entire product mix may not be published (including the by-products), although estimates may be available from other sources.



Case Study: Does by-product status raise or lower supply risk? The research conducted has highlighted examples where by-product status may both raise and lower the supply risk of specific raw materials. Case studies are provided here for a number of the byproduct metals to illustrate these points: Gallium: Quicker responses to price rises Gallium has been a very dynamic market in the last few years. Its supply has experienced a stepchange, with world primary production trebling in just two years between 2009 and 2011. This very fast-paced ramp-up in world capacity has been driven by forecasts for strong increases in demand, driven by the uptake of LED lighting technologies. Gallium is recoverable from most bauxite ores. With the installation cost of a recovery circuit at approximately €20m it is a relatively short-term investment decisions, meaning that supply can respond to rising demand and prices within just a couple of years, rather than the 5-10 years needed to develop a greenfield mine. And with a market size of 80 tonnes back in 2009, the addition of just a few more refiners can have a large impact on total world supply. Indium: Adds complexity to refining The major source of world’s indium is as a by-product of zinc refining. However, significant indium content is limited to only around 40% of the world’s zinc concentrates. Therefore, in order to recover indium, zinc refiners must implement a strategic decision to procure right zinc concentrates, so that the average indium content justifies its recovery. Much of these indium containing-zinc concentrates originate from Peru and Bolivia (with relatively high political risk). These concentrates often contain higher levels of contaminants such as arsenic and cadmium, which can mean that they are more difficult to process. Traditional zinc refineries are often reluctant to engage in a small and volatile market, where additional complexity is added to the process, even if attractive investment returns are possible. Cobalt: Steady base load in supply For cobalt, world supply is diversified between that refined in the nickel and copper industries, and that originating from primary cobalt operations. The fact that cobalt is a valuable by-product from both nickel and copper means that is routinely recovered, providing a steady-base load of supply. The project pipeline for cobalt projects indicates that 90,000 tonnes of additional mine production may become available by between 2010 and 2015, as result of numerous new mines and planned expansions. This is driven by the sustained demand and high prices witnessed for nickel and copper and could push the market into oversupply. The by-product refiners will be to some extent insulated from falling prices, with the primary cobalt producers likely to be much more exposed. References: See EC JRC IET (2011), Critical Metals in Strategic Energy Technologies; ILZSG (2012), Study of the By-Products of Copper, Nickel, Lead and Zinc; & USGS Commodity Summaries and Yearbooks



A summary of collated examples can be found in Table 28. The method is illustrated with the example of the KGHM Głogów Refinery in Poland. For this refinery copper is the main product, representing an estimated 71% out of over $5bn of revenues for 2011, Figure 37. Silver is a valuable co-product because of the specific type of ore processed. Sales of silver account for approximately one quarter of total revenues. A further ten by-products are produced by the refinery (including acid and slag products), sales
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of which are estimated at approximately 2.5% of total refinery revenue. Of particular note is rhenium, which only represents 0.3% of sales revenue (approximately $15m), even though KGHM is the world’s third largest producer of rhenium. Figure 37: Estimated revenues of KGHM Głogów Refinery, 2011 ($m) Silver; 26% Lead; 0,9%



Other, 3%



Copper; 71%



Re; 0,29%



Se; 0,23% Te; 0,03% Pt-Pd, 0.03% NiSO4, 0.2%



Gold; 0,9%



Source: ILZSG (2012), Study of the By-Products of Copper, Nickel, Lead and Zinc



These revenue estimates should be considered to be at the upper end of what might be achievable, due to the fact that these refineries have already taken the decision to recover the by-product, and have sufficient data reported. Some gaps are evident in the data, although in general there is good coverage. Conclusions The research conducted in this section has investigated the relationships between the markets for byproducts and the base metals from which they are usually derived. Data has been collected and reviewed for a number of dimensions relevant for the critical raw materials methodology including:  The link to base metals, with data on the share of production from each source of by-product supply  An estimate of by-product recovery as a percentage of that which is potentially available. This gives an indication how much additional supply is available in the short-to-medium term.  An estimate of the revenues that are available for a specific by-product relative to the main product. This will reflect the incentives that exist for by-product recovery, both at existing refineries, and those for developing poly-metallic deposits on the basis of the economics of the by-product recovery. The available data indicates a clear distinction between types of by-products:  Major by-products, co-products: cobalt, gold, molybdenum, palladium, silver and possibly tantalum:  may have own primary production infrastructure  generally have high recovery efficiency, typically >60%  represent important sources of revenue, often considerably >10%.  Minor by-products: gallium, germanium, hafnium, indium, rhenium, selenium and tellurium:  have very limited own production infrastructure  generally have lower recovery efficiencies, sometimes 80%)
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Economic importance and supply risk calculations Material Aluminium Antimony Barytes Bauxite Bentonite Beryllium Borate Chromium Clays Cobalt Coking coal Copper Diatomite Feldspar Fluorspar Gallium Germanium Gold Gypsum Hafnium Indium Iron Limestone Lithium Magnesite Magnesium Manganese Molybdenum Natural Graphite Natural Rubber Nickel Niobium Perlite Phosphate Rock PGMs Potash Pulpwood REE (Heavy) REE (Light) Rhenium Sawn Softwood Scandium Selenium Silica sand Silicon Silver Talc Tantalum Tellurium Tin Titanium Tungsten Vanadium Zinc
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Economic Importance (Raw) 138 129 51 156 84 123 103 163 87 122 164 105 55 88 131 115 101 69 101 143 102 135 105 100 151 100 142 108 135 141 161 107 83 106 120 157 41 98 95 82 97 69 126 105 130 87 93 135 109 123 101 165 166 158



Economic Importance (Scaled) 7.57 7.07 2.8 8.55 4.61 6.74 5.65 8.94 4.77 6.69 8.99 5.76 3.02 4.82 7.18 6.3 5.54 3.78 5.54 7.84 5.59 7.4 5.76 5.48 8.28 5.48 7.78 5.92 7.4 7.73 8.83 5.87 4.55 5.81 6.58 8.61 2.25 5.37 5.21 4.5 5.32 3.78 6.91 5.76 7.13 4.77 5.1 7.40 5.98 6.74 5.54 9.05 9.1 8.66



HHI



HHI-WGI (scaled)



HHI-EPI (scaled)



Substitutability Index



1781 7458 2941 1886 1620 8242 2624 2503 1046 3361 3049 1452 2108 1315 3535 4985 4009 606 1144 4414 3757 1655 1080 3073 4872 7439 1297 2270 4979 1909 1069 8504 1882 1995 4542 1576 1160 9807 7598 4092 763 5350 1001 1608 3397 2137 1260 2486 1061 2536 1355 7300 3230 1390



1.0512 4.6108 1.7755 0.6179 0.6703 2.113 1.0752 1.2132 0.3403 2.7261 1.73 0.4407 0.7333 0.6083 2.1484 3.0361 2.2513 0.2812 0.6735 1.1334 2.1962 0.7653 0.5076 0.8342 2.9927 4.5963 0.5707 1.1276 3.0597 1.0899 0.5215 4.008 0.6764 1.1147 2.1929 0.6599 0.352 6.0644 4.6753 1.0931 0.2412 3.3144 0.4144 0.4606 2.0139 1.335 0.6592 1.1751 0.441 1.5399 0.4307 4.5132 1.7854 0.7457



1.0321 4.3069 1.7498 0.8922 0.7858 3.4349 1.2605 1.5885 0.4298 1.9033 1.7559 0.6591 0.9478 0.5787 2.0805 2.9448 2.2819 0.3181 0.6255 1.5944 2.166 0.8669 0.5558 1.3506 2.887 4.4354 0.7147 1.2187 2.9688 0.8695 0.4945 3.5952 0.7673 1.1171 2.8387 0.7001 0.4982 5.6647 4.5237 1.8093 0.3271 3.162 0.4629 0.6522 1.9632 1.147 0.689 1.1563 0.4874 1.4584 0.6832 4.3548 1.9557 0.779



0.63 0.62 0.98 0.93 0.55 0.85 0.88 0.96 0.78 0.71 0.68 0.62 0.33 0.58 0.8 0.6 0.86 0.72 0.7 0.38 0.82 0.84 0.75 0.78 0.72 0.64 0.94 0.92 0.72 0.83 0.68 0.69 0.42 0.98 0.83 0.32 0.7 0.77 0.67 0.94 0.70 0.34 0.48 0.92 0.81 0.72 0.39 0.55 0.44 0.60 0.33 0.70 0.46 0.66



Recycling Input Rate (EoL %) 35% 11% 0% 0% 0% 19% 0% 13% 0% 16% 0% 20% 0% 0% 0% 0% 0% 25% 1% 0% 0% 22% 0% 0% 0% 14% 19% 17% 0% 0% 32% 11% 0% 0% 35% 0% 51% 0% 0% 13% 9% 1% 5% 24% 0% 24% 0% 4% 0% 11% 6% 37% 0% 8%



Supply Risk (WGI) 0.43 2.5 1.74 0.57 0.37 1.45 0.95 1.01 0.27 1.63 1.18 0.22 0.24 0.35 1.72 1.82 1.94 0.15 0.47 0.43 1.8 0.5 0.38 0.65 2.15 2.53 0.43 0.86 2.2 0.9 0.24 2.46 0.28 1.09 1.18 0.21 0.12 4.67 3.13 0.89 0.15 1.12 0.19 0.32 1.63 0.73 0.26 0.62 0.19 0.82 0.13 1.99 0.82 0.45



Supply Risk (EPI) 0.42 2.4 1.71 0.83 0.43 2.36 1.11 1.33 0.34 1.14 1.19 0.33 0.31 0.34 1.66 1.77 1.96 0.17 0.43 0.61 1.78 0.57 0.42 1.05 2.08 2.44 0.54 0.93 2.14 0.72 0.23 2.21 0.32 1.09 1.53 0.22 0.17 4.36 3.03 1.48 0.21 1.06 0.21 0.46 1.59 0.63 0.27 0.61 0.21 0.78 0.21 1.92 0.9 0.47
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Comparison of 2010 and 2013 studies Raw Material Aluminium Antimony Barytes Bauxite Bentonite Beryllium Borate Chromium Clays Cobalt Coking coal Copper Diatomite Feldspar Fluorspar Gallium Germanium Gold Gypsum Hafnium Indium Iron Ore Limestone Lithium Magnesite Magnesium Manganese Molybdenum Natural Graphite Natural rubber Nickel Niobium Perlite Phosphate Rock PGMs Potash Pulpwood REE (Heavy)* REEs (Light)* Rhenium Sawn Softwood Scandium* Selenium Silica sand Silicon metal Silver Talc Tantalum



8.88 5.84 3.68 9.51 5.48 6.17 5.01 9.92 4.44 7.24



SR (WGI) 0.20 2.56 1.67 0.26 0.34 1.32 0.60 0.80 0.30 1.06



2010 SR (EPI) 0.23 2.39 1.47 0.58 0.36 1.91 0.60 0.86 0.36 0.77



5.71 3.73 5.19 7.50 6.50 6.28



0.21 0.34 0.23 1.63 2.47 2.73



0.20 0.39 0.21 1.47 2.18 2.59



non-critical non-critical non-critical critical critical critical



5.04



0.36



0.34



non-critical



6.71 8.11 5.95 5.59 8.90 6.45 9.80 8.89 8.68



2.02 0.35 0.73 0.73 0.86 2.62 0.45 0.47 1.27



1.73 0.36 0.70 0.87 0.97 2.19 0.43 0.52 1.45



critical non-critical non-critical non-critical non-critical critical non-critical non-critical critical



9.54 8.95 4.20



0.27 2.80 0.31



0.24 1.98 0.30



non-critical critical non-critical



6.68



3.63



1.37



critical



5.78 5.78 7.72



4.86 4.86 0.82



4.34 4.34 0.81



5.78



4.86



4.34



critical critical non-critical non-critical critical



5.83



0.18



0.23



non-critical



5.07 4.02 7.38



0.27 0.30 1.13



0.21 0.21 0.73



non-critical non-critical critical



EI
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Classification



EI



non-critical critical non-critical non-critical non-critical critical non-critical non-critical non-critical critical



7.57 7.07 2.80 8.55 4.61 6.74 5.65 8.94 4.77 6.69 8.99 5.76 3.02 4.82 7.18 6.30 5.54 3.78 5.54 7.84 5.59 7.40 5.76 5.48 8.28 5.48 7.78 5.92 7.40 7.73 8.83 5.87 4.55 5.81 6.58 8.61 2.25 5.37 5.21 4.50 5.32 3.78 6.91 5.76 7.13 4.77 5.10 7.40



SR (WGI) 0.43 2.54 1.74 0.57 0.37 1.45 0.95 1.01 0.27 1.63 1.18 0.22 0.24 0.35 1.72 1.82 1.94 0.15 0.47 0.43 1.80 0.50 0.38 0.63 2.15 2.53 0.43 0.86 2.20 0.90 0.24 2.46 0.28 1.09 1.18 0.21 0.12 4.67 3.13 0.89 0.15 1.12 0.19 0.32 1.63 0.73 0.26 0.62



2013 SR (EPI) 0.41 2.38 1.67 0.81 0.44 2.47 1.16 1.36 0.34 1.05 1.16 0.33 0.32 0.34 1.61 1.71 1.92 0.17 0.40 0.63 1.72 0.55 0.41 1.15 2.01 2.36 0.54 0.92 2.07 0.70 0.23 2.04 0.33 1.08 1.56 0.23 0.17 4.36 3.03 1.50 0.20 1.03 0.21 0.44 1.54 0.63 0.26 0.61



Classification non-critical critical non-critical non-critical non-critical critical critical critical non-critical critical critical non-critical non-critical non-critical critical critical critical non-critical non-critical non-critical critical non-critical non-critical critical critical critical non-critical non-critical critical non-critical non-critical critical non-critical critical critical non-critical non-critical critical critical non-critical non-critical non-critical non-critical non-critical critical non-critical non-critical non-critical



127



Raw Material Tellurium Tin Titanium Tungsten Vanadium Zinc



2010 SR (EPI) 0.35



Classification



EI



7.90



SR (WGI) 0.56



non-critical



5.38 8.75 9.71 9.40



0.13 1.81 0.73 0.40



0.16 1.42 0.67 0.16



non-critical critical non-critical non-critical



5.98 6.74 5.54 9.05 9.10 8.66



EI



SR (WGI) 0.19 0.89 0.13 1.99 0.82 0.45



2013 SR (EPI) 0.19 0.78 0.21 1.86 0.90 0.46



Classification non-critical non-critical non-critical critical non-critical non-critical



*Heavy Rare Earth Elements, Light Rare Earth Elements, and Scandium were considered together (as Rare Earth Elements) in the 2010 exercise.
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Large format results and supply charts Overall results, using highest value for supply risk for each material
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Analysis using WGI supply risk value for each material
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Analysis using EPI supply risk value for each material
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Major suppliers of raw materials
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Annex F – Comparison with Other Methodologies Materials security and materials criticality have been of growing interest to researchers, governments and other organisations due to increasing concerns over access to raw materials. As a result a variety of criticality studies have been published, each seeking to evaluate the criticality of a group of materials in relation to each other. These studies may consider materials in different contexts (e.g. based on territory, organisation or technological application), evaluate different groups of materials, use different criticality indicators, and have different methodologies altogether. As a consequence there is no universally agreed approach to assessing criticality and a tailored approach is required for each circumstance. Seven studies have been identified from within the last four years as being of most relevance to this study (Table 35). These represent a cross section of different study types and approaches. Whilst the aims and scopes of these studies do vary, they all apply a selection of indicators to a group of materials to identify a list of critical materials. For each of these studies an analysis of their methodologies has been carried out to compare their approach to the EU methodology. Table 35: List of criticality studies selected for review No. Author Report Title



Year



1



Graedel et al



2011



2



EU JRC



Methodology of Metal Criticality Determination Critical Metals in the Path towards the decarbonisation of the EU Energy Sector



3



US DoE



Critical Materials Strategy



2011



4



Öko-Institute



Critical Metals for Future Sustainable Technologies and their Recycling Potential



2010



5



Korean Gov’t



Plans for Stable Procurement of Rare Metals



2010



6



GE



Research Priorities for More Efficient Use of Critical Materials from a U.S. Corporate Perspective



2010



7



Fraunhofer & IZT



Raw Materials for Emerging Technologies



2009



2013



Materials security and materials criticality have been of growing interest to researchers, governments and other organisations due to increasing concerns over access to raw materials. As a result a variety of criticality studies have been published, each seeking to evaluate the criticality of a group of materials in relation to each other. These studies may consider materials in different contexts (e.g. based on territory, organisation, technological application or globally), evaluate different groups of materials, use different criticality indicators, and have different methodologies altogether. As a consequence there is no universally agreed approach to assessing criticality and a tailored approach is required for each circumstance. Seven studies have been identified from within the last four years as being of most relevance to this study, Table 35. These represent a cross section of different study types and approaches. Whilst the aims and scopes of these studies do vary, they all apply a selection of indicators to a group of materials to identify a list of critical materials. For each of these studies an analysis of their methodologies has been carried out to compare their approach to the EU methodology.
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2010



2010



UNEP



US DoE*



Öko-Institute



Korean Gov’t



4



5



General Electric Company



BMWi



General Electric Company



Fraunhofer & IZT



7



2009



Technology



Business



N/A



24



15



7



11‡



56‡



X



X



X



11†



N/A



X



X



X



X



X



(X)



X



X



X



X



X



X



X



X



X



X



X



X



Import dependency



Territorial



Technology



X



12



7



16



60



(X)



X



X



X



X



X



X



X



X



X



X



X



X



X



X



X



X



Price fluctuations



6



2010



Technology



US Office of Policy and 2011 inter



US DoE



3



Technology



N/A



X



Demand growth



2013



EU JRC



Oakdene Hollins Fraunhofer ISI



2



N/A



Physical scarcity



Global



Production limitations



2011



14‡



Supply Concentration



41‡



Political Risk



Territorial



Materials Critical in scope Materials



Importance to economy (sector)



ACS



EC DG ENTR 2010



EC DG ENTR



Scope



Others



X



X



Environmental Risk



Graedel et al



Source Year Organisation



Author



Demand



X



X



X



Temporal Differences



1



Study No.



Supply



Table 36: Criteria used by selected criticality studies. For comparison, criteria used for Critical Raw Materials for the EU is shown in the top line.



*Summary information gathered from US DoE rather than Korean Government ‡PGMs and REE included as groups †REE included as a group
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In general each of the reports uses at least two dimensions to assess criticality, comparing issues associated with materials supply with concerns associated with demand. In terms of supply the following broad categories may be considered: physical scarcity, production limitations, supply concentration, political risk, and import dependency. Demand issues include importance to economy or sector, demand growth and price fluctuations. A third axis, environmental risk or impact, is also included in some studies as part of criticality assessments to capture environmental concerns. Each of these high level indicators may have “sub-indicators” which contribute to the overall value. Most studies are restricted to a snapshot in time, though some studies use a defined time period that may include forecasts for future materials needs, or vary methodology depending on different timescales considered. This allows for temporal differences in criticality to be assessed. The key features of each of these seven studies are discussed below. Study 1 - Methodology of Metal Criticality Determination 2011, Graedel et al This academic paper did not assess any particular metals or technologies but provides an overarching assessment methodology that can apply to studies of metal criticality at the corporate, national or global levels for two different time scales: 5-10 years or longer term (a few decades). The method assessed criticality using three broad categories: supply risk, environmental implications and vulnerability to supply restriction. Different components are used in a flexible way to tailor the study to fit the needs of the particular study, making this arguably the most sophisticated criticality methodology at present. For supply risk the methodology is based on three components: (1) geological, technological and economic, (2) social and regulatory, and (3) geopolitical (Figure 52). Temporal issues are incorporated by selecting which of these three components is relevant, i.e. for the long term only Stage 1 is employed, while for the medium term all three components are used. Each of these components is further broken down into two indicators, each of which is scored from 0 to 100, with higher values indicating a higher level of risk. For example, in the geological, technological and economic factor one of the indicators is depletion time. The score for this is arrived at quantitatively using mathematical formulae that include variables such as aggregate global geological reserves, aggregate global mining production, the amount that is to be mined at a future time, losses in tailings and future demand. Figure 52: Methodology for assessing supply risk. Top level indicators are combined to produce components that are in turn used to determine supply risk. For long-term estimates, only one component (geological, technical and economic) is employed. Depletion Time Reserves



Companion Metal Fraction



Policy Potential Index



Human Developme nt Index



Worldwide Governance Indicators: Poltitical Stability



Global Supply Concentration



Depltion Time (Reserve Base)



Companion Metal Fraction



1/2



1/2



1/2



1/2



1/2



1/2



1/2



1/2



Geological, Technological and Economic



Social and Regulatory



Geopolitical



Geological, Technical and Economic



1/3



1/3



1/3



1



Supply Risk (Medium-term)



Supply Risk (Long-term)



Another indicator is companion metal fraction. Where the crustal concentration of a metal is less than about 0.1%, it will seldom form usable deposits. In such cases the metal occurs interstitially in the ores of other metals with similar physical and chemical properties. When these low-concentration metals are recovered they are termed “companion metals” and the principal metals in the deposits “host metals’.
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The companion metal fraction indicator expresses the potential for supply risk related to the host−companion relationship. The percentage of a target metal that is extracted as a companion is used as the metric for this indicator. A score of 100 therefore represents a metal with all (100%) of its production resulting from mines in which it is mined as a companion metal. For environmental implications, inventory data from the ecoinventa database are used to quantitatively calculate the damage to human health and ecosystems using the ReCiPeb and point method. To quantify vulnerability to supply risk, three different scoping levels are identified: corporate, national and global. For each of these a different methodology is employed. For the corporate level, for example, three components are used to determine supply risk: importance, substitutability and ability to innovate. Each has one or more indicators with different methods of scoring. Together they form a matrix that are then used to calculate vulnerability. Similar methods are used for national and global levels. Overall this methodology uses a similar approach for supply risk and importance to the EU criticality study, using a series of factors to derive an overall indicator. However, a greater number of factors are considered, reaching a more detailed level for certain aspects. As with the EU study, the methodology is quantitative, but some factors are reliant of expert evaluation for scoring. The environmental indicator is one area that differs significantly from the EU methodology. This measures environmental impacts directly, rather than supply risk associated with risks associated with poor environmental standards. Study 2 - Critical Metals in Low-Carbon Energy Technologies, EU, 2013 This study analyses the materials demands and potential bottlenecks for implementing the EU’s Strategic Energy Technology Plan (SET-Plan). Eleven low-carbon technology areas were included for assessment: hydropower, geothermal energy, marine energy, co-generation or combined heat and power, advanced fossil fuel power generation, fuel cells and hydrogen, electricity storage in the power sector, energy efficiency and CO2 emission reduction in industry, energy efficiency in buildings, road transport efficiency and desalination. This report also included a review and update of a previous study’s data, which examined six related technologies: nuclear (fission), solar (photovoltaic and concentrated solar), wind, bioenergy, carbon capture and storage and smart electricity grids.c Both studies broadly employed the same methodology. This more recent work initially considered 60 d metallic elements which were screened to the 32 most significant. To achieve this, a bottom-up approach was used, compiling an inventory of all metals used in each technology (Figure 53). The demand for metals associated with the deployment of these technologies was quantitatively evaluated using the scenarios outlined in the SET-Plan or elsewhere. Further assessment was then conducted on the 32 metals to identify where bottlenecks may impact on the implementation of the technologies. Bottlenecks for these metals were assessed using four criteria falling into two categories to assess an overall risk factor associated with their future supply:  Market factors:  Likelihood of rapid global demand growth for the metal  Limitations on expanding production capacity in the short- to medium term.  Political factors:  Supply concentrated from a limited number of countries  Political risk of associated with major supplying countries.



a



Hischier, R.; Weidema, B.; Althaus, H.-J.; Bauer, C.; Doka, G.; Dones, R.; Frischknecht, R.; Hellweg, S.; Humbert, S.; Jungbluth, N.; Köllner, T.; Loerincik, Y.; Margni, M.; Nemecek, (2010) T. Implementation of Life Cycle Impact Assessment Methods; ecoinvent Report No. 3, version 2.2; Swiss Centre for Life Cycle Inventories: Dübendorf, Switzerland. b Goedkoop, M.; Heijungs, R.; Huijbregts, M.; De Schryver, A.; Struijs, J.; van Zelm, R. ReCiPe 2008. Main Report, Part 1: Characterization, 1st ed.; Ministerie van Volkshuisvesting, Ruimtelijke Ordening en Milieubeheer (VROM): The Hague, The Netherlands, 2009. c EU JRC (2011), Assessing metals as Supply Chain Bottlenecks in Priority Energy Technologies d EC JRC (2013) Critical Metals in the Path towards the decarbonisation of the EU Energy Sector
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Figure 53: Schematic of methodology for assessing bottleneck materials Inventory of metals for each technology



Metals demand from SET-Plan scenario or alternative



32 metals identified as having significant usage



political risk



supply concnentration



Political factors



limitations on produciton



global



demand growth



Market factors



Qualitative Assessment



This assessment was performed qualitatively, assigning each as “high’, “medium”and “low”considering factors including reserves, production, key applications, processing routes, dominant production countries, price developments, and supply and demand forecasts. These in turn were used to position materials in five different risk categories from high to low. Those metals identified as of high or highmedium risk are shown in Table 37.a This approach differs significantly from the EC critical raw materials methodology, partly due to the need to generate an inventory of materials used for specific technologies, and also in the assessment of risk, which was largely qualitative in this case. A “bottom-up”approach is used, using technology implementation scenarios to estimate materials associated with this implementation. This process is used to screen the metals to provide a short list for further assessment. The next phase is similar to the EU criticality study, using factors such as supply risk and political risk to assess potential for bottleneck. However, due to the forward looking nature of the JRC work the market factors indicator necessarily takes a forward looking view. In addition, this methodology differs in that the values attributed to each factor are judgement based, using background information and expert assessment, rather than being fully quantitative. Table 37: The metals identified as either of high or high-medium chance of experiencing a bottleneck. High High-Medium REE: Dy, Eu, Tb, Y Graphite REE: Pr, Nd Rhenium Gallium Hafnium Tellurium Germanium Platinum Indium Source: EU JRC Presentation



a



EC JRC (2013), Critical Metals in the Path towards the decarbonisation of the EU Energy Sector
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Study 3 - Critical Materials Strategy, USA, 2011 This report addresses the short- and medium-term materials supply risks for the deployment of wind turbines, EVs, solar cells, and energy-efficient lighting (Figure 54). Sixteen “rare”metals were considered for assessment and supply challenges (Table 38). In the short term (present-2015) five rare earth metals (dysprosium, neodymium, terbium, europium and yttrium) were identified as critical. Other elements, cerium, indium, lanthanum and tellurium, were found to be nearcritical. International scenarios and roadmaps are used to determine materials demand, with some attention given to the US specifically. These future scenarios are used to develop a range of estimates for the material consumption for each of the key materials to 2025. These are compared to forecasts of world supply and with reference to non-clean energy uses. Figure 54: Criticality assessment methodology employed by Critical Materials Strategy, USA, 2011 5 low-carbon technologies selected



16 rare metals selected



Roadmaps used to determine scenarios



Range of meterials demand estimated determined



Comparison with world supply and reference to non-clean energy use



Supply risk (short term)



Supply risk (medium term)



importance to clean energy



Criticality Determined The study then assesses the criticality of the key materials using two criteria: importance to clean energy and supply risk for both the short term, to 2015, and for the medium term, to 2025. These criteria are in turn determined by the weighting of individual factor scores:  Importance to clean energy: clean energy demand (75%) and substitutability limitations (25%)  Supply risk: basic availability (40%), competing technology demand (10%), political, regulatory and social factors (20%), co-dependence with other markets (10%), and producer diversity (20%). Each individual factor was given a score (out of 4) which was determined qualitatively and weighted to give the scores for the two criteria. A material was considered critical if it had a score of a least 3 for both criteria and near critical if it had a score of a least 3 on one criterion with a score of 2 for the other criterion. This study shares parallels with the JRC bottleneck materials study (Study 2), both in scope and approach, using a bottom-up approach for a specific group of technologies. However, in this case the materials of interest are pre-determined here through expert opinion rather than using a screening exercise. One significant difference is that this study took into account changes in risk over time taken. This is achieved by using different supply risk considerations in this assessment, therefore short and longer term criticality has been differentiated for different metals. 138
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Table 38: Metals selected for assessment and those found to be critical or near critical in the short term by US DoE Metals near critical in Metals critical in short Sixteen metals selected for Assessment short term (present term (present – 2015) 2015) Cerium Manganese Dysprosium Cerium Cobalt Neodymium Europium Indium Dysprosium Nickel Neodymium Lanthanum Europium Praseodymium Terbium Tellurium Gallium Samarium Yttrium Indium Tellurium Lanthanum Terbium Lithium Yttrium Source: US DoE



Study 4 - Critical metals for future sustainable technologies and their recycling potential, UNEP, 2010 This study focused on materials required for future sustainable technologies. Four major technology clusters were selected: electrical and electronic equipment (EEE), PV technologies, battery technologies and catalysts. Eleven minor metals were selected for analysis, each with use in at least one technology cluster: cobalt, gallium, germanium, indium, lithium, palladium, platinum, rare earths, ruthenium, tantalum and tellurium. The metals were assessed using three indicators: demand growth, supply risks and recycling restrictions. Each of these was calculated based on data and information collected on the metals. The indicators had a number of factors which contributed the assessment:  Demand growth: This was designated as rapid if world demand was expected to increase by more than 50% between 2007 and 2020, i.e. an implied average compound annual growth rate (CAGR) of 3.2%. If world demand was expected to increase by more than 20% between 2007 and 2020, i.e. an implied average CAGR of 1.4%, demand growth was scored as moderate.  Supply risks: This was assessed by the interaction of regional concentration of mining (scored as high if over 90% of global production was in three countries), physical scarcities (reserves compared to annual demand), temporary scarcities (time lag between production and demand) and structural or technical scarcity (whether metal was a minor or by-product).  Recycling restrictions: These were assessed by considering the scale of use of dissipative applications, physical/chemical limitations for recycling, lack of suitable recycling technologies or infrastructure and the lack of price incentives for recycling. The metals were prioritised by interpreting this analysis and assessing it against a timeline for urgency. In the short term tellurium, indium and gallium were identified as most critical, Table 39. Table 39: Criticality of metals from short term to long term for UNEP study Short term Mid-term (within next 5 years) (till 2020) Tellurium Rare earths Indium Lithium Gallium Tantalum Palladium Platinum Ruthenium



Long-term (till 2050) Germanium Cobalt



Source: UNEP



As with Study 2 and Study 3 this study used a bottom up approach, focusing on a specific set of technologies linked to sustainability. It is different from the former studies in that three main factors
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were used to assess criticality, with recycling restrictions included as a top level indicator. Other studies have considered this within the supply risk category. This assessment also differed from the other studies in that it took a semi-quantitative approach, with some indicators based on measurable values at the level of the criticality assessment. However, these were then fed into of a high/medium/low assignment, similar to that seen in the previous studies. Study 5 - Plans for Stable Procurement of Rare Metals, South Korea, 2010 The purpose of this study was to identify rare metals of importance to South Korea, to allow supplies to be secured in the long term. This was a result over concerns due to South Korea’s limited natural resources, small mineral supporting industry, and poor recycling rates. An initial list of 56 “rare”elements was identified, all of which are of importance to the Korean economy and were chosen due to instability of supply and price fluctuations. The full list of these elements is not available; however, it is thought to include the following: antimony, boron, bismuth, cadmium, cobalt, chromium, gallium, germanium, indium, lithium, magnesium, manganese, molybdenum, niobium, nickel, PGMs (6 elements), REEs (17 elements), selenium, silicon, tantalum, titanium, tungsten, vanadium and zirconium. In addition to the initial factors of instability of supply and price fluctuations, two further factors were assessed. The first relates to geology, comprising the resource rarity and the geological distribution (i.e. whether the minerals are present in mineable concentrations). The method for assessing rarity was to compare each metal’s crustal abundance relative to that of iron to provide some insight into abundance. The second factor relates to market demand, specifically the level of domestic demand in Korean industry for each metal and the forecast rate of growth. The instability of supply is determined by the concentration of supply and is higher for elements whose production is concentrated in a few countries. Out of the initial list, 11 elements (or groups of elements) were designated as strategic critical elements. These were: indium, gallium, rare earth elements, silicon, magnesium, titanium, tungsten, platinum group metals, nickel, lithium and zirconium. This study shares a similar scope to the EC study, i.e. an assessment of materials critical to a particular territory. Some factors to consider are shared, for instance a measure of importance to the economy, and concentration of supply. However, other factors were also considered such as price volatility and an assessment of geological availability of the metal through a more sophisticated technique than reserves. It is unclear how these individual measures are brought together to form an overall assessment of criticality. Study 6 - Research Priorities for More Efficient Use of Critical Materials from a U.S. Corporate Perspective, General Electric, 2010 This study identified which of the materials that GE uses were most at risk of supply constraints or price increases. It was not practical to review the risks of every element used by GE, due to the broad range of materials used. Instead the top 24 elements in terms of annual purchase value within GE were identified. From this list, 11 (minor metal) elements were selected for detailed risk analysis, on the basis that these noncommodity elements can have significant price deviations due to constrained supply. GE’s methodology in assessing materials risks is similar to other studies that use dimensions to identify critical materials. In this case the impacts of restriction on GE and supply and price risk were used. Both of these have a number of sub-risks, each of which is rated with a score of between 1 (very low) and 5 (very high). These sub-risks are then averaged to determine an overall score for that axis. The sub-risks are:  Impact of restriction on GE: GE % of world supply, impact on GE revenue, GE ability to substitute and ability to pass through cost increases  Supply and price risk: abundance in the earth’s crust, sourcing and geopolitical risk, co-production risk, demand risk (growth), historic price volatility (last five years only) and market substitutability.
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Of the 11 elements selected for the risk analysis, seven were designated as being critical and identified for further development planning. The most critical element identified was rhenium, used for superalloys, primarily in GE’s high efficiency turbine engines. REEs and tellurium are also among those thought to have been identified as being critical; however, GE regards the results as being proprietary and the full list is not available for review within this report, nor is the precise methodology. Whilst the results and some of the methodology is unclear, these impact and risk measures take into account many of the factors which the EU study uses, but in a way that is appropriate for GE. Additional factors such as % of world supply for GE, co-production risk and price volatility are also included. Study 7 - Raw materials for emerging technologies, Germany, 2009 The purpose of this study was to examine the dependence on certain raw materials of a group of pilot and development stage technologies. Within this study 32 separate emerging technologies were included for detailed analysis (Figure 55). Figure 55: Outline of methodology used to determine criticality



15 Raw materials identified Materials demand estimated for 2006-2030



Criticality determined



32 Emerging technologies selected



Table 40: Supply of materials for emerging technologies expressed as a ratio of 2006 supply. Metal Uses 2006 Gallium Thin layer PVs, IC, LED 0.18 Indium Displays, thin layer PVs 0.40 Scandium Fuel cell, aluminium alloying element 0 Germanium Fibre optic cable, IR optical technologies 0.28 Neodymium Permanent magnets, laser technology 0.23 Platinum Fuel cells, catalysts 0 Tantalum Micro capacitors, medical technology 0.40 Silver RFID, lead-free soft solder 0.28 Tin Lead-free soft solder, transparent electrodes 0.62 Cobalt Lithium-ion batteries, synthetic fuels 0.21 Palladium Catalysts, seawater desalination 0.09 Titanium Seawater desalination, implants 0.08 Copper Efficient electric motors, RFID 0.09 Selenium Thin layer PVs, alloying element Low Niobium Micro capacitors, ferroalloys 0.01 Ruthenium Dye-sensitized solar cells, titanium-alloying element 0 Yttrium Super conduction, laser technology low Chromium Seawater desalination, marine technologies 
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